
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	

AN ABSTRACT OF THE DISSERTATION OF 

 

Nisa Novita for the degree of Doctor of Philosophy in Fisheries Science presented on  

May 10, 2016.  

Title: Carbon Stocks and Soil Greenhouse Gas Emissions Associated with Forest Conversion to Oil 

Palm Plantations in Tanjung Puting Tropical Peatlands, Indonesia. 

Abstract approved:  

 

 

___________________________________________________ 

J. Boone Kauffman  

 

 This dissertation addresses gaps of knowledge associated with how ecosystem carbon stocks 

and greenhouse gas emissions are affected by land use land cover change in tropical peatlands. This 

was the first study that paired peat swamp forests with oil palm plantations and analyzed site scale 

variation on greenhouse gas emissions. This study was conducted over 16 months (September 2012 

to December 2013) at Tanjung Puting, Central Kalimantan province, Indonesia. Three main 

objectives of this study were: 1) to quantify the total ecosystem carbon stocks and potential carbon 

emissions from peat swamp forest conversion to oil palm plantations; 2) to measure annual soil 

emissions of CO2, CH4 and N2O emissions from forests and oil palm plantations; and 3) to assess 

the effects of fertilizer application on nitrous oxide (N2O), carbon dioxide (CO2), and methane (CH4) 

emissions in the immature oil palm plantations.  

The ecosystem carbon stock of primary peat swamp forests (1770 ± 123 Mg C/ha) was 2.3 

times greater than in oil palm plantations (759 ± 36 Mg C/ha). The estimate of potential emissions 

from forest conversion on shallow peat in this study (3710 ± 321 Mg CO2e/ha) was one of the 

highest emissions derived from land use change activity in the tropics. Most of the total carbon losses 

were produced from belowground carbon pool, which mainly due to the depletion of soil C pools. 

These findings suggest that the conversion of shallow peat swamp forest may result in emissions that 

are as high as those arising from conversion on deep peats. 

We found that the conversion of tropical peat swamp forests resulted in lower CO2 and 

methane emissions but higher N2O emissions. Soil CO2 emissions were higher in the forests (14.9 ± 

0.6 Mg C ha-1 yr-1) than in the oil palm plantations (12.1 ± 0.4 Mg C ha-1 yr-1). Methane emissions 

were insignificant (0.4 ± 2.0 kg C ha-1 yr-1) in the drained plantations and high (52.4 ± 10.6 kg C ha-1 



	

yr-1) in the swamp forests. The annual N2O emissions were negligible in the peat swamp forests (0.5 

± 0.2 kg N ha-1 yr-1) and were substantially higher in plantations (5.5 ± 0.8 kg N ha-1 yr-1).  

In the fertilized area, we found that N addition stimulated N2O and CO2 emissions, but had 

no significant effect on CH4 emissions. Based on local standard fertilization practices, the mean daily 

N2O and CO2 emissions were 3.5 and 1.2 times higher in the fertilized treatment than in the control 

treatment. The presence of oil palm in the under canopy area significantly reduced N2O emissions 

but increased CO2 emissions following nitrogen addition. However, fertilization did not affect N2O 

and CO2 emissions at a plot level in the immature oil palm plantations. 

Overall, our results emphasize the high urgency to conserve remaining tropical peat swamp 

forests by restricting oil palm plantation expansion on peat in support of global climate change 

mitigation efforts.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	

 

 

 

 

 

 

 

© Copyright by Nisa Novita 

May 10, 2016 

�All Rights Reserved 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 



	

Carbon Stocks and Soil Greenhouse Gas Emissions Associated with Forest Conversion to Oil Palm 

Plantations in Tanjung Puting Tropical Peatlands, Indonesia 

 

by� 

Nisa Novita 

 

 

A DISSERTATION 

submitted to 

Oregon State University 

 

 

 

 

in partial fulfillment of  

the requirements for the  

degree of 

Doctor of Philosophy 

 

 

 

 

 

Presented May 10, 2016 

 Commencement June 2016 



	

Doctor of Philosophy dissertation of Nisa Novita 

Presented on May 10, 2016 

APPROVED:  

 

____________________________________________________ 

Major Professor, representing Fisheries Science 

 

 

____________________________________________________  

Head of the Department of Fisheries and Wildlife 

 

 

____________________________________________________ 

Dean of the Graduate School  

I understand that my dissertation will become part of the permanent collection of Oregon State 
University libraries. My signature below authorizes release of my dissertation to any reader upon 
request.  

 

 

______________________________________________________________________ 

Nisa Novita, Author 

 

 

 

 

 

 



	

ACKNOWLEDGEMENTS 

The last four years have been amazing. Not only professionally as a PhD student but also in 

my personal development as a woman who believes in my dreams.  I would never have been able to 

complete this work without the never-ending support from the amazing people around me. 

Foremost, I would like to express my sincere gratitude to my advisor Prof. J. Boone 

Kauffman for his patience, motivation, enthusiasm, and immense knowledge. You are the main 

reason why I do not quit from my study especially in the beginning of 2016. I could not have 

imagined having a better advisor and mentor during my four years in the US. I am greatly in debt to 

Dr. Kristell Hergoualc’h, my supervisor at the Center for International Forestry Research (CIFOR) 

and committee member for believing in me and for her unwavering support for this research. I 

would like to thank the members of my academic committee, Drs. Stanley Gregory, Beverly Law, and 

Dana Warren for sharing their scientific insight and investing their valuable time. I would like to 

thank Dr. Daniel Murdiyarso for you kindly helping me secure financial support for this project and 

to Rosita Go for her great administrative support at CIFOR.  

I am grateful for the hospitality of landowners, especially the Marhatab’s family who allowed 

us to work on their property, shared the knowledge and assisted us in Bedaun and the staff of 

Tanjung Puting National Park for providing us with research sites. Novisari Wahyuni analyzed all air 

samples using gas chromatography at CIFOR’s laboratory in Jambi. I would like to thank the many 

people who provided technical and logistical support during our fieldwork in Tanjung Puting. 

I would not have been able to do this work without financial support from the Center for 

International Forestry Research under a grant from the USAID Sustainable Wetlands Adaptation and 

Mitigation Project (SWAMP). My last two terms were supported by the Fisheries and Wildlife 

Department at Oregon State University through Graduate Teaching Assistantships. I also benefitted 

from internship support awarded by the Indonesian Peatland Network. The International Peatland 

Society provided funding for dissertation writing through the Allan Robertson Grants for Research 

Students and Young Professionals.   

I would like to express my gratitude to all my fellow Indonesian graduate students at Oregon 

State University. I thank my wonderful friends at Dr. Kauffman’s lab; Imam Basuki, Virni Budi 

Arifanti and Sofyan Kurnianto. Maya, Affan and Maria Stefani for your friendship. I am indebted to 

Noelle Yachum and Allison Evans for the great support & friendship during the last 6 months in our 

N 142 office. Yohanna Gultom who teaches me to be a strong woman during my roughest times. 

Thank you to Ivan Titaley, Aimee Clark and Schyler D. Reis for invaluable time reviewing my 

dissertation chapters. Thanks to mas Supriyadi’s family and mba Shinta’s family for always providing 



	

me a supportive environment and a welcoming place in their home. I am grateful to have Desti 

Hertanti, my partner in crime, who spent countless hours helping me in any stage of this research.  

Louis Pierre Comeau and Fitri Aini who helped me to find a way out of the many roadblocks I found 

during my life as a PhD student.  

Family is the key of my happiness. I am deeply grateful to my parents, who will always be a 

best couple in the world. My younger sister, Deasy Fitria, and elder brother, Albert Syaiful, who 

always support and encourage me with their best wishes. Finally, special thanks go to my husband, 

Dede Hendry. Your love and patience are my energy to finish this dissertation. I summarize this 

dissertation as a product of hardwork, never-ending support, sacrifice and several bottles of advil. 

 

 

Thank you. You all have made my life so incredible. 

 

Alhamdulillah. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	

 

 

 

 

 

 

 

 

 

 َمنْ َجدَّ َوَجدَ 
Whoever strives shall succeed 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 



	

CONTRIBUTION OF AUTHORS 

 

 

Dr. J. Boone Kauffman and Dr. Kristell Hergoualc’h were involved in the design, analysis, and 

writing of all chapters of this dissertation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	

TABLE OF CONTENTS 

Page  

Chapter I. Introduction .............................................................................................................................. 1 

Introduction  .......................................................................................................................................... 2 

Literature cited ....................................................................................................................................... 5 

 

Chapter II. Carbon stocks and carbon emissions attributed to peat swamp forest  

conversion to oil palm plantations in Central Kalimantan, Indonesia ............................................... 7  

Abstract  .................................................................................................................................................. 8 

Introduction ........................................................................................................................................... 9 

Material and Methods ........................................................................................................................... 10 

Study site ................................................................................................................................ 10 

Field sampling ....................................................................................................................... 12  

Forest structure and composition ...................................................................................... 12 

Overstory C stocks: trees and oil palm vegetation .......................................................... 12 

Litter and understory ........................................................................................................... 13 

Downed wood ...................................................................................................................... 13 

Soil carbon and nutrients ..................................................................................................... 13 

Potential carbon emissions due to forest conversion to oil palm plantations ............ 14 

Statistical analyses ................................................................................................................. 15  

Results ................................................................................................................................................... 15 

Forest structure and composition ...................................................................................... 15  

Aboveground C stocks ........................................................................................................ 16 

Soils ......................................................................................................................................... 17  

Ecosystem C stocks .............................................................................................................. 19  

Discussion ............................................................................................................................................. 20 

Ecosystem C stocks .............................................................................................................. 20  

Potential emissions due to forest conversion to oil palm plantations .......................... 22  

Literature cited ..................................................................................................................................... 24 

 

 

 

 

 



	

TABLE OF CONTENTS (Continued) 

Page  

Chapter III. Soil greenhouse gas emissions in tropical peat swamp forests and  

oil palm plantations in Central Kalimantan, Indonesia ......................................................................... 40 

Abstract  ................................................................................................................................................ 41 

Introduction ......................................................................................................................................... 42 

Material and Methods ......................................................................................................................... 43 

Site description ...................................................................................................................... 43  

Study design ........................................................................................................................... 45  

Environmental variables and soil properties .................................................................... 46  

Collection of gas samples and determination of soil GHG emissions ........................ 47 

Statistical Analyses ................................................................................................................ 48  

Results ................................................................................................................................................... 49  

Soil properties and environmental parameters ................................................................ 49  

CO2 emissions ....................................................................................................................... 50  

CH4 emissions ....................................................................................................................... 51  

N2O emissions ...................................................................................................................... 52  

The micro-spatial heterogeneity effects on soil GHG emissions ................................. 52  

Relationship between GHG emissions and selected environmental parameters ....... 53  

Discussion ............................................................................................................................................. 53  

The effects of forest conversion to oil palm plantations in environmental  

parameters .............................................................................................................................. 53 

Effects of Land Use Change in soil GHG emissions ..................................................... 54 

CO2 emissions ............................................................................................................... 54 

CH4 emissions ................................................................................................................ 55  

N2O emissions ............................................................................................................... 56 

Total soil GHG emissions and Global Warming Potential ........................................... 57   

The micro-spatial heterogeneity effects on soil GHG emissions ................................. 58  

Environmental parameters affecting soil GHG emissions ............................................ 59  

Conclusion ............................................................................................................................................ 60 

Literature cited ..................................................................................................................................... 61 

 

 

 



	

 

TABLE OF CONTENTS (Continued) 

Page  

Chapter IV. Short-term effects of fertilization on soil greenhouse gas emissions in young 

                    oil palm plantations cultivated on peat in Central Kalimantan, Indonesia ................. 77 

Abstract ................................................................................................................................................. 78 

Introduction ......................................................................................................................................... 79 

Material and Methods ......................................................................................................................... 80  

Site description ...................................................................................................................... 80  

Environmental variables measurement ............................................................................. 81 

Soil GHG emissions measurement .................................................................................... 81 

Fertilizer management ......................................................................................................... 82 

Cumulative soil GHG Emissions ...................................................................................... 83 

Emission Factor of N2O emissions ................................................................................... 84 

Statistical Analyses ................................................................................................................ 84 

Results ................................................................................................................................................... 85 

Environmental variables during fertilization sampling ................................................... 85 

Effects of fertilizer application on soil GHG emissions ................................................ 85 

Cumulative soil GHG emissions post fertilization ......................................................... 86 

The effects of presence and absence of oil palm on soil GHG emissions post 

fertilization ............................................................................................................................. 87 

Discussion ............................................................................................................................................. 87 

Fertilization effects on soil GHG emissions from under canopy areas ....................... 87 

The effects of presence and absence of oil palm on soil GHG emissions post 

fertilization ............................................................................................................................. 90 

Conclusion ............................................................................................................................................ 90 

Literature cited ..................................................................................................................................... 92 

 

Chapter V. Conclusion ............................................................................................................................... 102 

Research questions and answers ....................................................................................................... 103 

Implications .......................................................................................................................................... 105 

Bibliography ................................................................................................................................................. 106 

Appendices ................................................................................................................................................... 120 

  



	

LIST OF FIGURES 

Figure           Page 

2.1. Location of study areas in Tanjung Puting, Indonesia .............................................................. 28 

2.2. The plot layout for soil carbon stock assessments of peat swamp forests  
 in Tanjung Puting, Indonesia (Kauffman et al. 2011) ................................................................ 29 
 
2.3.  The plot layout for soil carbon stock assessments of oil palm  
 plantations in Tanjung Puting, Indonesia .................................................................................... 29 
 
2.4.  Distribution of peat swamp forest trees and aboveground carbon by 10 cm diameter  
 classes in Tanjung Harapan, Beguruh and Pesalat forest sites in  
 Tanjung Puting, Indonesia. ............................................................................................................ 30 
 
2.5.  Basal area (m2/ha) and important value index in Tanjung Harapan,  
 Beguruh and Pesalat forest sites in Tanjung Puting, Indonesia ............................................... 31 
 
2.6.    Soil C stocks (Mg C/ha) in different peat layers (cm) in primary  
 forests, secondary forest and oil palm plantation sites in Tanjung Puting, Indonesia .......... 32   
 
2.7.  Total ecosystem C stocks (Mg/ha) of peat swamp forest and  
 oil palm plantation sites in Tanjung Puting, Indonesia. ............................................................. 32 
 
2.8.    Ecosystem C stocks (Mg C/ha) in the primary peat swamp forest and oil palm plantation 
 sites and predicted cumulative greenhouse gas emission (Mg CO2e/ha) arising 
 from the conversion of forest to oil palm plantation in Tanjung Puting, Indonesia. ........... 33   
 
2.9.  Relationship between age of oil palm plantations (year) and oil palm carbon stocks  
 (Mg C/ha) in Indonesia and Malaysia. ......................................................................................... 33  
 
2.10.  Predicted cumulative CO2 emissions (Mg CO2e/ha) arising from conversion of forest 
  to other land use types in the tropics. ......................................................................................... 34 
  
3.1.  Location of study areas in Tanjung Puting, Indonesia .............................................................. 66 
 
3.2.  Experimental design in the oil palm plantation site in Tanjung Puting,  
 Indonesia ........................................................................................................................................... 66 
 
3.3.  Monthly air temperature (a), peat temperature (b), soil moisture (c) and water table depth and 

precipitation rate (d) in Tanjung Puting, Indonesia. ................................................................... 67 
 
3.4.  Seasonal variations of CO2 emissions from forest and oil palm  
 plantation sites in Tanjung Puting, Indonesia. ............................................................................ 68 
 
3.5.  Seasonal variations of CH4 emissions from forest and oil palm  
 plantation sites in Tanjung Puting, Indonesia ............................................................................. 68 
 
3.6.  Seasonal variations of N2O emissions from forest and oil palm  
 plantation sites in Tanjung Puting, Indonesia ............................................................................. 69 
 



	

LIST OF FIGURES (Continued) 
Figure           Page 
 
4.1.  The location of the two sampled oil palm plantations for fertilization  
 experiment in Tanjung Puting, Indonesia. ................................................................................... 96 
 
4.2.  Experimental design in the OP1 and OP5 in Tanjung Puting, Indonesia .............................. 97 
 
4.3.  Average air temperature and soil temperature in the OP1 and OP5 in Tanjung Puting, 

Indonesia. .......................................................................................................................................... 98 
 
4.4.  Daily precipitation rate following fertilization in the OP1 and OP5 in  
 Tanjung Puting, Indonesia ............................................................................................................. 98 
 
4.5.  Mean daily nitrous oxide (N2O), carbon dioxide (CO2) and methane (CH4) emissions  
 from fertilized and control treatments from under canopy areas in the oil palm  
 plantations inTanjung Puting, Indonesia. .................................................................................... 99 
 
4.6.  Mean daily nitrous oxide (N2O), carbon dioxide (CO2) and methane (CH4) emissions  
 of fertilized treatment from under canopy (oil palm presence) and inter canopy  
 (oil palm absence) areas in the oil palm plantation in Tanjung Puting, Indonesia ................ 100 
  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	

LIST OF TABLES 

Table           Page 
 
2.1.  Characteristics of sampling locations in Tanjung Puting, Indonesia ....................................... 35 
 
2.2.  Equations to estimate aboveground biomass in forests and oil palm plantation sites in  
          Tanjung Puting, Indonesia ............................................................................................................. 35 
 
2.3. Ecosystem C stocks (Mg C/ha) in the forest and oil palm plantation sites in  
          Tanjung Puting, Indonesia  ............................................................................................................ 36 
 
2.4.  Soil properties (carbon, nitrogen, C/N ratio, bulk density and carbon mass) by  
          sampling depth in forests and oil palm plantation sites in Tanjung Puting, Indonesia. ....... 37   
 
2.5.  Summary of ecosystem C stocks (expressed in Mg C/ha)  of peat swamp forests  
 in Indonesia (except Micronesia and Mexico). ............................................................................ 39 
 
3.1.  Differences on environmental parameters and soil properties between  
 forest and oil palm plantation sites in Tanjung Puting, Indonesia ........................................... 70 
 
3.2.  Soil NH4+ and NO3- concentrations in forest and oil palm plantation sites in  
 Tanjung Puting, Indonesia. ............................................................................................................ 71 
 
3.3.  Annual soil GHG emissions (mean ± SE) from forest and oil palm plantation sites 
  in Tanjung Puting, Indonesia ........................................................................................................ 71 
 
3.4.  Mean CO2 emissions (kg C ha-1 d-1), CH4 emissions (g C ha-1 d-1) and N2O  
 emissions (g N ha-1d-1) in forest and oil palm plantation sites based on  
 Oldeman and Mohr climate classifications .................................................................................. 72 
 
3.5.  Soil GHG emissions from elevated and depressions areas from forest sites  
 in Tanjung Puting, Indonesia ......................................................................................................... 73 
 
3.6.  Soil GHG emissions from under canopy and inter canopy areas from oil palm   
 plantation sites in Tanjung Puting, Indonesia. ............................................................................ 73 
 
3.7.    Relationship between annual CO2 emissions (Mg C ha-1 d-1), CH4 emissions  
         (kg C ha-1 d-1), N2O emissions (kg N ha-1 d-1) and environmental parameters ....................... 74 
 
3.8.  Annual CO2 emissions in tropical peatlands. .............................................................................. 74 
 
3.9.  Annual CH4 emissions in tropical peatlands ............................................................................... 75 
 
3.10.   Annual N2O emissions in tropical peatlands .............................................................................. 75 
 
3.11.   Annual CO2, CH4 and N2O emissions expressed as CO2 equivalents  
 (Mg CO2 ha-1 yr-1) based on 100 years persepective in global warming potential  
 (i.e. 34 for CH4 and 298 for N2O; Myhre et al. 2013). ............................................................... 76 

 



	

LIST OF TABLES (Continued) 

Table           Page 
 
4.1.  Climatic variables and soil physiochemical characteristics of the top layer (0 - 10 cm)  
          from OP1 and OP5 sites, in Tanjung Puting, Indonesia. ......................................................... 101 
 
4.2.   Mean and cumulative soil GHG emissions from 2 spatial positions (under canopy and 
  inter canopy) and 2 treatments (fertilized and control) from OP1 and OP5 sites in Tanjung 

Puting, Indonesia. ............................................................................................................................ 101 
 
4.3.     Differences in cumulative soil GHG emissions from fertilized and control  

treatments at a plot level from OP1 and OP5 sites in Tanjung Puting, Indonesia ............... 101 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



	

LIST OF APPENDIX FIGURES 

Appendix          Page 
 
Figure 1. Mean daily N2O emissions from under and inter canopy areas  
        in the oil palm plantation sites in Tanjung Puting, Indonesia ............................................ 121 
 
Figure 2. Relationship between inorganic nitrogen concentration [NO3-/(NH4+ + NO3-), 
 expressed in mg N kg-1] and annual N2O emissions expressed in kg N ha-1 yr-1 in  
 Tanjung Puting, Indonesia ........................................................................................................ 121 

 
Figure 3. Monthly variations of soil CO2 emissions of each spatial position (depressions  
 and elevated areas) from forest sites in Tanjung Puting, Indonesia ................................... 122 
 
Figure 4. Monthly variations of soil CO2 emissions of each spatial position (under canopy  
 and inter canopy areas) from oil palm plantation sites in Tanjung Puting, Indonesia .... 123 
 
Figure 5. Monthly variations of soil CH4 emissions of each spatial position (depressions and  
 elevated areas) from forest sites in Tanjung Puting, Indonesia .......................................... 124 
  
Figure 6. Monthly variations of soil CH4 emissions of each spatial position (under canopy and 
 inter canopy areas) from oil palm plantation sites in Tanjung Puting, Indonesia ............ 125 
 
Figure 7. Monthly variations of soil N2O emissions of each spatial position (depressions and 
  elevated areas) from forest sites in Tanjung Puting, Indonesia ......................................... 126 
 
Figure 8. Monthly variations of soil N2O emissions of each spatial position (under canopy and 
  inter canopy areas) from oil palm plantation sites in Tanjung Puting, Indonesia ........... 127 
 
Figure 9. Daily soil N2O, CH4, and CO2 emissions during fertilization intensive sampling 
 from OP5 site in Tanjung Puting, Indonesia ......................................................................... 128 
 
Figure 10. Daily soil N2O, CH4, and CO2 emissions during fertilization intensive sampling  
 from OP1 site in Tanjung Puting, Indonesia ......................................................................... 129 
 
 
 

 

 

 

 

 



	

LIST OF APPENDIX TABLES 

Appendix          Page 
 
Table 1. Allometric equations available in Indonesia to determine live tree biomass 
 for tropical peat swamp forests.  ............................................................................................... 130 
 
Table 2. Allometric equations for biomass estimation (Mg dry weight/palm) of oil palm 
 plantations in Indonesia and Malaysia based on age (year) and height (meter)  ................ 130 
 
Table 3. Carbon and nitrogen concentrations of leaf litter and understory in Tanjung Puting, 

Indonesia ....................................................................................................................................... 131 
 
Table 4. Comparison of aboveground carbon stocks in oil palm plantations in  
 Indonesia and Malaysia. Data is updated from Kho et al. (2015)  ....................................... 131 
 
Table 5. Annual soil GHG emissions, soil properties (0 - 10 cm depth) and climatic variables  
 from each plot in forests and oil palm plantation land use types in  
 Tanjung Puting, Indonesia .......................................................................................................... 133 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	

LIST OF ABBREVIATION 

BP  : Before Present, years from AD 1950. 

C     : Carbon 

C/N   : Carbon nitrogen ratio 

CEC   : Cation Exchange Capacity 

CH4    : Methane 

CIFOR  : Center for International Forestry Research.  

CO2   : Carbon dioxide 

CO2e  : Carbon dioxide equivalent  

COP   : Conference of the Parties 

DBH  : Diameter at Breast Height  

ECD   : Electron capture detector 

EGM  : Environmental Gas Monitor 

FID  : Flame Ionized Detector 

GC  : Gas Chromatography 

GHG  : Greenhouse gas  

GPS   : Global Positioning System 

H’   : Shannon’s diversity index 

Ha   : Hectare 

IVI   : Important Value Index 

K   : Potassium 

LIPI   : Lembaga Ilmu Pengetahuan Indonesia 

Mg   : Mega gram (103 kilogram) 

MRV   : Measuring Reporting and Verification 

N   : Nitrogen 

N2O   : Nitrous oxide 

NAMAs   : Nationally Appropriate Mitigation Actions 

NH4+  : Ammonium 

NO3-   : Nitrate 

OP1   : 1-year old oil palm plantation 

OP3   : 3-year old oil palm plantation 

OP5   : 5-year old oil palm plantation 

P    : Phosphorous  

PVC  : Polyvinyl chloride 



	

QMD  : quadratic mean diameter 

REDD+  : Reducing Emissions from Deforestation and Forest Degradation and 

  foster conservation, sustainable management of forests and enhancement 

of forest carbon stocks. 

RH   : Relative humidity 

RSPO   : Roundtable on Sustainable Palm Oil 

SRC   : Soil Respiration Chamber 

SWAMP  : Sustainable Wetland Adaptation and Mitigation Program). 

TPNP   : Tanjung Puting National Park 

UNFCCC   : United Nations Framework Convention on Climate Change  

USAID   : United States Agency for International Development 

USDA  : United States Department of Agriculture 

USFS  : United States Forest Service 

WFPS  : Water-filled pore space 

 

 

 

 

 



	
1 

 

 

 

 

 

 

 

 

 

Chapter 1 

Introduction 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	
2 

INTRODUCTION 
 
Tropical peat swamp forests provide a broad array of important tangible and intangible ecological 

values and environmental services (Rieley & Ahmad-Shah 1996). They have been used for centuries 

for timber and non-timber forest products. This ecosystem has the highest density of terrestrial flora 

of all peatlands types (Posa et al. 2011) and important habitats for the conservation of endemic and 

highly endangered fauna. For example, the peat swamp forest ecosystem is the only remaining habitat 

that can support the continued existence of Orangutan (Pongo pygmaneus) (Morrough & Bernard et al. 

2003). Specifically in our study sites, Tanjung Puting peat swamp forests not only play a substantial 

role for the habitat of endemic and endangered species but also as a well-known ecotourism 

destination in Indonesia. The peat swamp forests are critical to hydrologic function in a larger 

context, including flood regulation, water supply and prevention saltwater intrusion for coastal 

peatlands (Wosten et al. 2008). Most importantly, recent studies have demonstrated that this 

ecosystem is recognized as the most effective in terrestrial carbon storage that is essential for climate 

stabilization (Wosten et al. 2008). 

Tropical peatlands play a substantial role in the global carbon cycle, despite their relatively 

small area (Page et al. 2011a, Yu et al. 2010). These ecosystems comprised 11% of all global peatlands 

area, yet they store 15 - 19% of the total global peat carbon pool (Page et al. 2011a). The largest 

tropical peatlands are found in South East Asia, which accounts for about 60% of total tropical 

peatlands in the world (Page et al. 2011a). Almost half of the tropical peatlands in Southeast Asia are 

found in Indonesia or as much as 14.9 million ha (Page et al. 2011a, Ritung et al. 2011, Yu et al. 

2010). Given that the high amount of carbon stored in peat swamp forests in Indonesia, conserving 

this ecosystem is a key role in climate change mitigation efforts at national and regional levels. 

Indonesia has the largest area of tropical peatlands yet has the highest rate of deforestation 

in the world (Page et al. 2011b, Margono et al. 2014). Thus, improved understanding of carbon and 

nitrogen cycling in tropical peatlands and responses to land use and land cover change is important 

to management and sustainability of tropical peatland ecosystems. Oil palm plantation expansion in 

tropical peatlands since the late 1990s, has altered carbon stocks and greenhouse gas dynamics and 

has resulted in severe global consequences (Miettinen et al. 2012, Carlson et al. 2012). There has been 

much attention to the rapid development of oil palm plantations as a major driver of the 

deforestation in tropical peatlands (Koh et al. 2011, Koh & Wilcove 2009), but studies on quantifying 

the impacts of peat swamp forest conversion to oil palm plantations on carbon stocks and 

greenhouse gas (GHG) emissions are limited (Hergoualch & Verchot 2011). While it is abundantly 

clear that tropical peat swamps are important in global carbon cycling, tremendous uncertainties exist 

in this science. This information is greatly needed to better understand the global role of these 
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ecosystems in climate change dynamics as well as for Monitoring, Reporting and Verification (MRV) 

in the REDD+ (Reducing Emissions from Deforestation and Forest Degradation, and includes the 

role of conservation, sustainable management of forests and enhancement of forest carbon stocks). 
The overall research objective of this study was to quantify carbon stocks, greenhouse gas 

emissions and effect of N fertilizer in CO2, CH4 and N2O emissions, using a case study in Tanjung 

Puting, Central Kalimantan, Indonesia. The research questions related to carbon stocks and soil 

GHG emissions associated with forest conversion to oil palm plantations addressed by this 

dissertation include:  

 

(1) What are the potential cumulative carbon emissions from forest conversion to oil palm 

plantations using the carbon stock approach, and how does this compare with peat swamp forests?  

 Accurate carbon stocks accounting is important for climate change mitigation activities [e.g 

reducing emissions from deforestation and forest degradation (REDD+)]. Comparative datasets of 

ecosystem carbon stocks from forests and oil palm plantations are limited, which needs to be taken 

into account given the rapidly increase of oil palm plantations established on tropical peat soils 

(Danielsen et al. 2009). Aboveground and soil carbon pools in tropical peatlands have been 

previously quantified (Murdiyarso et al. 2009). However, simultaneous assessments of total 

ecosystem carbon storage following forest conversion in a similar peat dome area are extremely 

limited (Hergoualc’h & Verchot 2011). To answer the first question, we quantified the ecosystem 

carbon stocks of peat swamp forests and oil palm (Elaeis guineensis) plantations formed on sites 

previously occupied by peat swamp forests. We measured above and belowground carbon pools 

following methods outlined by the Kauffman et al. (2016).   

(2) What are soil GHG emissions in forests and oil palm plantations?  

 Soil greenhouse gas emissions from soils over different land use scenarios in the tropical 

peatlands are poorly described at present. We explored the impact of oil palm plantation 

development on peat emissions by conducting a long-term measurement (over 16 months) to 

monitor soil GHG emissions. It is important to establish a study that includes temporal and spatial 

variations to properly assess annual soil GHG emissions in both land cover types. Furthermore, we 

also described environmental factors that control soil CO2, CH4 and N2O emissions. 
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(3) How does the N fertilization of oil palm plantations affect soil GHG emissions? 

Regular fertilizer application is essential part in the oil palm nutrient management to 

optimize fruit (oil) yields (Ng 2002). N fertilizer application in cultivated peatlands is known to 

increase N2O emissions (Bouwman et al. 2002) but research findings are inconsistent for CO2 and 

CH4 emissions (Linquist et al. 2012). The objective of this chapter is therefore to strengthen the 

current understanding on soil CO2, CH4 and N2O emissions are affected by N fertilizer application in 

oil palm plantations. 
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Chapter 2 

Carbon stocks and carbon emissions attributed to peat swamp forest conversion to 
oil palm plantations in Central Kalimantan, Indonesia. 
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ABSTRACT 
Tropical peat forests possess among the highest carbon stocks of any ecosystem on earth. 

Previous studies suggested that oil palm plantation establishment in tropical peat forests since the 

1990s in Indonesia has resulted in significant carbon emissions into the atmosphere. Here, we 

determined potential carbon emissions due to land use conversion as the first study that paired 

primary peat swamp forests with oil palm plantations in tropical peatlands. We quantified the 

ecosystem carbon stocks in a total of six sites: two sites of primary peat swamp forests, one site of 

secondary peat swamp forest and three sites of oil palm plantations in Tanjung Puting, Central 

Kalimantan, Indonesia. The mean total ecosystem carbon stock of primary peat swamp forests was 

1770 Mg C/ha. In contrast, the mean carbon stock of oil palm plantations was 759 Mg C/ha or 42 % 

of peat swamp forests. The ratio of the aboveground to belowground C stock was highest in 

secondary forest with an estimated value of 0.48, followed by primary forest at 0.19 and oil palm 

plantation at 0.04. Using a stock difference approach, we estimated that the potential CO2 emissions 

from the conversion of primary peat swamp forest to oil palm plantations was 3710 Mg CO2e/ha, of 

which about 17% and 83% of the total potential emissions were from aboveground and 

belowground pools, respectively. Soil was a primary carbon pool in all types of land use types and 

most of the total carbon losses were produced from belowground carbon pool, which mainly due to 

the depletion of soil C pools. We found that secondary peat swamp forest and oil palm plantation 

sites lost half of the soil carbon density after conversion of primary peat swamp forests. The 

potential CO2 emissions from primary peat swamp forest to oil palm plantations from our study sites 

were 6 times and 13 times higher compared to emissions from tropical evergreen forest and dry 

forest to cattle pasture conversion in Amazon, respectively. The estimate of potential emissions from 

forest conversion on shallow peat in this study was the highest emissions derived from land use 

change activity in the tropics. We found the carbon emissions from peat swamp forest conversion 

were independent from their initial depth. Our findings suggest that peat swamp forest, regardless of 

the peat depth, would be a promising ecosystem for inclusion under mitigation strategy such as 

REDD+. Finally, restoration of peat swamp forest is important but conservation is the most 

effective way to conserve more carbon on peat in the tropics. 
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INTRODUCTION 
Tropical peat swamp forests provide a broad array of important ecological functions and 

environmental services (Page et al. 2006). This ecosystem is known as a biodiversity hotspot 

supporting the existence of endemic and endangered flora and fauna (Posa et al. 2011). Tropical peat 

swamp forests are important to the socio-economics of local communities, as resource for food, 

shelter, plant-based medicine, and cultural activities (Page et al. 2006). They exert hydrological 

controls on water flow during wet and dry seasons, which sustains biodiversity (Wosten et al. 2006). 

In addition, the prominent role of tropical peatlands as carbon (C) reservoir and sequestration has 

been described in many scientific studies (Page et al. 2011, Murdiyarso et al. 2009, Brown & Lugo 

1982, Yu et al. 2011). Approximately 84% of peat carbon in Southeast Asia is found in Indonesia 

(Page et al., 2011), where extensive deforestation and degradation of peat swamp forests has occurred 

since the 1990s. 

Over the last two decades, tropical peat swamp deforestation rates have been among the 

highest in Indonesia and Malaysia (2.2% per year) (Miettinen et al. 2012) due to economic pressures 

for agricultural lands including oil palm (Elaeis guineensis Jacq.) plantation development (Koh et al. 

2009, Langner et al. 2007, Langner & Siegert 2009). There has been concern that fires during land 

preparation and peat drainage can result in high greenhouse gas emissions to the atmosphere 

(Langner & Siegert 2009, Saharjo 2007). Thus, reducing emissions from peat swamp forest 

deforestation is important relative to the commitment to reduce national emissions from land use 

change sector that Indonesia made in the Paris Agreement during UNFCCC Conference of the 

Parties (COP) 21 in 2015 (Indonesia Office of President, 2016). Including peat swamp forest 

conservation and restoration in a climate change mitigation mechanism, such as REDD+ (Reducing 

emissions from deforestation and degradation) and NAMAs (Nationally Appropriate Mitigation 

Actions) is a promising step to cut national emissions by an estimated 29% compared to the business 

as usual scenario by 2030 (Indonesia Office of President, 2016). 

Given that tropical peat swamp forests have been recognized as having exceptionally high 

carbon stocks coupled with rapid rates of deforestation, it is important to quantify the changes in 

carbon stocks and potential carbon emissions due to forest conversion. Limited data exists for 

ecosystem carbon stocks in tropical peatlands, and even fewer for carbon emissions that would arise 

from the land use land cover change of peat swamp forests. In addition, no data have been collected 

from peat swamp forests paired with new agricultural sites in a similar peat dome area as a means to 

estimate net carbon losses. The lack of sufficient data related to carbon losses from peat swamp 

forest conversion becomes a major problem for stakeholders at a national level to develop policy 

related to reduction of national greenhouse gas emissions from land use change sector on peatlands. 
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This is especially true for Indonesia, where peat swamp forest conversion to oil palm plantation is 

ongoing. 

A preliminary carbon stock inventory in peat swamp forest over shallow peats (< 3 m) in 

Tanjung Puting reported stocks to range from 863 to 1048 Mg C/ha (Murdiyarso et al. 2009). We 

expanded our measurements to slightly deeper peat forests and oil palm plantations located in close 

proximity to the peat swamp forest sites. The objectives of this study were to quantify the carbon 

stocks of intact peat swamp forests, secondary forests, and oil palm plantations and estimate the 

potential emissions from this land cover change in Tanjung Puting, Indonesia. To accomplish this 

objective, we (1) quantified the structure and composition of primary and secondary forests and oil 

palm plantations (2) measured the total ecosystem C stocks in each ecosystem; and (3) estimated 

potential emissions due to land use change. Our hypothesis was that significantly larger ecosystem 

carbon stocks would be found in the primary peat swamp forests than in the oil palm plantations. 

Further, we predicted that the potential emissions from primary peat swamp forest conversion to oil 

palm plantations would be higher compared to land cover change in upland or mangrove ecosystems 

because of the large carbon stocks. 

 

MATERIALS AND METHODS 

Study site 

Study sites were located in the Tanjung Puting region, which is ∼25 km from the city of 

Pangkalan Bun in Central Kalimantan Indonesia (Figure 2.1). The climate of Central Kalimantan is 

classified as humid-tropic, with annual rainfall of 2000 – 4000 mm/yr (Ministry of Environment and 

Forestry 2015). An annual pattern of rainfall in the study area is influenced by a southeast dry 

monsoon and a northeast wet monsoon. Most precipitation occurs during the wet season between 

the months of September to May and less during dry season of June to August (Ministry of 

Environment and Forestry 2015). Based upon the weather stations established for this study, the 

annual rainfall during our sampling period was below-average annual precipitation (1870 mm/yr). 

Mean air temperature was 31.4°C. Tanjung Puting peat forests are classified as ombrogenous peat 

(Ministry of Environment and Forestry 2015) where precipitation is major supply to water and 

nutrients in the ecosystem (Page et al. 2006). Peat in this region was formed beginning about 22,120 
14C yr BP (Weiss et al. 2002).  

We made the assumption that prior to conversion the ecosystem carbon stocks and carbon 

processes of the sites now occupied by oil palm were not significantly different from the intact 

forests and therefore any differences in carbon stocks or emissions would be due to land conversion.  

We had no a priori knowledge of peat depth prior to site selection other than we knew that peat 
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depths in this region are relatively shallow, usually averaging 1.5 m.   

Insert Figure 2.1  

Two of the forest sites were relatively intact (Beguruh and Pesalat) and one site was a 

secondary forest (Tanjung Harapan). The secondary forest was located about 1 km from an 

abandoned village and was disturbed at least 30 years ago and most likely much earlier than what we 

expected. The forest sites were located inside the Tanjung Puting National Park, while the oil palm 

plantations were located in the nearby village of Bedaun. Global Positioning System (GPS) readings 

were utilized to determine geographic coordinates for each site (Table 2.1). The land cover types 

were separated by Sekonyer River. We determined the oil palm plantation age through interviews 

with farmers/landowners and other Bedaun and Sekonyer residents. Oil palm management practices 

were similar across the sites.  

Insert Table 2.1 

We sampled three oil palm plantations and all had drainage canals constructed around their 

perimeter. Three sites in the oil palm plantations were: 1) One-year old oil palm plantation or OP1: 

This was a small-scale plantation with total area of 1 ha. At OP1, the primary forest clearing occurred 

in 1989 (about 27 years previously) with slash and burn of the standing forest.  The valuable trees 

were cut and removed, and the remaining biomass was dried for about 1-2 months during dry 

months then burned.  The land was abandoned in one year and was utilized for dry rice cultivation 

for two years until 1991. The farmer allowed land to lie fallow from 1993 to 2008. In 2008, the land 

was slashed and burned again for rice cultivation, which was practiced until 2010. The land was 

fallowed for one year and in late 2011 the farmer again cleared the fallowed land through slash and 

burn for oil palm plantation. 2) Three-year old oil palm plantation or OP3: The forest clearing 

occurred in 2005 by via slash and burn.  The farmer cultivated rice from 2005 to 2007 and allowed 

land to lie fallow from 2007 to 2009. The oil palm plantation was established in 2009. 3) Five-year 

old oil palm plantation or OP5. The primary forest was slashed and burned in 1989 for cultivation 

and then fallowed. The secondary forest formed on this site was cleared in 2006 via slash and burn. 

Before the oil palm plantation was established in 2008, the land was utilized for rice and vegetable 

crops for 2 years.  
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Field sampling  

We determined the composition, structure, and ecosystem carbon stocks of three forest sites 

and three oil palm plantations. In the forests and oil palm plantations, ecosystem carbon stocks were 

measured following methods outlined by Kauffman et al. (2016a). Six 10 m fixed-radius (0.0314 ha) 

plots were established 50 m apart along a 250 m transect (Figure 2.2) in the forest sites. Due to area 

limitation in the oil palm plantation, three 10 m fixed-radius plots were established 20 m apart along 

a 40 m transect (Figure 2.3). In addition, palm height and palm density were determined by 

establishing a square plot (50 m x 50 m) in each oil palm plantation site. 

Insert Figure 2.2 and 2.3  

 

Forest structure and composition 

Structure and species composition of trees were determined through tree identification and 

measurement of the diameter at breast height (dbh; 1.30 m height or 10 cm above the area of 

buttresses or other flared tree bases) of all trees in the circular plots. The tree size class distribution in 

forest sites was separated into 10 cm diameter classes. We also recorded tree status (dead or alive). 

Live trees with dbh > 2 cm were identified in all circular plots. Samples from plants not identified in 

the field were determined at the Indonesian Institute of Science or the Lembaga Ilmu Pengetahuan 

Indonesia (LIPI) in Bogor, Indonesia. Based on the field data, we calculated the mean basal area, tree 

density, and importance values index (IVI) to describe relative abundance of each tree species. 

Species diversity indices were also calculated, including Shannon’n (H’), Simpson’s reciprocal and 

Shannon’s evenness (H’E) (Sheehan 1984). 

 

Overstory C stocks: trees and oil palm vegetation 

Allometric equations were used to calculate tree and oil palm biomass. We reviewed several 

equations developed for peat swamp forests and oil palm plantations (Appendix Table 1 & 2). The 

allometric equation presented by Manuri et al. (2014) was selected to estimate tree biomass in forest 

sites (Table 2.2). The equation was developed in several peat swamp forest locations of Indonesian 

peatlands and was based on dbh as the main dependent parameter. Dead tree biomass was estimated 

by applying a correction factor based on dead tree status into the allometric equation which was 

applied for living tree biomass (BSN 2011). The allometric equation based on palm height presented 

by Khasanah et al. (2015) was selected to determine oil palm biomass. The palm height was defined 

as the trunk height from ground level to the lowest frond in palm canopy (Khasanah et al. 2015). 

Root biomass in all types of ecosystems was estimated based upon a general belowground allometric 

equation provided by Cairns et al. (1997). This was based on an assumption that oil palm plantation 
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is equal to other vegetation (Jourdan & Rey 1997). Vegetation C mass was calculated from biomass 

by multiplying by a factor of 0.48 and 0.39 for vegetation and root biomass, respectively (Kauffman 

& Donato 2012, Kaufmann et al. 2015). 

Insert Table 2.2  

 

Litter and understory 

Litter and understory biomass were determined through destructive sampling. In each 

circular plot, we harvested litter and understory vegetation from two 56 cm x 56 cm microplots. 

Litter consisted of leaves, flowers, fruits, bark fragments, seeds, and small twigs/woody stems. All 

plant samples were placed in a bag and transported to the laboratory where they were oven-dried to a 

constant mass at 60oC and then weighed. The organic carbon content of the litter and understory 

were determined by the induction furnace method with a Carbon Nitrogen Analyzer (LECO 

Corporation, St. Joseph, Michigan, USA) in the Soil Biotechnology laboratory, Bogor Agricultural 

University, Indonesia. The litter C stocks in the oil palm plantation were estimated based on 

Khasanah et al. (2015) study. 

 

Downed wood 

The mass of downed wood was measured using the planar intersect technique (Kauffman et 

al. 2016a, Kauffman & Donato 2012). At the center of each circular plot, four 12 m transects were 

established diagonally at 45° off the main transect (Figure 2.2 and 2.3). Along each transect, coarse 

downed wood (diameter > 7.5 cm) was measured from 2 m to 12 m and fine downed wood 

(diameter 2.5 - 7.5 cm) was measured from 2 m to 7 m. Coarse downed wood was separated into 

sound and rotten classes. Fine downed wood was only counted.  A quadratic mean diameter (QMD) 

was used to estimate volume of the fine downed wood (Kauffman et al. 2016a).  We used data of the 

specific gravity of downed wood reported by Chao et al. (2008). Volume and specific gravity of 

downed wood were multiplied to estimate biomass. The biomass was multiplied by a factor of 0.50 

to estimate downed wood C mass (Kauffman & Donato 2012).  

 

Soil carbon and nutrients 

Peat depth and sample cores were extracted from three sampling points near the center of 

each circular plot. We measured peat depth by forcing a steel open-faced peat auger downward 

through peat horizon to the organic-mineral transitional horizon. An extension handle was used if 

peat depth was greater than 1 m. Measurements of soil bulk density and C concentration at various 

peat depths were taken to determine the soil C stocks (Donato et al. 2011, Kauffman et al. 2011). 
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The core was systematically divided into the depth intervals of 0 - 15 cm, 15 - 30 cm, 30 - 50 cm, 50 -

100 cm and > 100 cm (if mineral layers were not detected before 100 cm depth). Samples of a known 

volume were carefully placed in whirlpak bags and transported to the Bogor Agricultural University 

for laboratory analysis. Soil samples were dried to a constant mass at 60°C and weighed to obtain soil 

bulk density. The organic carbon content of soil samples was determined via the induction furnace 

method using a carbon nitrogen analyzer (LECO Corporation, St. Joseph, Michigan, USA). The 

induction furnace with an elemental carbon analyzer is considered the most reliable method 

compared to other C determination methods, e.g. wet combustion and loss of ignition (Kauffman & 

Donato 2012) in tropical peat soils (Farmer et al. 2014). The soil carbon stocks were calculated as the 

products of bulk density and carbon concentration combined with plot-specific peat depth. 

 

Potential carbon emissions due to forest conversion to oil palm plantations 

Changes in ecosystem C stocks from land conversion were calculated as the C stocks in the 

intact peat swamp forests minus the C stocks of oil palm plantations (Kauffman et al. 2014, 

Kauffman et al. 2016b). Differences in carbon stocks were converted to emissions using the formula:  

Δ CLU = CE forest - CE oil palm plantation 

If Δ CE =Δ CAB + Δ CBB;  

CAB = CO + CLU + CDW and CBB = CR + CSOC 

so, Δ CLU = Δ CO + Δ CLU + Δ CDW + Δ CR + Δ CSOC 

where Δ CLU = change in carbon stocks (or total C emissions or sequestration) due to land use; CE 

= ecosystem C stocks; Δ CAB = change in aboveground biomass C pool; Δ CBB = change in 

belowground biomass C pool; CO = overstory C pool (tree or palm); CLU = litter and understory C 

pool; CDW = down wood C pool; CR = root C pool; CSOC = Soil organic content C pool. All units are 

expressed in Mg C/ha. 

The ecosystem carbon losses due to forest conversion to oil palm plantation are reported as 

CO2 equivalent (CO2e), which determined by multiplying C values by 44/12, the molecular ratio of 

CO2 to C (3.67; Kauffman et al. 2014, Kauffman et al. 2016b). 
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Statistical Analyses 

Microsoft Excel and IBM SPSS were used for data analysis with a probability threshold (p 

value) of 5%. The residual values of soil properties (bulk density, C, N, and C/N ratio), ecosystem C 

stocks and their log transformations were not normally distributed based on the Shapiro-Wilk test. 

Differences in soil properties, biomass and C among ecosystems (primary forest, secondary forest 

and oil palm plantations) were tested using a non-parametric Kruskall-Wallis test. If the result was 

significant, a pairwise comparison test was applied to determine which means were significantly 

different.  

 

RESULTS 
Forest structure and composition 

The distribution of tree diameters described a typical reverse J-shaped curve in all forest sites 

where small trees were most abundant (Figure 2.4). Within forest sites, there was considerable site-to-

site variation in the distribution of tree diameter classes and therefore forest structure. In general, the 

range in diameters was larger in Beguruh and Pesalat sites compared to Tanjung Harapan site. Living 

trees with dbh > 60 cm were present in primary forests (Pesalat and Beguruh) while in the secondary 

forest, Tanjung Harapan, they were not present. The small trees (dbh < 20 cm) were also lower in 

abundance at Tanjung Harapan than Beguruh and Pesalat sites (Figure 2.4). The small trees 

comprised 76%, 86% and 82% of the total distribution of trees in Tanjung Harapan, Beguruh and 

Pesalat, respectively. Overall, Tanjung Harapan site differed from Pesalat and Beguruh sites, 

particularly in having a lower density of small (dbh < 20 cm) and large trees (dbh > 60 cm).  

We also pointed out the difference on vegetation carbon distribution among diameter classes 

between secondary and primary forests (Figure 2.4). Vegetation C stock in secondary forest was 

mostly dominated by tree with dbh < 40 cm, which comprised 68% of the total vegetation C stocks. 

In contrast, tree with dbh > 40 cm dominated C vegetation in primary forest sites, comprising 74% 

and 60% of the total vegetation C stocks in Beguruh and Pesalat, respectively.  

The Shannon’s index (H’) of forest structure was lower at the secondary forest site (1.13) 

compared to other primary forest sites (1.35 and 1.36 for Beguruh and Pesalat respectively), thus 

reflecting a more even aged stand in the secondary forest. This index poorly described structural 

diversity among forest sites. The Simpson’s reciprocal index of the secondary forest Tanjung 

Harapan was lower (8.44) than Beguruh (14.98) and Pesalat (14.62) sites. Simpson’s reciprocal index 

better illustrated the diversity of the forest structure in Tanjung Harapan, and was different from the 

Beguruh and Pesalat sites. Furthermore, Pesalat and Beguruh sites had similar Shannon’s evenness 
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indeces (0.37), which were slightly higher than Tanjung Harapan site (0.34). Lower values of species 

diversity and evenness indices in Tanjung Harapan reflect signs of early seral forest succession. 

The mean basal area of the forest sites was 31.3, 28.4, and 39.6 m2/ha in Tanjung Harapan, 

Beguruh and Pesalat, respectively. The Tanjung Harapan site was dominated by Macaranga motleyana, a 

pioneer species (Davies & Ashton 1999) with the highest basal area (15 m2/ha) and importance value 

index (82%; Figure 2.5). The high dominance by a single species in Tanjung Harapan site was 

consistent with the low values described by Simpson’s reciprocal index. Unlike Tanjung Harapan site, 

no single species dominated in the primary forests (Figure 2.5). It is interesting to see the presence of 

Artocarpus heterophyllus (jackfruit), a crop cultivated species, had the 5th highest IVI value (12.4), 

showing that Tanjung Harapan was formerly utilized for agricultural sites. Inevitably, the Tanjung 

Harapan site clearly showed a different structure and composition of forest compared to Beguruh 

and Pesalat sites. The different of composition and structure at Tanjung Harapan reflects past 

intensive land use prior to its inclusion in Tanjung Puting national park territory. 

Insert Figure 2.4 and 2.5 

In contrast to forest sites, oil palm plantation sites were essentially a homogenous 

monoculture. The mean of the palm trunk heights of OP1, OP3 and OP5 were 0.3, 0.6 and 0.9 m, 

respectively. The plantation density varied due to different planting space of the palms. The 

plantation density at the OP1, OP3 and OP5 was 123,156 and 204 palms/ha, respectively. 

 

Aboveground C stocks 

In primary forests, the vegetation C stock was significantly higher in Pesalat (206 ± 32 Mg 

C/ha) than in Beguruh site (130 ± 30 Mg C/ha; p < 0.001). The mean of vegetation C stock in 

primary forest (168 ± 31 Mg C/ha) was higher but not significantly different than secondary forest 

(140 ± 16 Mg C/ha; p = 0.291). The mass of the carbon pools closely followed basal area across 

three forest plots.  In the oil palm plantations, vegetation C stocks ranged from 7 - 19 Mg C/ha 

(Table 2.3). There were significant differences among sites in the oil palm plantation (p < 0.001), 

where the highest palm C stock was found at the oldest plantation. Mean aboveground C stocks in 

the primary forests (168 ± 31 Mg C/ha) were 14 times higher than in the oil palm plantations sites  

(12 ± 0.2 Mg C/ha; p < 0.001).  

Our results showed a 93% reduction in vegetation C stocks when primary peat swamp 

forests were replaced with young oil palm plantations (aged 1, 3 and 5 years old). However, the 

secondary forest carbon pool at Tanjung Harapan site suggests a rapid rate of carbon sequestration 

when sites are abandoned and native vegetation is allowed to grow (in the absence of fire and other 

human disturbances).  
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The downed wood C pool was a significant component, comprised 12% and 16% to the 

total aboveground C stocks in the primary forests and secondary forest, respectively. This was 

especially true for oil palm plantations, where the downed wood C pools consisting of residual wood 

from the forests comprised more than half (55%) of the total aboveground carbon. The mean woody 

debris C stock was recorded in secondary peat swamp forest (28 ± 0.1 Mg C/ha), followed by 

primary forests (24 ± 0.1 Mg C/ha) and oil palm plantations (16 ± 0.2 Mg C/ha). The C pools of 

dead trees were insignificant, comprised 3% and 1% of the total aboveground biomass in the primary 

forests and secondary forests, respectively. Standing dead trees were not present in the oil palm 

plantation sites. The dead frond piles C stocks were found in the oil palm plantations but this C pool 

is assumed to be insignificant. 

Insert Table 2.3 

At forest sites, mean carbon concentrations of litter and understory samples were 48.43 ± 

0.46% and 45.02 ± 0.68%, respectively. Litter and understory C stocks were 4 Mg C/ha in forest 

sites and contributed 2% to the total aboveground C stocks. There was less live aboveground mass in 

the oil palm plantations because of regularly applied herbicides to control understory biomass.  

Combining all aboveground C pools, mean total aboveground C stock was the highest in the 

primary forests with an estimated of 204 ± 32 Mg C/ha, followed by secondary forest at 172 ± 17 

Mg C/ha and oil palm plantations at 29 ± 0.3 Mg C/ha. The mean total aboveground C stock in the 

primary forests was seven times higher than in oil palm plantation sites (Table 2.3). Aboveground C 

stocks in the primary forest sites ranged from 168 Mg C/ha at Beguruh site to 240 Mg C/ha at 

Pesalat site (Table 2.3). The total aboveground C pool was significantly lower in oil palm plantation 

sites ranged from 20 Mg C/ha at OP1 and 42 Mg C/ha at OP5 (p < 0.001).  

 

Soils 

Peat depths to a mineral soil horizon were deeper in the primary forests compared to the oil 

palm plantations or secondary forest (Table 2.4). The mean peat depth of primary forest sites was 

223 ± 10 cm. In contrast, the mean peat depth of three oil palm plantation sites was significantly 

lower compared to primary forests, with a mean of 38 ± 3 cm (p < 0.001). The lowest peat depth 

across sites was observed in secondary forest Tanjung Harapan (27 cm). 

There was significant difference in soil bulk density between primary forest and oil palm 

plantation sites (p < 0.001, Table 2.4). The effect of primary peat swamp forest conversion to oil 

palm plantations on soil bulk density was apparent throughout the all peat depths. The mean bulk 

density from all depths was significant and two times higher in oil palm plantations sites (0.37 ± 0.05 

g cm-3) compared to in primary forest sites (0.17 ± 0.02 g cm-3; p < 0.001). Bulk density of primary 
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forests (0.17 ± 0.02 g cm-3) was about a half of secondary forests (0.30 ± 0.02 g cm-3). Interestingly, 

we did not observe a significant difference in bulk density between secondary forest and oil palm 

plantation sites (p = 0.222), suggesting a clear effect of past forest clearing and agricultural cultivation 

in the secondary forest site. These data showed that secondary peat swamp forests and oil palm 

plantation sites lost half of the soil carbon density after conversion of primary peat swamp forests. 

Moreover, the higher bulk density and the shallow peat depth in the disturbed sites suggest a slow 

recovery on the peat layers following abandonment.   

In general, bulk density tended to decrease with depth in primary forest and oil palm 

plantation ecosystems, but not in the shallow Tanjung Harapan site. In oil palm plantations sites, the 

bulk density at 0 - 15 cm peat depth was 0.41 g cm-3 or 1.5 times higher than 0.27 g cm-3 at peat layer 

> 30 cm. Furthermore, in the primary forest sites, bulk density at 0 - 15 cm was 0.25 g cm-3 or two 

times higher compared to 0.13 g cm-3 at peat layer 50 - 100 cm.   

Insert Table 2.4  

The mean C concentration at all depths was 49.42 ± 0.83% in the primary forest and 48.73 

± 5.05% in the oil palm plantation sites and was not significantly different (p = 1.0). In both 

ecosystems, soil C concentration exceeded 43% C at all peat depths.  The Tanjung Harapan site had a 

significantly lower in C concentration but still relatively high at 32% (p < 0.001). In general, soil C 

concentration was not affected by depth in all sites (Table 2.4).  

Primary forest conversion to oil palm plantations affected soil N concentration at all soil 

depths (Table 2.4).  There was no significant difference in N concentration between primary and 

secondary forests (p = 0.299). The mean N concentration in the primary forest was 1.23 ± 0.07%, 

which was significantly higher than 0.95 ± 0.13% at oil palm plantation sites (p < 0.001).  The 

difference in N concentration between forest and oil palm plantation sites was apparent in all peat 

depth layers. Generally, we observed that soil N concentration decreased with depth in all sites. In 

the primary forest sites, N concentration at the 0 - 5 cm peat depth (1.61%) was about 1.5 times 

higher than in the > 100 cm peat layer (1.10%). A similar trend was found in the oil palm plantations 

where soil N content in the 0 - 15 cm peat depth (1.12%) was about 1.6 times higher than in the peat 

layer > 30 cm (0.72%).  

The relatively deeper peats and high C concentration throughout the profile in the primary 

forest sites resulted in high soil carbon stocks. The soil carbon stock of the primary forests ranged 

from 769 Mg C/ha in Pesalat to 2311 Mg C/ha in Beguruh. The shallow peat depth coupled with 

low C concentration resulted in low C soil carbon stock in Tanjung Harapan site (336 ± 29 Mg 

C/ha). The mean soil C stock was significantly higher in the primary forest sites (1540 ± 88 Mg 

C/ha) than in the oil palm plantation sites (727 ± 35 Mg C/ha; p < 0.001; Figure 2.6). The total soil 
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C stocks of oil palm plantations were about 47% of the mean soil C stocks of primary forests. 

However, carbon density (carbon mass per unit of soil) remained high due to high bulk density in the 

oil palm plantation sites. 

Insert Figure 2.6 

 

Ecosystem C Stocks 

The mean total ecosystem C stock of the primary forests was 1770 ± 123 Mg C/ha. Total 

ecosystem C stock was 1038 Mg C/ha at Pesalat site and 2502 Mg C/ha in Beguruh site (Figure 2.7). 

In contrast, the mean total ecosystem C stock in the oil palm plantations was 759 ± 36 Mg C/ha, less 

than half of the mean of the primary forests (p < 0.001). Total ecosystem C stock for oil palm 

plantations showed relatively low variation from a minimum of 567 Mg C/ha at OP1 to a maximum 

of 893 Mg C/ha at OP5 (Figure 2.7). The lowest ecosystem C stock was found at the secondary 

forest (Tanjung Harapan; 533 ± 49 Mg C/ha).   

Soil was a primary carbon pool in all types of land use types. Soil C pools comprised 83% of 

the total ecosystem C stock in the primary forests, ranging from 74% at Pesalat site to 92% at 

Beguruh site. In the oil palm plantations, soil comprised > 95% of the total ecosystem C stock in all 

sites. Lower contribution of soil C pool to the total ecosystem C stock (63%) was observed at 

Tanjung Harapan. Consequently, the ratio of the aboveground to belowground C stock was highest 

in secondary forest site with an estimated value of 0.48, followed by primary forest at 0.19 and oil 

palm plantation at 0.04. 

Insert Figure 2.7 

Differences in ecosystem C stocks between primary forests and oil palm plantations 

represented a decline of 57% due to land use and conversion (Table 2.3). Based upon this difference, 

the potential cumulative emissions from conversion of primary peat swamp to oil palm plantations 

was 3710 ± 321 Mg CO2e/ha (Figure 2.8). About 17% (641 Mg CO2e/ha) of the potential emissions 

were derived from aboveground carbon pools and 83% (3069 Mg CO2e/ha) from belowground 

carbon pools. Peat swamp forest conversion resulted in substantial vegetation cover changes, which 

accounted for 573 Mg CO2/ha or about 15% of the total emissions. Most of the total carbon losses 

were produced from belowground carbon pool, which mainly due to the depletion of soil C pools. 

Insert Figure 2.8 
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DISCUSSION 

Ecosystem C stocks 

Limited studies on aboveground C stocks have been conducted in tropical peat swamp 

forests (Table 2.5) and even fewer exist for oil palm and secondary forests (but see Murdiyarso et al. 

2009, Warren et al. 2012). The estimate of total aboveground C stocks of primary forest sites in this 

present study (204 Mg C/ha) was slightly higher than the forest sampled in this area by Murdiyarso et 

al. (2009) who reported mean aboveground C stocks of 143 Mg C/ha. Our results fall within range 

of aboveground C stocks in other Indonesian primary peat swamp forests of 118 to 214 Mg C/ha 

(Table 2.5). Contrastingly, a peat swamp forest in Mexico had lower aboveground C stocks (Adame 

et al. 2015). Although the peat swamp forest in Mexico had two times higher tree density (2469 

trees/ha) compared to this study, the area was dominated by only a single species of Pachira aquatic 

(Adame et al. 2015).  

Insert Table 2.5 

Our analysis showed that aboveground carbon contributed about 10% to the total ecosystem 

C stocks in the primary forests (Table 2.3). This was comparable to previous studies which reported 

10 - 13% of the total ecosystem C stocks were aboveground carbon, in different locations of tropical 

peat swamp forests in the world (Draper et al. 2014, Murdiyarso et al. 2009, Adame et al. 2015). In 

the area with deeper peats, the smaller contribution of aboveground carbon to total ecosystem C 

stocks was expected. For example, Basuki (in prep) reported that aboveground carbon only 

contributed 3% total ecosystem C stocks in West Kalimantan, Indonesia where the peat thickness 

was more than 10 m (Table 2.5).  

Globally, carbon stocks of recently established oil palm plantations 1 - 5 year old fall 

between 1.3 to 16.2 Mg C/ha. The oil palm C vegetation stocks in this study were comparable to that 

reported by Corley et al. (1971) for OP1, and Ng et al., (1986) for OP3 and OP5. The variation of oil 

palm C stocks among studies may be related to differences in by soil condition, management 

practices (e.g. palm density and fertilizer application) (Syahrinuddin 2005, Henson 2003) or sampling 

approaches (destructive or allometric). A review analysis from data of aboveground carbon from oil 

palm plantations in Malaysia and Indonesia showed that oil palm C stocks were strongly correlated 

with the age of the oil palm stands, which was best explained by a power model (Oil palm C stocks = 

3.4713 * age0.8382; r² = 0.82; oil palm C stocks is expressed in Mg C/ha and age in year; Figure 2.9). By 

applying the power model equation, we estimated of 51.6 Mg C/ha aboveground C stocks from oil 

palm plantations based on their average commercial lifespan (25 years). The ecosystem C stocks in 

the final stage of oil palm plantations (798 Mg C/ha) were 45% of total ecosystem in primary forests, 

suggesting that increasing of aboveground C stocks over time is insignificant in oil palm plantations 
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and will never compensate the expense of soil C loss before forest conversion.  

 

Insert Figure 2.9 

Conversion of peat swamp forest to oil palm plantations resulted in substantial carbon losses 

to the atmosphere from changes in vegetation C stock. As hypothesized, we found that the 

conversion of forest to oil palm plantations significantly reduced the plant carbon by approximately 

93% (Table 2.3 and Figure 2.8). This was similar to the conclusion of Basuki (in prep) who also 

found 94% of plant carbon reduction after conversion of primary forest on deep peats to oil palm 

plantation in West Kalimantan, Indonesia. Our estimate was higher than reported by Kho et al. 

(2015), who reported about 81 - 88% of the plant C stocks were loss due to forest conversion to oil 

palm plantations in Malaysia.  

In a chronosequence scenario, the secondary forest in Tanjung Harapan had the rapidly 

accumulate aboveground C stocks but not peat.  It is important to point out that the slow carbon 

accumulation on peat in secondary forests reveals that peat is a non-renewable source in that it takes 

centuries to accumulate and is lost quickly during land use conversion (slow in, fast out). Tanjung 

Harapan, as secondary forest site, may gain aboveground carbon equal to primary forest sites 

(Beguruh and Pesalat) during regrowth, but not in belowground carbon. Finally, the probabilities of 

permanent C loss following forest disturbance are not necessarily equal to carbon gain during 

regrowth period. This suggests that restoration of peat swamp forest is important but conservation is 

the most effective way to conserve more carbon on peat in the tropics. 

Aboveground C stocks of the Tanjung Harapan site were 172 Mg C/ha, which was 84% to 

the total aboveground C stock of primary forests in the Pesalat and Beguruh sites after at least 30 

years disturbance. This sequestration rate of about 5.7 Mg C ha/yr is comparable to results from 

other secondary forests such as Hughes et al. (1999, 2000) who found rates to be about 2.5 Mg C 

ha/yr in secondary in the heavily deforested sites in Mexico. These results imply that reforested peat 

swamp forests may provide a new opportunity for climate change mitigation in tropical peatlands. 

However, there are some critical gaps in our knowledge and further scientific studies are needed to 

investigate the role of secondary peat swamp forests in the re-accumulation aboveground carbon 

after long-term disturbance.  

Root C stocks in primary and secondary forest sites were estimated to range from 23 to 29 

Mg C/ha. These findings are comparable to root carbon stocks from primary peat swamp forests in 

Riau, Indonesia (33 Mg C/ha) (Istomo 2002). Our results were consistent with root C stocks 

reported by Krisnawati et al. (2014); 24 and 21 Mg C/ha for primary and secondary peat swamp 

forests in Central Kalimantan, Indonesia, respectively. Further, root: shoot ratios from peat swamp 
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forests in the present study were 18%, which in agreement with Persch et al. (in prep) who reported 

12% of the root: shoot ratios for peat swamp in Jambi. In the oil palm plantation, we found root: 

shoot ratio was 28%, which was very close to that of 30% for non-forest vegetation evaluated by 

Fearnside (2000). 

 

Potential Emissions due to forest conversion to oil palm plantations 

Potential carbon emissions from land use change in peat swamp forests are likely higher than 

that from upland forest conversion on mineral soils because of large losses from the organic soils. 

Using the carbon stock-difference approach, forest conversion to cattle pastures in the tropical dry 

forest in Mexico and in the evergreen forests of the Amazon were estimated to produce 230 Mg 

CO2e/ha and 538 Mg CO2e/ha, respectively, (Figure 2.10; Kauffman et al. 2003, Kauffman et al. 

2009, Kauffman et al. 2014). The carbon emissions from tropical dry forest and evergreen forest to 

pasture reported above were only about 7% and 18% of the predicted emissions attributed to the 

conversion of forest to oil palm plantations in Tanjung Puting (3710 Mg CO2e/ha). The emissions 

from 1 ha of peat swamp forest converted to oil palm plantation is equivalent to the emissions 

resulted from conversion of 5.7 ha of tropical evergreen and 13.3 ha of tropical dry forest in Mexico. 

The potential of carbon losses from this study were also one of the highest measured 

associated from conversion wetland forests to other land (Kauffman et al. 2014, Kauffman et al. 

2016b). The carbon losses due to conversion of mangrove forests to pastures in Mexico and shrimp 

ponds in the Dominican Republic were estimated to be 1464 Mg CO2e/ha and 2509 MgCO2e/ha, 

respectively (Figure 2.10; Kauffman et al. 2014, Kauffman et al. 2016b).  

We compared our results with Murdiyarso’s et al. (2009) study to estimate ecosystem C 

stocks of peat swamp forests at a landscape-scale from Tanjung Puting area. They reported smaller 

total ecosystem C stocks (894 ± 112 Mg C/ha) than our estimates (1770 ± 123 Mg C/ha) due to 

shallower organic soils in their study sites (46 ± 7 cm). We calculated the total ecosystem C stocks of 

the primary peat swamp forests in Tanjung Puting were 1332 ± 117 Mg C/ha (including 5 sites of 

primary forest from Murdiyarso’s et al. (2009) and 2 sites of primary forest sites from our study). 

Using the difference of 573 Mg C/ha from the weighted average of 7 sampled sites of primary peat 

swamp forests and the mean of sampled oil palm plantations, we calculated an estimate of 2103 ± 

300 Mg CO2e/ha lost due to primary peat swamp forest conversion to oil palm plantations in 

Tanjung Puting, Indonesia. By combining all of the available data on ecosystem C stocks from peat 

swamp forests in Tanjung Puting, the results consistently show that the losses in C stocks were 

exceptionally high when peat swamp forest was converted to oil palm plantations. 
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Our findings suggest that the conversion of shallow peat swamp forest may result in 

emissions that are as high as those arising from conversion on deep peats (> 3 m). The conversion of 

peat swamp forest to oil palm plantations in our study produced 3710 Mg CO2e/ha. These emissions 

were 2.8 times higher than the primary peat swamp forest conversion to oil palm plantations on deep 

peats in West Kalimantan, Indonesia (1318 Mg CO2e/ha; Basuki in prep). This result can provide 

scientific evidence to improve regulations related to peat swamp forest conservation. For example, 

the Indonesia Presidential Decree No. 32/1990 and the Ministry of Agriculture Decree No. 14/2009 

allow the use of Indonesian peatlands if peat thickness is less than 3 meters. These policies do not 

consider carbon emissions from the shallow peat swamp forest that may exceed the emissions from 

the deep peat swamp forest ecosystem.  

In summary, our results suggest that the carbon emissions from forest conversion on 

shallow peats to oil palm plantations are among the highest of any forest type conversion in the 

tropics. This study provides robust scientific information for considerations of the role of peat 

swamp forest conservation in climate change mitigation strategies. Thus, the large carbon emissions 

resulting from their conversion clearly show the fate of tropical peat swamp forests as the largest 

pools of soil organic carbon, regardless their peat depth.  

In this study, we have quantified ecosystem C stocks of forests and oil palm plantations but 

have not examined the land-use transitions, including critical initial phases of land conversion 

entailing the losses associated with slash and burn. Future studies are needed to assess long-term 

chronosequences of ecosystem carbon dynamics associated with land use land cover change in the 

tropical peatlands. 
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Figure 2.1. Location of study areas in Tanjung Puting, Indonesia.  
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Figure 2.2. The plot layout for C stock assessment of peat swamp forests in Tanjung Puting, 
Indonesia (modified from Kauffman et al. 2011). 

 

 

 

 

 

Figure 2.3. The plot layout for soil C stock assessment of oil palm plantations in Tanjung Puting, 
Indonesia. 
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Figure 2.4. Distribution of peat swamp forest trees and aboveground carbon by 10 cm diameter 
classes in Tanjung Harapan, Beguruh and Pesalat forest sites in Tanjung Puting, Indonesia. 
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Figure 2.5. Basal area (m2/ha) and Important Value Index in Tanjung Harapan, Beguruh and Pesalat 
forest sites in Tanjung Puting, Indonesia 
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Figure 2.6. Soil C stocks (Mg C/ha) in different peat layers (cm) in primary forest, secondary forest 
and oil palm plantation sites in Tanjung Puting, Indonesia. Vertical bars are standard errors. 

 

 

Figure 2.7. Total ecosystem C stocks (Mg C/ha) of peat swamp forests (primary and secondary) and 
oil palm plantation sites in Tanjung Puting, Indonesia. Vertical bars are standard errors. 
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Figure 2.8. Ecosystem C stocks (Mg C/ha) in the primary peat swamp forest and oil palm plantation 
sites and predicted cumulative greenhouse gas emission (Mg CO2e/ha) arising from the conversion 
of forest to oil palm plantation in Tanjung Puting, Indonesia.   

 

 

Figure 2.9. Relationship between age of oil palm plantations (year) and oil palm carbon stocks (Mg 
C/ha) in Indonesia and Malaysia.  Data for this graph is reanalyzed from Kho et al. (2015) with 
additional updated data. 
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Figure 2.10. Predicted cumulative CO2 emissions (MgCO2e/ha) arising from conversion of forest to 
other land use types in the tropics. Data for the conversion of dry forests to cattle pastures, 
evergreen forests to cattle pastures, mangrove forests to cattle pastures and mangrove forests to 
shrimp ponds are from Kauffman et al. (2003, 2009, 2014, 2016b). Data for conversion of peat 
swamp forest to oil palm plantations deep peat (> 3 m) and shallow peat (< 3 m) are from Basuki (in 
prep) and this study, respectively. 
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Table 2.1. Characteristics of sampling locations in Tanjung Puting, Indonesia 

Ecosystem Site Latitude Longitude Mean Peat 
thickness (cm) 

Primary Forest Beguruh S 2°50'51" E 111°48'11" 290 ± 23 
Primary Forest Pesalat S 2°49'21" E 111°50'24" 155 ± 6 
Secondary Forest Tanjung Harapan S 2°49'24" E 111°48'46" 27 ± 2 
Oil Palm OP1 S 2°47'33" E 111°48'36" 20 ± 2 
Oil Palm OP3 S 2°47'18" E 111°48'10" 47 ± 3 
Oil Palm OP5 S 2°47'28" E 111°48'7" 47 ± 4 
 
 
Table 2.2. Equations to estimate aboveground biomass in forest and oil palm plantation sites in 
Tanjung Puting, Indonesia.  

C pool Equation Factor C 
conversion 

Live tree biomass (kg/ tree) AGBtree = 0.136*dbh2.513 0.48 
Oil palm biomass (Mg/palm) AGBOP = 0.0939*H + 0.0951 0.48 
Dead wood biomass (kg)  0.48 

Status 2 AGBdw = 0.8 * (0.136*dbh2.513)  
Status 3 AGBdw = 0.7 * (0.136*dbh2.513)  

Root biomass AGBroot = exp (-1.085 + 0.9256 *ln (AGBOP/tree)       0.39 
Woody debris biomass (Mg)  0.50 
> 7.5 cm diameter AGBwd = sg* [(µ2 Σ D2)/(8*L)]  
2.5 – 5.5 cm AGBwd = sg* [µ2 *(NQMD2)/(8*L)]  

Definitions for symbols used in the quations area: AGB = Aboveground biomass, dbh = diameter at 
breast height (cm), H = height of the palm (m); sg= specific gravities  (g/cm3)to convert volume to 
downed wood biomass are from Chao (2008). Sg for solid and rotten woody debris are: 0.5 and 0.23, 
respectively. N = number of pieces of woody debris pieces, QMD=the quadratic mean diameter of 
size class (cm) and L= the transect length (m). 
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Table 2.3. Ecosystem C stocks (Mg C/ha) in the forest and oil palm plantation sites in Tanjung Puting, Indonesia. AGC and BGC indicate aboveground 
carbon and belowground carbon, respectively. Data are mean ± standard error  

Site Vegetation Forest floor Dead Tree Woody debris Root Soil AGC BGC 
Total Ecosystem 
C stocks 

Beguruh 130 ± 30 5 ± 0.4 6 ± 0 26 ± 0.1 23 ± 6 2311 ± 103 168 ± 30 2334 ±109 2502 ± 139 

Pesalat 206 ± 32 4 ± 0.4 8 ± 0 22 ± 0.1 29 ± 2 769 ± 72 240 ± 33 798 ± 74 1038 ± 107 

Primary Forest 168 ± 31 4 ± 0.4 7 ± 0 24 ± 0.1 26 ± 4 1540 ± 88 204 ± 32 1566 ± 92 1770 ± 123 

Secondary forest 140 ± 16 4 ± 0.5 1 ± 0 28 ± 0.1 25 ± 4 336 ± 29 172 ± 17 361 ± 32 533 ± 49 

OP1 7 ± 0.1 1 ± 0.1 - 12 ± 0.2 2 ± 0.0 545 ± 33 20 ± 0.3 547 ± 33 567 ± 34 

OP3 10 ± 0.1 1 ± 0.1 - 14 ± 0.2 2 ± 0.0 788 ± 50 26 ± 0.3 791 ± 50 816 ± 51 

OP5 19 ± 0.3 1 ± 0.1 - 22 ± 0.1 4 ± 0.1 847 ± 23 42 ± 0.4 851 ± 23 893 ± 23 

Oil Palm 12 ± 0.2 1 ± 0.1 - 16 ± 0.2 3 ± 0.0 727 ± 35 29 ± 0.3 729 ± 35 759 ± 36 
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Table 2.4. Soil properties (carbon, nitrogen, C/N ratio, bulk density and carbon mass) by sampling depth in forest and in oil palm plantation sites in 
Tanjung Puting, Indonesia. Data are mean ± standard error. Different letters in superscript following values describe statistical significance across 
primary forest, secondary forest and oil palm plantation. 
 

Ecosystem Site Sample depth 
(cm) 

Carbon 
(%) 

Nitrogen 
(%) C/N ratio Bulk density 

(g/cm3) 
Carbon Mass 

(Mg/ha) 
Primary forest Beguruh 0 - 15 43.92 ± 1.04 1.60 ± 0.07 28.48 ± 1.59 0.30 ± 0.03 200 ± 19 
 

 
15 - 30 48.36 ± 1.30 1.22 ± 0.05 40.77 ± 1.95 0.26 ± 0.06 186 ± 18 

 

 
30 - 50 51.36 ± 0.56 1.13 ± 0.04 46.28 ± 1.79 0.16 ± 0.04 167 ± 24 

 

 
50 - 100 51.01 ± 0.61 1.10 ± 0.02 46.66 ± 1.27 0.18 ± 0.04 459 ± 79 

 

 
100 - 290 49.66 ± 1.10 1.05 ± 0.04 48.87 ± 1.33 0.13 ± 0.03 1298 ± 345 

 

      
2310 ± 485 

 Pesalat 0-15 48.50 ± 1.18 1.62 ± 0.08 31.52 ± 2.27 0.20 ± 0.05 139 ± 22 
 

 
15-30 52.37 ± 1.19 1.27 ± 0.04 39.81 ± 3.09 0.15 ± 0.04 110 ± 22 

 

 
30-50 52.25 ± 0.03 1.09 ± 0.05 49.04 ± 0.05 0.13 ± 0.03 114 ± 30 

 

 
50-100 50.03 ± 1.19 1.04 ± 0.04 48.92 ± 1.64 0.09 ± 0.02 217 ± 42 

 

 
100-155 46.75 ± 1.59 1.15± 0.09 43.51 ± 2.50 0.08 ± 0.02 162 ± 31 

 

      
742 ± 147 

Mean primary forest 222 ± 12 49.42 ± 0.83a 1.23 ± 0.07a 42.29 ± 2.29a 0.17 ± 0.02a 1526 ± 316 
Secondary 
forest 

Tanjung 
Harapan 0 - 15 33.85 ± 1.05 1.31 ± 0.10 28.47 ± 2.38 0.27 ± 0.03 144 ± 19 

  15 - 30 32.63 ± 1.28 0.97 ± 0.11 37.84 ± 3.09 0.29 ± 0.03 119 ± 17 
  30 - 39 30.00 ± 2.12 0.85 ± 0.16 38.07 ± 7.93 0.34 ± 0.04 73 ± 21 
       336 ± 57 
Mean secondary forest 27 ± 2 32.16 ± 0.90b 1.04 ± 0.07ab 34.79 ± 2.95b 0.30 ± 0.02b 336 ± 57 
Oil Palm 
Plantation OP1 0-15 45.79 ± 1.86 1.10 ± 0.10 43.77 ± 3.56 0.46 ± 0.05 326 ± 38 
 

 
15-30 47.35 ± 5.10 0.80 ± 0.09 59.83 ± 3.14 0.47 ± 0.07 219 ± 56 

 

      
545 ± 94 

 OP3 0-15 50.80 ± 2.30 1.33 ± 0.11 40.53 ± 3.90 0.36 ± 0.05 273 ± 33 
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Table 2.4 (continued)      

Ecosystem Site Sample depth 
(cm) 

Carbon 
(%) 

Nitrogen 
(%) C/N ratio Bulk density 

(g/cm3) 
Carbon Mass 

(Mg/ha) 
 

 
15-30 58.08 ± 2.06 1.11 ± 0.07 54.33 ± 4.42 0.35 ± 0.04 302 ± 36 

 

 
30-47 47.03 ± 13.76 0.84 ± 0.35 59.70 ± 12.08 0.27 ± 0.09 214 ± 158 

 

      
789 ± 227 

 OP5 0-15 47.38 ± 5.27 0.92 ± 0.14 57.05 ± 9.63 0.40 ± 0.05 273 ± 46 
 

 
15-30 51.81 ± 3.81 0.86 ± 0.07 61.59 ± 4.17 0.35 ± 0.03 264 ± 25 

 

 
30-47 41.64 ± 6.26 0.60 ± 0.10 70.51 ± 4.35 0.27 ± 0.02 196 ± 48 

       733 ± 119  
 Mean OP 48.73 ± 5.05a 0.95 ± 0.13b 55.91 ± 5.66c 0.37 ± 0.05b 689 ± 147 
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Table 2.5. Summary of ecosystem C stocks (expressed in Mg C/ha) of peat swamp forests in Indonesia (except Micronesia and Mexico).   

Location Peat depth 
(cm) 

AGC 
(Mg C/ha) 

BGC 
(Mg C/ha) 

Ecosystem C 
(Mg C/ha) 

Sources 

Mexico 150 95 ± 16 - 722 ± 64 Adame et al. 2015 
Kosrae, Micronesia -  165 - 388  Chimner & Ewel,2005 
Various sites 450 - 2774 ± 595 - Jaenicke et al. 2008 
South Sumatra  144   Novita 2010 
Jambi - 141 -  Krisnawati et al 2012  
Jambi - 153 - - Krisnawati et al. 2012 
Riau - 131   Istomo 2002 
Riau* - 56   Istomo et al. 2009 
Central Kalimantan - 157 ± 21   Krisnawati et al. 2014 
Central Kalimantan* - 140 ± 2   Krisnawati et al. 2014 
Central Kalimantan - 118   Simbolon 2015 
Central Kalimantan - 214   Simbolon 2015 
West Kalimantan 650 - 1050 122 3899 4021 Basuki, in prep 
Tanjung Puting 46   894 ± 112 Murdiyarso et al. 2009 
Tanjung Puting*  172 ± 17 361 ± 32 533 ± 49 This study 
Tanjung Puting  204  ± 32 1566 ± 92 1770 ± 123 This study 

*secondary forest/degraded f  
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Chapter III 

Soil greenhouse gas emissions in tropical peat swamp forests and oil palm plantations in 

Central Kalimantan, Indonesia



	
 41 

ABSTRACT 
Conversion of tropical peat swamp forests to oil palm plantations disrupts the carbon and 

nitrogen cycles, and contributes substantially to greenhouse gas emissions into the atmosphere. 

Despite the importance of tropical peat swamp forests and the impacts of their conversion on global 

C and N cycles, only a small number of published studies make a direct comparison of greenhouse 

gas emissions in undisturbed forest and oil palm plantation ecosystems. To fill this gap of knowledge, 

we conducted a series of monthly soil CO2, CH4 and N2O emissions measurements using the 

dynamic (CO2) and static (CH4 and N2O) chamber methods in three forest plots and three oil palm 

plantations over 1.5 year. Annual total soil respiration amounted to 14.9 ± 0.6 Mg C ha-1 yr-1 and 12.1 

± 0.4 Mg C ha-1 yr-1 in the peat swamp forests and oil palm plantations, respectively. Methane 

emissions were insignificant (0.4 ± 2.0 kg C ha-1 yr-1) in the oil palm plantations and high (52.4 ± 10.6 

kg C ha-1 yr-1) in the peat swamp forests. The annual N2O emissions were very low (0.5 ± 0.2 kg N 

ha-1 yr-1) in the peat swamp forests and were substantially higher (5.5 ± 0. 8 N ha-1 yr-1) in the oil 

palm plantations. The temporal variation of the greenhouse gas emissions did not show any 

significant pattern between dry and wet months. The water table depth, water-filled pore space and 

inorganic soil nitrogen concentration were the main controlling factors of CO2, CH4 and N2O 

emissions, respectively. Our results found that peat swamp forest conversion to oil palm plantation 

reduced soil CO2 emissions, decreased substantially soil CH4 emissions and exacerbated soil N2O 

emissions, mainly as a result of nitrogen fertilization in the plantations. 
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INTRODUCTION  
Knowledge of greenhouse gas (GHG) emissions from various land use types in tropical peatlands is 

critical in climate change mitigation and adaptation. Tropical peatland ecosystems are much less 

studied compared to the more intensively studied boreal and temperate peatlands in the northern 

hemisphere (Chimner et al. 2004). Efforts are underway to minimize uncertainty in soil GHG 

emissions by establishing intensive studies in this forest type. In this study, we present results of soil 

GHG emissions from peat swamp forests and oil palm plantations at Tanjung Puting, Central 

Kalimantan, Indonesia.  

Tropical peat swamp forests play substantial roles in the global carbon cycle and can be an 

important component of climate change mitigation strategies.  This is because they comprised 11% 

of all global peatlands area yet they store 15 - 19% of the total global peat carbon pool (Page et al. 

2011). Ironically, peat swamp forests in Southeast Asia are considered a most important global 

hotspot of GHG emissions due to their high deforestation rate; 2.2% per year (Joosten 2009, 

Miettinen & Liew 2011). This has been largely the result of rapid agricultural expansion of oil palm 

(Elaeis guineensis) plantations (Murdiyarso et al. 2010, Carlson et al. 2015). Given the high amounts of 

carbon stored and high deforestation rates in tropical peat swamp this ecosystem could be key in 

climate change mitigation efforts at global and national levels [e.g. REDD+ and Nationally 

Appropriate Mitigation Actions (NAMAs)]. 

Incorporating all of three principal soil GHGs (CO2, CH4 and N2O) together to determine 

current and future impacts of the transformation of primary peat swamp forest to oil palm plantation 

in the face of climate change is needed. The previous studies assessing soil GHG emissions in 

tropical peatlands have often been limited to only individual GHGs (see Melling et al. 2005a, Melling 

et al. 2007). The current paper reports the changes on three soil GHG emissions simultaneously 

from peat swamp forests and oil palm plantations. 

Tanjung Puting is an ideal place to investigate the changes on soil GHG emissions associated 

with forest conversion to oil palm plantations. This area has experienced high rates of peat swamp 

forest deforestation due to oil palm plantation development close to an area of protected forest. Our 

study was conducted from September 2012 to December 2013. The main objective of the study was 

to quantify annual soil emissions of CO2, CH4 and N2O emissions from forests and oil palm 

plantations in Tanjung Puting, Central Kalimantan, Indonesia. We also quantified micro-spatial and 

temporal variations in soil GHG emissions and examined controlling factors of the emissions. We 

hypothesized that 1) changes in ecosystem primary productivity would decrease CO2 emissions, 2) 

drainage in oil palm plantation sites by promoting aerobic conditions in the soil would decrease CH4 

emissions, and 3) fertilizer management practices and improved soil aeration status would increase 
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N2O emissions. 

 

MATERIALS AND METHODS 
Site description 

Study sites were located in the Tanjung Puting region, which is ∼25 km from the city of 

Pangkalan Bun in Central Kalimantan, Indonesia (Figure 3.1). The climate of Central Kalimantan is 

classified as humid-tropic, with annual rainfall of 2000 – 4000 mm/yr (Ministry of Environment and 

Forestry 2015). An annual pattern of rainfall in the study area is influenced by a southeast dry 

monsoon and a northeast wet monsoon. Most precipitation occurs during the wet season between 

the months of September to May and less during dry season of June to August (Ministry of 

Environment and Forestry 2015).  Based upon the weather stations established for this study, the 

average rainfall during our sampling period was 1870 mm/yr and mean air temperature was 31.4°C. 

The peat in Tanjung Puting forests was classified as ombrogenous (Ministry of Environment and 

Forestry 2015) which implies that precipitation is the main supply of water and nutrients into the 

ecosystem (Page et al. 2006). Peat in this region was formed beginning about 22,120 14C yr BP (Weiss 

et al. 2002).  

We made the assumption that prior to conversion the soil GHG emissions of the sites now 

occupied by oil palm were not significantly different from the emissions in the forests and therefore 

that any differences in soil GHG emissions would be due to land conversion. The forest sites were 

located inside the boundary of Tanjung Puting national park, while the oil palm plantations were 

located in the nearby village of Bedaun. Global Positioning System (GPS) readings were utilized to 

determine geographic coordinates for each site. Forest and oil palm plantations were approximately 3 

km apart and were separated by Sekonyer River.  

Insert Figure 3.1  

We sampled emissions in three different forests. We had no a priori knowledge prior to site 

selection. The first forest site, Tanjung Harapan (111°48'46" E and 2°49'24" S), was disturbed by 

illegal partial logging about 25 years ago according to interviews conducted with villagers. The area 

was dominated by secondary forest species such as Macaranga motleyana (Euophorbiaceae), Buchanania 

sessifolia (Anacardiaceae), Baccaurea stipulate (Phyllanthaceae), and Litsea firma (Lauraceae). The average 

thickness of the peat layer was 27 ± 2 cm. The tree density of this plot was 1088 trees/ha. The 

second forest site, Beguruh (111°48'11" E and 2°50'51" S) was located about 6 km from Tanjung 

Harapan site and about 1.5 km from Sekonyer River. There was little evidence of disturbance at this 

site. The average thickness of the peat layer was 290 ± 23 cm. The tree density in this site was 1104 

trees/ha and the forest was dominated by Vatica oblongifolia (Dipterocarpacea), Santiria apiculate 
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(Burseraceae), Cantleya corniculata (Icacinaceae) and Cratoxylon glaucum (Clusiaceae). The third forest 

site, Pesalat (111°50'24" E and 2°49'21" S), was located about 2 km from Pesalat resort and also 

exhibited little evidence of past disturbance. The average thickness of the peat layer was 155 ± 6 cm. 

The plot was dominated by Gonystylus bancanus (Thymelaceae), Vatica oblongifolia (Dipterocarpaceae), 

Dyera costulata (Apocynaceae) and Santiria apiculate (Burseraceae). Total tree density in the plot was 

1396 trees/ha. 

We replicated the study in three oil palm plantations of various ages. The age of the palm 

was based on time between oil palm planting and our year of measurement. The hydrology of all oil 

palm plantations had been greatly affected by drainage canals (1 m deep), which were constructed 

around their perimeter. We determined the oil palm plantation age and land use history through 

interviews with farmers/landowners and other Bedaun and Sekonyer residents. Oil palm plantations 

were the most recent stage of a land use transition that was originally transformed from primary 

forests. Oil palm management practices were similar across the sites. 

The first site was a one-year old oil palm plantation or OP1 (111°48'36" E and 2°47'33" S). 

This was a small-scale plantation with a total area of 1 ha. The owner regularly applied herbicides to 

control weeds, so there was little vegetation except for the oil palms. The average thickness of the 

peat layers was 30 cm. The average planting space was 9 x 9 m2 (irregular) in a triangular design and 

palm density was 116 palms/ha. At OP1, the primary forest clearing occurred in 1989 with slash and 

burn.  The valuable trees were cut and removed, and the remaining biomass was dried for about 1-2 

months during dry months (June - August) then burned. In 1991, the land was utilized for dry rice 

cultivation for two years. The farmer allowed land to lie fallow from 1993 to 2008. In 2008, the land 

was slashed and burned again for rice cultivation, which was practiced until 2010. The land was 

fallowed in 2011 and the farmer cleared the fallowed land through slash and burn in the same year. 

The second site was a three year-old plantation or OP3 (11°48'10" E and 2°47'18" S). The thickness 

of peat layer was 47 cm. The forest clearing occurred in 2005 via slash and burn.  The farmer 

cultivated rice from 2005 to 2007 and allowed land to lie fallow from 2007 to 2009. The oil palm 

plantation was established in 2009. The average planting space was 8 x 8 m2 (irregular) and palm 

density was 144 palms/ha. The third site was a five year-old oil palm plantation or OP-5 (111°48'7" 

E and 2°47'28" S). The thickness of peat layer was 46 cm. The primary forest was slashed/burned in 

1989 for cultivation and then fallowed. The secondary forest was cleared in 2006 via slash and burn. 

Before oil palm plantation was established in 2008, the land was utilized for rice and vegetable crops 

for 2 years. The planting space was 7 x 7 m2 with a palm density was 228 palms/ha. 
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Study design 

Field measurements of soil GHG emissions were taken once a month for 16 months 

(September 2012 to December 2013) for N2O and CH4 emissions and for 13 months for CO2 

emissions (December 2012 to December 2013). We applied a split-plot experimental design in order 

to capture the heterogeneity within the forest and oil palm plantation sites. We selected 3 plots from 

forest and oil palm plantation land use type. In each plot, we used the chamber method to measure 

emissions given its advantage in allowing for measurement in land uses with inherent spatial 

variability (i.e depressions and elevated areas in the forests and under and inter canopy in the oil palm 

plantations). Six pairs of chambers for N2O and CH4 measurements were installed in July 2012 in 

each plot. In addition, we installed six pairs of collars for CO2 measurements that were positioned 

next to the chambers.  

The forest sites presented micro-topography variability with elevated drier areas near tree 

trunks (elevated) compared to often-flooded areas located in depressions between trees 

(depressions). Half of the chambers/collars were installed in elevated area and half were established 

in depressions areas. The depressions areas between tree bases were saturated for several months 

even during the dry months. The duration of water-saturated condition between elevated and 

depressions areas was different. Soil GHG emissions were extrapolated to the plot scale using 

proportions occupied by elevated and depressions areas. The actual ratio of elevated and depressions 

areas in the forests is complex and challenging to determine. The proportions of the elevated and the 

depressions areas were calculated based on 10 subplots (10 m x 10 m) in a 100 m x 10 m plot from 

each forest site. The proportion surface of elevated areas accounted for 48%, 50%, and 54% of the 

total area in Tanjung Harapan, Beguruh, and Pesalat, respectively. 

In the oil palm plantations, the topography was relatively flat but a spatial distinction was 

madebased on proximity to oil palms; with areas located under the canopy or in the inter canopy. 

The inter canopy areas were open, free from living vegetation and located at mid-distance between 

two palms (about 3 - 4 meters from palm centers). The under canopy area was usually fertilized 

quarterly. There was no difference in ground micro-elevation between under canopy and inter 

canopy plots. In each plot, six palms were selected and 6-paired chambers/collars were installed, 

where half of the chambers were set up under the canopy areas and the remaining chambers were at 

inter canopy areas (Figure 3.2). Soil GHG emissions at the plot scale were calculated using the 

proportion occupied by under canopy or inter-canopy multiplied by the soil GHG emissions for each 

microsite. Under canopy areas were calculated based on the radius of crown of the oil palm, which 1 

m, 1.5 m and 2 m at OP1, OP3, and OP5, respectively. The under canopy areas covered 4%, 7% and 

14% of the total area in the OP1, OP3 and OP5 respectively. 
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Insert Figure 3.2  

 

Environmental variables and soil properties  

Boardwalks were constructed in each plot before the experiment was started to minimize 

human disturbance during sampling. Environmental parameters including peat temperature, air 

temperature and water table depth, were measured during soil GHGs sampling. Precipitation rates 

were recorded using two weather stations equipped with a tipping bucket rain gauge (Delta Ohm 

HD2013R, Padova, Italy) which located in the OP1 and OP5 sites. Peat temperatures at 10 cm depth 

were measured using a portable soil thermometer (Reotemp Digital TM99-A, USA). Daytime air 

temperature close to the peat surface at each chamber was recorded manually using a thermometer. 

The water table depth was monthly measured as vertical distance from ground water surface to the 

soil surface using perforated polyvinyl chloride (PVC) tubes (2.5 cm diameter, 2 m long) inserted in 

the ground. At oil palm plantations, 6 water wells were installed in the under palm canopies and 6 

wells were installed in inter canopy areas. At forests, a similar pattern of distribution of water wells 

was established; where 6 water wells were installed in elevated areas and 6 wells were located in 

depressions areas.  

The rainfall rate from the OP1 and OP5 was analyzed as cumulated monthly rainfall and was 

grouped into dry, moist and wet months using the Oldeman and Mohr climate classification for 

humid tropics (Oldeman & Frere 1982). The Oldeman method defines wet, moist, and dry months 

as when rainfall is  >200 mm, falls between 100 to 200 mm and is <100 mm, respectively (Oldeman 

& Frere, 1982). In different ranges, Mohr system classifies wet, moist and dry months when rainfall 

>100 mm, 60-100 mm and <60 mm, respectively (Oldeman & Frere, 1982). 

Soil properties were measured during the study period. Gravimetric soil moisture was 

determined by oven drying soil samples at 60°C until the weight was constant. Soil samples were 

taken monthly from 12 sampling points at 10 cm depth that represented the micro-spatial of 

collar/chamber positions in each plot. Soil samples to determine gravimetric soil moisture were taken 

after GHG emissions measurement to avoid disturbance during sampling. The soil bulk density (0 - 

10 cm depth) was determined by extracting a 264 cm3 soil core every 2 or 3 months. At least three 

soil cores were collected represent each spatial position in a plot. The soil samples were dried at 

60°C, until they reached a constant weight (3 - 4 days) and then were weighed. The dry mass was 

divided by the volume of the soil core to determine bulk density. The soil water-filled pore space was 

calculated by dividing soil volumetric water content to total porosity (Linn and Doran, 1984). The 

total porosity was calculated from default particle density for Indonesian organic soils (1.4 g cm-3 

based on Driessen & Rochimah 1976). 
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We determined several key chemical properties (pH, P, K, CEC), from surface soil samples 

(0 – 10 cm) collected in November 2013. Soil acidity (pH) in H2O was measured using a standard pH 

meter. Cation Exchange Capacity (CEC) was measured by extraction with 1 M (NH4O) ammonium 

acetate method at pH 7.0 (Schollenberger & Dreibelbis, 1930). Phosphorus (P) was determined by 

using Bray I method (Bray and Kurtz, 1945), and Potassium (K) was obtained by extraction soil 

samples with 1 M ammonium acetate at pH 7.0 (Eviati & Sulaeman 2009). 

In addition, 18 soil samples at 10 cm depth from each plot were collected using an open face 

auger to determine C and N concentration (n = 108) in November, 2013 (see Chapter 2). Soil 

samples were air-dried at ambient temperatures, and analyzed for C and N concentration by using C 

and N analyzer (LECO Corporation, St. Joseph, Michigan, USA) at Bogor Agricultural University.  

Inorganic nitrogen concentration including NH4+ and NO3- were analyzed twice, once in 

October 2013 and once in November 2013 in both land use types following methods described in 

Hart et al., (1994). Six soil samples were collected from each microsite per plot. In the laboratory, a 

10-g soil subsample of fresh soil was extracted in 100 ml of 2M KCl to determine inorganic N 

(Verchot et al., 2006). The samples were shaken for an hour with magnetic stirrer, allowed to settle 

for 24 hours and were filtered through a grade no.42 Whatman filter paper. Ammonium (NH4+) and 

nitrate (NO3-) concentrations were analyzed using a  spectrophotometer auto-analyzer (Bran Luebbe, 

Nordesstedt, Germany). 

 

Collection of gas samples and determination of soil GHG emissions 

Soil nitrous oxide and methane emissions were determined using the static closed chamber 

system (Verchot et al. 1999; Hutchinson & Livingston, 1993). The cylindrical chamber consisted of 

PVC ring (inner diameter = 25 cm, height = 30 cm) equipped with a PVC hood. The chambers were 

established in July 2013 by pushing them 3 - 4 cm into the organic horizon in order to form an 

adequate seal between the chamber and the ground surface. Each chamber covered 506 cm2 of soil 

surface. The height of each chamber was measured at each sampling date at eight different positions 

to calculate the headspace volume. Prior to gas sampling the chamber was fanned gently for about 10 

seconds in order to mix the air inside the chamber. Gas samples were collected at closure (0), and 10, 

20 and 30 minutes later using a 50 ml polypropylene syringe. The syringe was equipped with a three-

way stopcock and connected to the outlet of chamber hood with silicone tubes. The syringe was also 

equipped with a barometer as a leak indicator during air sample collections. The extracted gas 

samples were stored in 40 ml pre-evacuated glass vials equipped with polycarbonate 3-way stopcock 

to prevent gas leakage. The stopcocks were sealed with polycarbonate caps to prevent leakage during 

air-transportation to the Center for International Forestry Research (CIFOR) laboratory in Jambi, 
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Sumatra.  

The gas samples were analyzed within 30 days with a gas chromatograph (GC 14 A–

Shimadzu Corp., Kyoto, Japan) equipped with an Electron Capture Detector (ECD) for N2O 

analysis and with a Flame Ionization Detector (FID) for CH4 analysis (Loftfield et al., 1997). 

Nitrogen was used as carrier gas to transport gas samples through a stainless steel column (3 m long 

Poropak Q packed with 80-100 mesh). Soil N2O and CH4 emissions were calculated from the rate of 

concentration change in the chamber headspace, determined by linear regression based on the 

samples concentration through time (Hutchinson & Livingston, 1993; Verchot et al., 1999). A 

negative rate indicated an uptake of atmospheric GHG, while a positive rate expressed GHG 

emission from the peat. The slope of the best linear fit was expressed in mass units per space by 

using the ideal gas law (Verchot et al., 1999). 

 Soil CO2 emissions were measured using the dynamic closed chamber method (Pumpanen et 

al., 2009). A portable infrared gas analyzer/EGM-4 (Environmental Gas Monitor) connected to a 

Soil Respiration Chamber (SRC-1) (PP System, Amesburry, USA) was used to measure soil CO2 

emissions.  The SRC-1 was equipped with a fan installed inside the chamber. In order to reduce the 

turbulence perturbation generated by the fan, a metal mesh on the bottom of the chamber was 

attached to the SRC-1 (Pumpanen et al., 2009). Prior to the measurement, the chamber was placed 

over a permanent collar (inner diameter = 10.16 cm that had been inserted at a 5 cm depth into the 

soil in July 2013). A preliminary experiment demonstrated the importance of fanning manually the 

collar to get rid of the CO2 accumulated on the soil surface and to avoid an overestimation of soil 

respiration. The results indicated that soil CO2 emissions from un-fanned collars were significantly 

higher (0.70 ± 0.1 g CO2 m-2 h-1, n = 60) than the emissions from fanned collars (0.48 g CO2 m-2 h-1, 

n = 60; p = 0.005). CO2 concentrations were recorded automatically at 4.5 seconds intervals for 80 - 

124 seconds. The short measuring time of the EGM-4 allows the measurement of all of the collars in 

each plot within less than 3 hours, therefore, any significant environmental variables changes are 

minimized. Measurements in both ecosystems were typically made between 08:00 and 13:00. 

 

Statistical Analyses 

Statistical analyses were performed using IBM SPSS version 20.0. The Saphiro-Wilks and 

Kolmogorov–Smirnov tests were used to test for differences in the emissions of each GHG species 

and means of environmental parameters. The residual values of soil CO2, CH4 and N2O emissions 

and their log transformations were not normally distributed, hence the non parametric test of Mann-

Whitney was applied to compare means between forest and oil palm plantation ecosystems. The non-

parametric Mann-Whitney test was also applied to test means of each GHG emission from two 
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micro-spatial variations in each land use type and to compare the mean rank of environmental 

parameters, which were non-normally distributed between forest and oil palm plantation sites. A t-

test was used to compare the means of environmental variables between forest and oil palm 

plantations that were normally distributed. The non-parametric Kruskall-Wallis test was used for 

multi-comparison of soil GHG emissions in three types of seasonal variations (dry, wet and moist) 

according to Oldeman and Mohr climate classification. Further, a Kruskal Wallis post hoc test was 

performed to measure the mean rank among groups. Linear-non linear, simple and multiple 

regressions were performed to determine the influence of environmental variables on annual soil 

GHG emissions. 

   

RESULTS 

Soil properties and environmental parameters  

Both land cover types had highly acidic soils with average pH of 4.0 and 3.7 in the forests 

and oil palm plantations, respectively. The mean bulk density at 10 cm depth was 0.22 ± 0.01 g cm-3 

in the forests and 0.34 ± 0.02 g cm-3 in the oil palm plantations (p < 0.001). Soil porosity was 85 ± 

1% in the oil palm plantations compared to 77 ± 1% in the forests. Average soil water-filled pore 

space in the forests (44.9 ± 2.1%) was significantly higher than in the oil palm plantations (36.9 ± 

1.5%; p < 0.001).  

Soil C concentration was significantly higher in the oil palm plantations (47.99 ± 1.98%) 

than in the forests (41.84 ± 1.05 %; p < 0.001). In contrast, soil N concentration in the oil palm 

plantations (1.11 ± 0.07%) was significantly lower than in the forests (1.51 ± 0.05%; p < 0.001). The 

overall carbon to nitrogen (C/N) ratio was significantly higher in the oil palm plantations compared 

to the forests (p < 0.001; Table 3.1). Other soil chemical properties including cation exchange 

capacity (CEC), phosphorus (P) and potassium (K) concentrations did not show any significant 

difference between forest and oil palm plantation land cover types (Table 3.1). 

Insert Table 3.1 

Ammonium (NH4+) concentration was higher in the forests than in the oil palm plantations 

(Table 3.2). In addition, there was also a significant difference in NH4+ between forests and oil palm 

plantations in October (p = 0.005) and November (p = 0.023). There was no significant difference in 

nitrate (NO3-) concentration between forests and oil palm plantations in both months (p > 0.05); 

however, NO3- concentration tended to be higher in the oil palm plantations than in the forests 

(Table 3.2). 
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The conversion of peat swamp forest affected soil properties. There was a significant 

difference in gravimetric soil moisture between forests and oil palm plantations (p < 0.001; Figure 

3.3). The mean gravimetric soil moisture in the forests was 298 ± 10%, and 60% of the readings were 

observed to be more than 300%.  

 

Insert Table 3.2 

 Peat swamp forest conversion to oil palm plantations affected microclimate (Table 3.1). The 

mean air temperature during the sampling period was significantly lower in the forests than in the oil 

palm plantations (p < 0.001) which ranged from 25.7 to 30.3 °C in the forests and 28.31 to 38.2 °C in 

the oil palm plantations (Figure 3.3). In the forests, low air temperature (25.7° C) was recorded in 

July 2013 that coincided with the highest precipitation. The small differences in the air temperature in 

the forests differed significantly with the rise and fall of this variable in the oil palm plantations 

(Figure 3.3). Mean relative humidity was 76% in the forests and 50% in the oil palm plantations. The 

vapor pressure deficit of ambient air was three times higher in the oil palm plantations as in the 

forests (Table 3.1). The peat temperature was relatively stable throughout the year in both 

ecosystems. The peat temperature was 2°C lower in the forests (ranged from 24.4°C to 26.0°C) than 

in the oil palm plantations (ranged from 25.9°C to 28.9°C; p < 0.001).  

Insert Figure 3.3. 

The mean annual water table depth in the oil palm plantations was 23 cm significantly lower 

than in the forests (p < 0.001; Table 3.1). The mean monthly water table depth in the forests and oil 

palm plantations ranged from 25 cm below the soil surface to 5 cm above the soil surface and from 

47 to 15 cm below the soil surface, respectively (Figure 3.3). Water table depth matched rainfall rates 

consistently at oil palm plantations, albeit with a low coefficient of determination (r 2= 0.3; Figure 

3.3). 

 

CO2 emissions 

Mean daily soil CO2 emissions were higher in the forest (40.7 ± 9.0 kg C ha-1d-1) compared 

to in the oil palm plantations (33.9 ± 5.5 kg C ha-1d-1; p = 0.064). They were higher in the forests 

every month except in August and September 2013. Soil CO2 emissions ranged from 24.6 to 65.6 kg 

C ha-1 d-1 in the forests and from 23.3 to 45.0 kg C ha-1 d-1 in the oil palm plantation (Figure 3.4). On 

an annual basis, there was no significant difference in CO2 emissions between forests (14.9 ± 0.6 Mg 

C ha-1 yr-1) and oil palm plantations (12.1 ± 0.4 Mg C ha-1 yr-1; p = 0.40; Table 3.3).  

 

 



	
 51 

Soil CO2 emissions were not significantly different across forest plots (p = 0.086). In the oil 

palm plantations, OP1 showed significantly lower CO2 emissions compared to OP3 and OP5 (Table 

3.3). 

In the forests, the highest CO2 emissions were recorded in January 2013 when water table 

depth was 16 cm below the soil surface and monthly cumulative rainfall was 279 mm (Figure 3.4). In 

the oil palm plantations, the highest CO2 emissions were obtained in December 2012 when the mean 

water table depth was 37 cm and cumulative monthly rainfall was 268 mm. The lowest CO2 

emissions in the forest and oil palm sites were in July 2013 in conjunction with the highest rainfall 

event. However, there were no significant differences on mean CO2 emissions across months (dry, 

moist and wet) in both land cover types (Table 3.4). 

Insert Figure 3. 4.  

Insert Table 3. 3. 

 

CH4 emissions 

Soil methane emissions were different among cover types. The average daily CH4 emissions 

(146.4 ± 22.4 g C ha-1 d-1) in the forests were dramatically higher than in the oil palm plantations (0.9 

± 4.1 g C ha-1 d-1; p = 0.001; Figure 3.5). On an annual basis, CH4 emissions were significantly higher 

in the forests (52.4 ± 10.6 kg C ha-1 yr-1) than the negligible emissions in oil palm plantations (0.4 ± 

2.0 kg C ha-1 yr-1; p < 0.001; Table 3.3). In the forests, positive CH4 emissions were measured in 

about 88% of the time sampling periods and 64% were more than 100 g C ha-1 d-1. Low or negative 

daily CH4 emissions were observed throughout the monitoring period in the oil palm plantations, 

which suggest higher methane consumption than methane production (Le Mer & Roger 2001).  

Across forest sites, the largest emissions (120.5 ± 19.8 kg C ha-1 yr-1) were observed in 

Tanjung Harapan and were significantly higher compared to those in Beguruh and Pesalat (p = 

0.030). Consequently, average annual forest CH4 emissions were clearly affected by emissions from 

the Tanjung Harapan site that were almost 7 times higher than Beguruh and Pesalat on average. If 

Tanjung Harapan emissions were excluded, the average annual CH4 emissions in the forest would be 

18.3 ± 4.9 kg C ha-1 yr-1. Soil CH4 emissions were not significantly different between Pesalat (24.8 ± 

9.4 kg C ha-1 yr-1 and Beguruh (11.8 ± 2.5 kg C ha-1 yr-1; p = 0.363; Table 3.3). 

Although overall CH4 emissions were low in the oil palm plantations, OP1 and OP5 were 

sources of CH4 emissions while OP3 was as a sink (Table 3.3). These results may be correlated with 

differences in soil water-filled pore space across oil palm plantation plots. We found the lowest soil 

water-filled pore space at OP3 (31.60%) compared to OP1 (39.80%) and OP5 (37.19%). 
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 Soil CH4 emissions tended to be higher in wet and moist months, however there were no 

significant differences across months in both land cover types (Table 3.4). 

Insert Figure 3.5 

 

N2O emissions 

In contrast to methane, the mean daily N2O emissions in the oil palm plantations was about 

11 times greater (14.58 g N ha-1 d-1) than N2O emissions in the forests (1.19 g N ha-1 d-1; p < 0.001). 

The annual N2O emissions of the forests were 0.5 ± 0.2 kg N ha-1 yr-1, which was equivalent to only 

8% of N2O emissions in the oil palm plantations (5.5 ± 0.8 kg N ha-1 yr-1; Figure 3.6; Table 3.3). 

There was a consistent trend of very low N2O emissions in the forests, ranging from -2.0 to 5.6 g N 

ha-1 d-1 in the forests (Figure 3.6). In oil palm plantations positive N2O emissions were detected every 

month except in October 2013. Soil N2O emissions ranged from -1.1 to 61.4 g N ha-1 d-1 in the oil 

palm plantations. We found no significant differences across forest sites (p = 0.266) and oil palm 

plantations sites (p = 0.092; Table 3.3) 

The effect of fertilizer application on N2O emissions was very obvious during fertilization 

months in the oil palm plantations. There were four sharp peaks of N2O emissions (October 2012, 

January 2013, April 2013 and November 2013) that reflected periods of N fertilizer treatments by 

farmers (Figure 3.6). Average N2O emission during the months of fertilization was 40 g N ha-1 d-1, 

while the average N2O emission during non-fertilization months in the oil palm plantations was 6 g 

N ha-1 d-1. 

Insert Figure 3.6 

There was no clear significant seasonal variation effect on N2O emissions from either cover 

type (Table 3.4). The fertilizers were applied in wet months overwhelming seasonal effects.  

 

Insert Table 3.4 

 

The micro-spatial heterogeneity effects on soil GHG emissions 

In the forests, soil CO2 and CH4 emissions exhibited micro-spatial (elevated or depressions 

areas) differences (Table 3.5). Elevated areas produced significantly higher CO2 (16.8 ± 0.8 Mg C ha-1 

yr-1) than depressions areas (13.3 ± 0.9 Mg C ha-1 yr-1; p < 0.001). In contrast, the depressions areas 

produced three times higher CH4 emissions (78.0 ± 17.2 kg C ha-1yr-1) than in elevated areas (26.7 ± 

11.3 kg C ha-1yr-1). Nitrous oxide emissions exhibited no spatial dependence in the forest (p = 0.990), 

and both areas produced low N2O emissions of less than 1 kg N ha-1yr-1 (Table 3.5).  
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In oil palm plantations, CO2 and N2O emissions varied by micro-spatial (under canopy and 

inter canopy areas) location (Table 3.6). Soil CO2 emissions under the canopies (16.8 ± 0.6 Mg C ha-1 

yr-1) were significantly higher than in the inter canopy area (11.6 ± 1.4 Mg C ha-1 yr-1; p < 0.001; 

Table 3.6). Interestingly, N2O emissions in the inter canopy were 3.5 times higher than in the under 

canopy (p = 0.004; Table 3.6). Unlike CO2 or N2O, micro-spatial dependency was not observed in 

CH4 emissions (p = 0.480). 

Insert Table 3.5  

 

Relationship between soil GHG emissions and environmental parameters 

The daily soil CO2 emissions were significantly correlated with water table depth (p = 0.044), 

but the coefficient of determination was low (r2 = 0.07). Similar results were found when testing 

within each land use type (r2 = 0.14; p = 0.004 in the forest and r2 = 0.17; p = 0.001 in the oil palm 

plantations). Moreover, the annual soil CO2 emissions were positively correlated with soil N 

concentration (r2 = 0.60; p < 0.07; Table 3.7). 

Daily and annual soil CH4 emissions were positively correlated with water-filled pore space 

(r2 = 0.4; p < 0.001 for daily CH4 emissions and r2 = 0.97; p < 0.001 for annual CH4 emissions; Table 

3.7). The similar result was found if land use types were split with r2 =0.48 in the forests and r2 = 0.60 

in the oil palm plantations. The water table depth was a significant predictor and positively correlated 

to daily CH4 emissions in forests, albeit with a low coefficient of determination (r2 = 0.18; p < 0.001).  

Daily N2O emissions were significantly correlated with soil moisture, peat and air 

temperature, but the coefficients of determination were very low (r2 < 0.15; p < 0.01). The annual 

N2O emissions displayed a strong quadratic relationship with inorganic soil nitrogen concentration 

[NO3-/(NO3-+NH4+)] (r2 = 0.86; p = 0.05).  

Insert Table 3.7 

 

DISCUSSION 
The effects of forest conversion to oil palm plantations in environmental parameters 

Conversion of primary forests to oil palm plantations resulted in significant changes in 

microclimate such as increased air temperature, lower relative humidity, higher vapor pressure deficit, 

and higher soil temperatures (Table 3.1). This is similar to how deforestation altered microclimate in 

eastern Amazon (Uhl & Kauffman 1990).  In the oil palm plantations, the average daily temperature 

was 5°C higher (Figure 3.3), and the average daily relative humidity was 34% lower, than in the 

forests. In comparison, primary forest conversion to cattle pasture in the eastern Amazon resulted in 

increases in midday air temperature up to 10°C and a decrease in relative humidity of 30% (Uhl & 
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Kauffman 1990). Increase in solar radiation and evaporation rates resulted in higher air temperatures 

and vapor pressure deficits in the oil palm plantations. The conversion of forest to oil palm 

plantation also increased peat temperature up to 2.1°C (Table 3.1).  

Vegetation and litter covered on the soil surface was dramatically lower in plantations. This 

condition increased the amount of solar radiation on the peat surface, resulting in a higher peat 

temperature in the plantations. The differences in microclimate between forests and oil palm 

plantations would be expected to influence the rate of CO2, CH4 and N2O emissions. 

 

Effects of land use change in soil GHG emissions 

CO2 emissions 

The annual CO2 emissions from the forest ecosystem in tropical peatlands ranged from 5.3 

to 34.6 Mg C ha-1 yr-1 (Table 3.8). Our estimates of the annual CO2 emissions are encompassed the 

ranges of those obtained in Jambi, Indonesia (16.0 ± 1.2 Mg C ha-1 y-1; Comeau et al. 2013), and in 

Sebangau, Indonesia (13.5 ± 3.3 Mg C ha-1 y-1; Sundari et al. 2012). In contrast, the annual CO2 

emissions from our study were higher than those from Jambi, Indonesia (Furukawa et al. 2005, Ali et 

al. 2006), Sebangau, Indonesia (Hirano et al. 2009) and Kosrae, Micronesia (Chimner & Ewel 2004). 

Interestingly, the annual CO2 emissions in the forests of Tanjung Puting were about 1.6 times lower 

of 21.3 ± 2.7 Mg C ha-1 y-1 that rates measured by Melling et al. (2005a) in Sarawak, Malaysia. The 

difference between our study and Melling’s (2005a) may be related to the differences in water table 

depth. The water table depth in their study was 36 cm lower than the average of water table depth 

from forest sites in Tanjung Puting (9 cm; Table 3.1). Water table depth has been shown to control 

soil respiration due to its differentiation between aerobic and anaerobic zones and the subsequent 

activities of heterotrophic microbes. 

The annual CO2 emissions from the oil palm plantations in tropical peatlands ranged from 

12.1 to 28.4 Mg C ha-1 yr-1 (Table 3.8). In the oil palm plantations, our annual soil CO2 emissions 

(12.1 ± 0.4 Mg C ha-1 y-1) were comparable to the emissions from both mature and young plantations 

(i.e a 15-year old and a 6-year old) in Jambi, Indonesia (Marwanto & Agus 2014, Dariah et al. 2014). 

However, our results were lower than CO2 emissions in Sarawak, Malaysia (Melling et al. 2014, 

Melling et al. 2005a) and in Riau, Indonesia (Husnain et al. 2014).  Among all studies in tropical 

peatlands, our study is most comparable with Comeau et al. (2013) with respect to similar 

experimental design and collection of CO2 emissions. It is interesting that CO2 emissions from oil 

palm plantations in this present study was 2.3 times lower than that of Comeau et al. (2013) in Jambi, 

Indonesia. These lower rates are likely due to the shallow drainage practice in the smallholder 

plantations in Tanjung Puting (37 ± 2 cm), compared to the large-scale plantations in their study (76 



	
 55 

± 4 cm). Furthermore, difference in cultivation history prior oil palm plantation establishment and 

the length of time since deforestation may influence the variations in annual CO2 emissions between 

the two studies (Jain et al. 2013). 

Relatively few studies have made direct comparisons of soil CO2 emissions between forests 

and oil palm plantations in tropical peatlands (but see Melling et al. 2005a, Comeau et al. 2013). The 

observation of reduced soil CO2 emissions following forest conversion to oil palm plantation is 

similar to results from other study (Melling et al. 2005a). However, lower annual soil CO2 emission in 

the oil palm plantations than peat swamp forests does not necessarily mean reduced net CO2 

emissions in oil palm plantations. Total soil respiration is a major carbon output from the soil, but it 

does not describe the whole picture of the exchange of carbon between soil and atmosphere. It is 

important to assess net soil carbon emission or uptake to avoid misinterpretation determining the 

function of peat swamp forest in terrestrial carbon dynamics.  

The reduced CO2 emissions in the oil palm plantation sites were caused by lower rates of 

gross primary production and poorer substrate quality in this ecosystem. Replacing forest vegetation 

with a monoculture of oil palms greatly reduces primary productivity that provides the organic 

carbon available for decomposers (Schlesinger and Andrews 2000). Furthermore, lower litter fall 

rates and root exudates as sources of labile C in the oil palm plantations limit autotrophic and 

heterotrophic respiration (Zakk et al. 1994, Melling et al. 2005a). In addition, with higher above 

ground biomass in the forest ecosystem, larger root mass and higher root respiration would be 

expected (Silvola et al. 1996). The thicker litter layer in the forest that supplies labile carbon could 

also contribute to larger CO2 emissions in the forests (Melling et al. 2005a).  

Insert Table 3.8  

 

CH4 emissions 

The annual CH4 emissions from forest ecosystem in tropical peatlands ranged from 0.2 to 

72.3 kg C ha-1 yr-1 (Table 3.9). Our annual CH4 emissions were comparable to those reported in 

Jambi, Indonesia (Furukawa et al. 2005), Sarawak, Malaysia (Inubushi et al. 1998) and South 

Kalimantan, Indonesia (Hadi et al. 2005). Our values were higher than those of tropical peatlands 

reported by several studies (Hirano et al. 2009, Inubushi et al. 2003, Melling et al. 2005b). The 

disparity in hydrological condition (especially water-filled pore space and water table depth level) and 

quality of carbon (labile and recalcitrant) may lead to a wide range of CH4 emissions in tropical peat 

swamp forests (Arai et al. 2014). 

Among forest sites, we noted that Tanjung Harapan produced almost 7 times higher CH4 

emissions compared to Beguruh and Pesalat sites (Table 3.3).  Higher methane emissions in Tanjung 
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Harapan can be explained by a higher percentage of mean soil water-filled pore space in this site 

(58%) compared to Beguruh (44%) and Pesalat (41%). The rate of methane emission was greatest 

when water-filled pore space represented flooded conditions; whereas water-filled pore space 

depended on water table depth and rainfall events. For example, the observed pulse in methane 

emissions coincided with 84% water-filled pore space for February 2013 (946 g C ha-1 d-1) in Tanjung 

Harapan. This result is also consistent with our findings on the positive relationship between annual 

CH4 emissions and soil water-filled pore space. However, in vitro observation in future research is 

needed to validate connections between soil water-filled pore space and CH4 emissions.  

 The annual CH4 emissions from oil palm plantations in tropical peatlands ranged from -0.2 

to 0.4 kg C ha-1 yr-1 (Table 3.9). CH4 emissions in the oil palm plantation sites (0.4 ± 2 kg C ha-1 yr-1) 

were similar to other recent study (Melling et al. 2005b). The oil palm plantations were insignificant 

sources of methane emissions likely because plantations were drained. Yet, the canal systems 

surrounding oil palm plantations are potential significant sources of CH4 emissions (Jauhiainen & 

Silvennoinen 2012). The drier conditions in the plantations due to lowered water table level, resulted 

in lower methane production. This condition might also accelerate release of carbon to the 

atmosphere in the form of CO2, instead of CH4. 	

Insert Table 3.9  

Peat swamp forests emit large amounts of CH4 emissions because of their waterlogged 

condition and high inputs of organic matter to soil. The saturated soil conditions likely led to higher 

rates of methanogenesis and lower rates of methanotrophy (Schlesinger & Bernhard 2013). In 

addition, high inputs of organic matter increase methanogenic activities that influence methane 

production rates (Blais et al. 2005). Soil CH4 emissions from forest sites in this study may be 

underestimated. Methane pathways through vascular plants (aerenchyma) and trees, as important 

conduits of methane emissions in the tropics, are not fully integrated into our calculations (Bridgham 

et al. 2013, Gauci et al. 2013).  

 

N2O emissions 

There is limited data available concerning N2O emissions from peat swamp forests in 

tropical peatlands (Table 3.10). The mean annual N2O emissions in this study are comparable to 

those found in Central Kalimantan, Indonesia (Jauhiainen et al. 2012a, Takakai et al. 2006) and 

Sarawak, Malaysia (Melling et al. 2007). Our results are greater than N2O emissions from a mixed 

peat swamp forests in South Kalimantan (Inubushi et al. 2003) and Jambi, Indonesia (Furukawa et al. 

2005). The mean annual N2O emissions in our study sites are 27 times lower than an estimate from a 

secondary peat swamp forest in South Kalimantan (Hadi et al. 2005), suggesting that disturbance in 
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the secondary forest in South Kalimantan may increase N2O emissions. Differences in available 

nitrogen concentration, water table level and soil base saturation may affect N2O emissions in 

tropical peat swamp forest (Hergoualc’h & Verchot 2014).  

Insert Table 3.10 

Only one original study (Melling et al. 2007) has reported annual N2O emissions from oil 

palm plantation in tropical peatlands. The annual N2O emissions from oil palm plantation in this 

present study were 5.5 times higher than reported in Melling et al. (2007) who studied a 4-year old oil 

palm plantation in Sarawak, Malaysia. Their study did not account for spatial heterogeneity factor 

(under-inter canopy areas), therefore, it is not surprising if they observed low annual N2O emissions. 

IPCC (2013) provided a default factor of 1.2 kg N ha-1 yr-1 for N2O emissions from oil palm 

plantations. However, this default value is based solely on the study of Melling et al. (2007). Hence, 

the annual emissions estimate of N2O in tropical peatlands using IPCC default values, are likely 

underestimated. Therefore, we propose 3.4 ± 0.5 kg N ha-1 yr-1 for annual N2O emissions based on 

available data from oil palm plantation in tropical peatlands (Table 3.9).  

It is widely recognized that soil N2O emissions are exacerbated in fertilized system (Aini et 

al. 2015). Fertilization applications in the plantations resulted in high N2O pulse events, which were 

observed regularly every three months (except in July 2013) during this study period (Figure 3.6). The 

higher N2O emissions during fertilization months could be explained by the conceptual mechanistic 

of N2O emissions model, which is known as ‘hole in the pipe’ (Firestone & Davidson 1989). The 

nitrogen addition through fertilization makes the flow through the pipe becomes large, and N2O 

emissions will produce in large quantities (Davidson & Verchot 2000). In addition, the peaks of N2O 

emissions occurred concurrently with the fertilization events also appear to be correlated to sufficient 

soil moisture conditions during the wet season; when monthly rainfall was recorded above 100 

mm/month. High rainfall leads higher levels of soil moisture, which subsequently enhances 

decomposition of leaf litter and fine root, resulting in increased N2O emission (Jauhiainen et al. 

2012a).  

 

Total soil GHG emissions and Global Warming Potential 

The contribution of CO2, CH4 and N2O emissions to the total soil GHG emissions was 

calculated based on their Global Warming Potential (GWP, i.e 34 for CH4 and 298 for N2O; Myhre 

et al. 2013; Table 3.11) over a time horizon of 100-year. Combining these three gases together, we 

found that total GHG emissions in the forests (57.26 ± 1.69 Mg CO2 ha-1 yr-1) were higher than in 

the oil palm plantations (Table 3.11). This result suggests that converting tropical peat swamp forests 

to oil palm plantations decrease total soil GHG emissions. However, it should be noted that total soil 
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GHG emissions is not similar with net GHG emissions balance. In this present study, we reported 

total soil CO2 emissions which do not specifically differentiate the autotrophic (root respiration) and 

heterotropic (peat decomposition) emissions. Carbon dioxide was the main emitted GHG emissions 

from both land use types, contributed 95 – 96% of total soil GHG emissions. Methane was the 

second most important gas in the forest site and had accounted for 4% of the total soil GHG 

emissions. In a study by Inubushi et al. (2003), the relative contribution of CH4 to total GHG 

emissions was reported to be 2% in a secondary peat swamp forest in South Kalimantan, Indonesia. 

In contrast, CH4 emissions were quantitatively insiginificant contributor to total soil GHG emissions 

in the oil palm plantations. In the forest site, contribution of N2O to total soil GHG emissions was 

negligible (almost 0%), which is in agreement with relative contribution of N2O to total soil GHG 

emissions from peat swamp forests in Southeast Asia (-0.5 to 5.1%; Jauhiainen et al. 2012). In oil 

palm plantations, N2O emissions accounted for 5% (2.58 Mg CO2 ha-1 yr-1) of the total soil GHG 

emissions.  

Insert Table 3.11 

 

Micro-spatial variation effects on soil GHG emissions 

A novel aspect of this study was the experimental design of our study that addressed the 

micro-spatial variability of GHG emissions in each land use type (i.e. elevated and depressions areas 

in the forests and under canopy and inter canopy areas in the oil palm plantations). Micro-spatial 

variability was a strong factor affecting CO2 emissions in forest and oil palm ecosystems. In the 

forest, increased O2 availability in elevated areas likely resulted in higher CO2 emissions compared to 

the depressions areas. In addition, the trees roots are likely more abundant in elevated areas (close to 

tree trunks) and lead to higher autotrophic CO2 emissions (Hirano et al. 2009). In the oil palm 

plantations, higher CO2 emissions under canopies compared to the inter canopy areas may be best 

explained by the difference of roots abundance between both microsites. The highest root mass 

density was found located under the palm canopy (Henson & Chai 1997) and the influence of palm 

roots was likely lower in the area between two palms (Dairiah et al. 2014). In addition, the higher 

root respiration CO2 emissions in the under canopy area were stimulated by external N addition 

during fertilization months, as described in the chapter 4 of this dissertation. It is strongly 

recommended, therefore, to take spatial heterogeneity assessment into account in the experimental 

design to accurately determine CO2 emissions.  

In the forests, methane emissions were spatially dependent and water table depth appeared 

to control spatial contribution of these emissions. This evidence is also supported by a significant 

correlation between water table depth and CH4 emissions, as described earlier. 
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The difference in N2O emissions between under canopy and inter canopy in the oil palm 

plantations illustrate that careful spatial variability calculation is essential to increase the precision of 

N2O emissions measurements in oil palm plantations. Higher N2O emissions in the inter canopy 

compared to those in under canopy was unexpected, because the latter area receives a large amount 

of N addition through regular fertilization. We suspect that there was a leakage of fertilizer use in the 

inter canopy areas, as we observed pulses of N2O emissions during fertilization months in inter 

canopy areas. 

 

Environmental parameters affecting soil GHG emissions  

A weak correlation between CO2 emissions and water table depth in tropical peatlands has 

been reported by several authors (Sundari et al. 2012, Ali et al. 2006, Marwanto & Agus 2014, Hendry 

& Hergoualc’h in prep, Comeau et al. 2013, Carlson et al. 2015). Our results indicate that N 

concentration is an important factor in governing annual CO2 emissions (r2= 0.86, p = 0.051). This is 

similar to results of Fan et al. (2015) who reported a significant and positive correlation between CO2 

emissions and soil nitrogen concentration over several types of land use on mineral soils, in Eastern 

China. Moreover, a positive linear relationship between N concentration and soil CO2 emissions was 

also reported for temperate region (Reich et al. 1996).   

A positive non-linear relationship between soil water-filled pore space and CH4 emissions 

was reported by Arai et al. (2014) from the burned and natural forest sites in Central Kalimantan, 

Indonesia. The limited amount of oxygen in high water-filled pore space conditions suppresses 

methane oxidation allowing CH4 emissions to increase as the net result of a higher gross rate of 

methanogenesis (Serrano-Silva et al. 2014, Schlesinger & Bernhard 2013).   

The low coefficient of determination values of the relationship between daily or annual N2O 

emissions and environmental parameters resulted in difficulties in establishing strong predictive 

between these parameters. This result is in agreement with Groffman et al. (2000) who reported a 

lack of relationship between N2O emissions and environmental factors from temperate forest, 

cropland and rangeland ecosystems. However, a closely linked between annual N2O emissions and 

inorganic nitrogen concentration ([NO3-/(NO3-+NH4+)] in our study supports the conceptual ‘hole 

in pipe’ model where N availability controls the amount of N flowing through the pipe (Firestone & 

Davidson 1989). 
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CONCLUSION 

Our in situ research provides robust information that peat swamp forest conversion to oil 

palm plantations reduced soil respiration and CH4 emissions and increased N2O emissions. The 

reduction of soil CO2 emissions was caused by lower rates of gross primary production and poorer 

substrate quality in the oil palm plantations. The suppression of methane emissions in the oil palm 

plantations was attributed to the establishment of drainage ditches and low inputs of organic matter. 

Soil N2O emissions were negligible in the forests but high in the oil palm plantations, particularly 

during fertilization. The default value of 1.2 kg N ha-1 yr-1 for annual N2O emissions in the oil palm 

plantations cultivated on peat proposed by IPCC (Hiraishi et al 2014) is an underestimate. The 

annual emissions of CO2, CH4 and N2O significantly contribute to Indonesia’s national GHG 

assessment inventory and improve the default emission values from the tropical peatlands ecosystem 

for global climate change mitigation. 

  We provided coherent information on soil GHG emissions from tropical peat swamp 

forests and oil palm plantations. However, our ability to assess the net CO2 emissions/uptakes was 

limited by the paucity of C inputs (e.g litter fall, root decomposition, root exudates, mycorrhizal 

hyphae, and downed wood) and C outputs (e.g soluble and physical carbon removal, heterotrophic 

respiration, and fire emissions from slash and burn activities). We recommend that future studies 

observe components of C inputs and outputs to comprehensively assess the impacts peat swamp 

forest conversion on GHG emissions. 
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Figure 3.1. Location of study areas in Tanjung Puting, Indonesia.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. Experimental design in the oil palm plantation site in Tanjung Puting, Indonesia. CO2 
collar (filled circle) and CH4/N2O chamber (empty circle) were installed under canopy (about 20 cm 
from palm center) and in inter canopy (about 3-4 meters from palm center).  Oil palm clipart (FCIT, 
2016). 
 

Chamber and collar in 
the under canopy area 

Chamber and collar in the 
inter canopy area 

7-8 m 
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Figure 3.3. Monthly air temperature (a), peat temperature (b), soil moisture (c), water table depth and 
precipitation rate (d) in Tanjung Puting, Indonesia. Vertical bars indicate standard error.   
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Figure 3.4. Seasonal variations of soil CO2 emissions from forest and oil palm plantation sites in 
Tanjung Puting, Indonesia. Vertical bars indicate standard errors. 
 

 

 
Figure 3.5. Seasonal variations of soil CH4 emissions from forest and oil palm plantation sites in 
Tanjung Puting, Indonesia. Vertical bars indicate standard errors.   
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Figure 3.6. Seasonal variations of soil N2O emissions from forest and oil palm plantations sites in 
Tanjung Puting, Central Kalimantan, Indonesia. Vertical bars indicate standard error. Blue arrows 
indicate fertilization months 
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Table 3.1. Differences on environmental parameters and soil properties between forest and oil palm 
plantation sites in Tanjung Puting, Indonesia.   
 
Variable                     Forest            Oil Palm 
Mean annual air temperature (°C) 28.5 ± 0.1α 34.2 ± 0.2β 
Relative humidity (%)  75.8 ± 2.1α 49.9±1.1β 
Vapor pressure deficit (kPa) 0.8 ± 0.1α 2.3 ± 0.1β 
Peat temperature (°C) 25.4 ± 0.0α  27.5 ± 0.1β 
Water table depth (cm) 9.2 ± 1.0α 36.8±1.1β 
Bulk density (gcm-3) 0.22 ± 0.01α 0.34±0.02β 
Soil Porosity 0.85 ± 0.01α 0.77 ± 0.01β 
Water-filled pore space (%) 44.9 ± 2.1α 36.9±1.5β 
Gravimetric soil moisture (%) 298 ± 9.0α 179 ± 95β 
C concentration (%) 41.84 ± 1.05α 47.99 ± 1.98β 
N concentration (%) 1.51 ± 0.05α 1.11 ± 0.07β 
C/N ratio 29.34 ± 1.20α 47.12 ± 3.79β 
pH 3.97 ± 0.05α 3.72  ± 0.03β 
CEC (me/100g) 88.51 ± 4.78α 93.51 ± 1.17α 
P (ppm) 67.16 ± 1.36α 55.54 ± 5.37α 
K (me/100g) 1.27 ± 1.11α 1.23 ± 0.03α 
Means for the forest and oil palm plantation ecosystems followed by different letters (α, β) are 
significantly different from each other (p < 0.05).  Peat temperature, air temperature, RH and water 
table depth were monitored concomitantly with GHG emissions. 
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Table 3.2. Soil NH4+ and NO3- concentrations in forest and oil palm plantation sites in Tanjung 
Puting, Indonesia.  

  NH4+(mg N kg-1) NO3- (mg N kg-1) Average 
  Oct-13 Nov-13 Oct-13 Nov-13 NH4+ NO3- 
Tanjung Harapan 499.3 ± 92.7 69.2 ± 2.0 2.6 ± 0.9 2 ± 0.2 284.3 ± 47.3 2.3 ± 0.6 
Beguruh 999.5 ± 178.2 304.4 ± 112.4 2.4 ± 0.8 8.9 ± 2.1 652.0 ± 145.3 5.7 ± 1.5 
Pesalat 165.6 ± 23.3 193.9 ± 41.6 0.5 ± 0.2 6 ± 1.2 179.8 ± 32.5 3.3 ± 0.7 
Forest 554.8  ± 98.1a 189.2 ± 52a 1.8 ± 0.6c 5.6 ± 1.2c 372.0 ± 75 3.8 ± 0.9 

OP1 128.7 ± 17 174.8 ± 36.5 5 ± 1.8 19.2 ± 3.3 151.8 ± 26.8 12.1 ± 2.6 
OP3 291.9 ± 48.9 126.9 ± 31.2 14.2 ± 7.1 14.8 ± 2.8 209.4 ± 40.1 14.5 ± 5.0 
OP5 222.6 ± 23.8 76.9 ± 10.3 0.8 ± 0.3 16.2 ± 3.3 149.8 ± 17.1 8.5 ± 1.8 
Oil Palm 214 ± 29.9b 126.2 ± 26.0 b 6.7 ± 3.1c 16.7 ± 3.1 c 170.3 ± 28 11.7 ± 3.1 

 

 
Table 3.3. Annual soil GHG emissions (mean ± SE) from forest and oil palm plantation sites in 
Tanjung Puting, Indonesia. CO2 is total CO2 emissions expressed in Mg C ha-1 yr-1, CH4 is CH4 

emissions expressed in kg C ha-1 yr-1, N2O is N2O emissions expressed in kg N ha-1 yr-1 
Ecosystem CO2 emissions CH4 emissions N2O emissions 
Tanjung Harapan 14.4 ± 0.8γ 120.5 ± 19.8a 0.4 ± 0.2α 
Beguruh 13.7 ± 0.5γ 11.8 ± 2.5b 0.3 ± 0.1α 
Pesalat 16.6 ± 0.5γ 24.8 ± 9.4b 0.7 ± 0.2α 
Forest (mean) 14.9 ± 0.6 52.4 ± 10.6 0.5 ± 0.2 
OP1 9.5 ± 0.5Ω 1.7 ± 2.2c 10.7 ± 1.6β 
OP3 15.4 ± 0.4ε -3.5 ± 2.3d 3.3 ± 0.4 β 
OP5 11.4 ± 0.3ε 3.0 ± 1.6c 2.6 ± 0.3 β 
OP (mean) 12.1 ± 0.4 0.4 ± 2.0 5.5 ± 0.8 

Superscripts denote significant differences across sites within land use type at p = 0.05 
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Table 3.4. Mean daily soil CO2 emissions (kg C ha-1 d-1), CH4 emissions (g C ha-1 d-1) and N2O 
emissions (g N ha-1d-1) in forest and oil palm plantation sites based on Oldeman and Mohr climate 
classifications.  

Month                Oldeman classification                      Mohr classification 
          Forest        Oil Palm                Forest           Oil Palm 

                                CO2 emissions 
Dry  39.7 ± 8.8 34.5 ± 5.3 32.1 ± 4.9 30.7 ± 6.1 
Moist 39.4 ± 7.6 34.5 ± 5.3 41.2 ± 9.6 35.2 ± 5.1 
Wet 42.5 ± 9.9 33.0 ± 5.9  41.6 ± 9.2 33.4 ± 5.7 
p value 0.98 0.77 0.70 0.82 

                               CH4 emissions 
Dry  131.8 ± 105.9 -0.9 ± 21.6 76.8 ± 52.9 19.2 ± 17.4 
Moist 210.8 ± 171.6 -9.9 ± 19.9 134.7 ± 130.4 -9.9 ± 20.3 
Wet 142.5 ± 133.1 5.8 ± 33.8 157.7 ± 141.6 2.3 ± 30.7 
p value 0.73 0.30 0.64 0.24 

                                N2O emissions 
Dry 1.3 ± 2.4 6.2 ± 3.8 1.7 ± 1.9 8.78 ± 4.43 
Moist 1.2 ± 2.4 19.0 ± 12.2 0.7 ± 2.6 2.53 ± 2.45 
Wet 1.1 ± 2.5 21.7 ± 9.1 1.1 ± 2.5 21.06 ± 9.75 
p value 0.79 0.30 0.68 0.24 
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Table 3.5. Soil GHG emissions from elevated and depressions areas from forest sites in Tanjung 
Puting, Indonesia. 

Site Elevated areas Depressions area p value 
                  CO2 emissions (Mg C ha-1 yr-1) 

Tanjung Harapan 18.85 ± 1.03  10.20 ± 1.09 0.007* 
Beguruh 16.75 ± 0.89 10.72 ± 0.62 0.001* 
Pesalat 14.68 ± 0.59 18.94 ± 1.01 0.029 
Forest 16.76 ± 0.84  13.29 ± 0.91  0.000* 

                 CH4 emissions (kg C ha-1 yr-1) 
Tanjung Harapan 70.40 ± 29.50 166.77 ± 26.57 0.056 
Beguruh 6.24 ± 2.08 17.42 ± 4.63 0.423 
Pesalat 3.52 ± 2.18 49.76 ± 20.25 0.004* 
Forest 26.72 ±11.26 77.98 ± 17.15 0.006* 

                     N2O emissions (kg N ha-1 yr-1) 
Tanjung Harapan 0.11 ± 0.32  0.68 ± 0.35 0.564 
Beguruh 0.38 ± 0.19 0.21 ± 0.20 0.724 
Pesalat 0.26 ± 0.17 1.07 ± 0.38 0.149 
Forest 0.25 ± 0.23  0.65± 0.31 0.988 

 

Table 3.6. Soil GHG emissions from under canopy and inter canopy areas from oil palm plantation 
sites in Tanjung Puting, Indonesia. 

Site Under canopy Inter canopy p value 
         CO2 emissions (Mg C ha-1 yr-1) 

OP1 14.17 ± 0.52  9.31 ± 0.53 0.000* 
OP3 16.85 ± 0.57 15.28 ± 0.46 0.153* 
OP5 19.41 ± 0.83 10.14 ± 0.34 0.000* 
Oil Palm 16.81 ± 0.64 11.58 ± 0.44 0.000* 

         CH4 emissions (kg C ha-1 yr-1) 
OP1 8.58 ± 2.13 1.38 ± 2.32 0.023* 
OP3 -7.99 ± 4.00 -3.16 ± 2.46 0.696 
OP5 4.84 ± 2.31 2.67 ± 1.80 0.341 
Oil Palm 1.81 ± 2.81 0.30 ± 2.19 0.480 

         N2O emissions (kg N ha-1 yr-1) 
OP1 2.74 ± 0.56 10.98 ± 1.67 0.039* 
OP3 0.89 ± 0.23 3.46 ± 0.38 0.047* 
OP5 1.39 ± 0.31 2.81 ± 0.30 0.171 
Oil Palm 1.67  ± 0.37 5.75  ± 0.78 0.004* 
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Table 3.7. Relationship between annual soil CO2 emissions (Mg C ha-1 d-1), CH4 emissions (kg C ha-1 
d-1), N2O emissions (kg N ha-1 d-1) and environmental parameters. Only relationships with an r2 > 0.3 
are displayed. 
GHG type Environmental parameters Equation 

CO2  N concentration Y=7.40x + 3.79 (r2 =0.60; p = 0.07) 

CH4 Water-filled pore space Y=0.38x2 - 29.74x + 575.92 (r2 =0.97; p < 0.001) 

N2O NO3-/(NH4+ + NO3-) Y = 2826x2 - 151.78x + 1.7148 (r2 =0.97; p = 0.051) 

 
 
Table 3.8. Annual soil CO2 emissions (Mg C ha-1 yr-1) in tropical peatlands (mean ± SE) 

Country/ Region CO2 emissions 
Mg C ha-1 yr-1 References 

Forest 
Indonesia 9.8 ± 0.2 Ali et al., 2006 
Micronesia 8.2 Chimner, 2004 
Micronesia 8.1 ± 0.7 Chimner & Ewel, 2004 
Indonesia 16.0 ± 1.2 Comeau et al. 2013 
Indonesia 8.2 ± 1.0 Furukawa et al. 2005 
Indonesia 34.6 ± 8.8 Hadi et al. 2005 
Indonesia 9.7 ± 1.6 Hirano et al. 2009 
Indonesia 10.1 ± 1.4 Hirano et al. 2009 
Indonesia 10.4 ± 1.3 Hirano et al. 2009 
Indonesia 12 ± 2.5 Inubushi et al. 2003 

Thailand 5.3 Ishida et al. 2001 
Malaysia 21.3 ± 2.7 Melling et al. 2005a 
Indonesia 13.5± 3.3 Sundari et al. 2012 
Indonesia 14.9 ± 0.6a Our study 
Mean1 13.0 ± 2.1  

Oil Palm 
Indonesia 12. 2 ± 3.1 Dariah et al. 2014 
Indonesia 13.02  ± 5.8 Dariah et al. 2014 
Indonesia 12.5   ± 0.4 Marwanto and Agus 2014 
Indonesia 18.0  ± 1.8 Husnain et al. 2014 
Malaysia 15.4 ± 1.9 Melling et al. 2005b 
Malaysia 14.7 ± 0.7 Melling et al. 2013 
Malaysia 16.4 ± 0.8 Melling et al. 2013 
Malaysia 18.5± 0.7 Melling et al. 2013 
Indonesia 28.4 ± 1.2 Comeau et al. 2013 
Indonesia 
Mean1 

12.1 ± 0.4 
16.1 ± 1.7 

Our study 
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Table 3.9. Annual soil CH4 emissions (kg C ha-1 yr-1) in tropical peatlands (mean ± standard 
error)   

Ecosystem Country 
CH4 emissions  
(kg C ha-1 yr-1) References 

Forest 
Forest Indonesia 63.1 ± 32.2 Furukawa et al. 2005 
Forest Indonesia 44.7± 24 Hadi et al. 2005 
Forest Indonesia 10.6 ± 3.2 Hirano et al. 2009 
Forest Indonesia 12.8 ± 3.5 Hirano et al. 2009 
Forest Indonesia 13 ± 3.5 Hirano et al. 2009 
Forest Malaysia 72.3 ± 20.1 Inubushi et al. 1998 
Forest Indonesia 12 ± 2.3 Inubushi et al. 2003 
Forest Malaysia 0.2 ± 0.1 Melling et al. 2005b 
Forest Indonesia 52.4 ± 10.6 Our study 
Mean1  31.2 ± 11.1   

Oil Palm 
Oil Palm Malaysia -0.2 ± 0.1 Melling et al. 2005b 
Oil Palm (1-5 yr) Indonesia 0.4 ± 2.0 Our study 
Mean1  0.1 ± 1.1  

 
 

Table 3.10. Annual soil N2O emissions (kg N ha-1 yr-1) in tropical peatlands (mean ± standard error) 

Country 
N2O emissions  
(kg N ha-1 yr-1) References 

Forest 
Indonesia -0.1 ± 0.0 Furukawa et al. 2005 
Indonesia 13.4 ± 1.3 Hadi et al. 2005 
Indonesia -0.5 ± 0.3 Inubushi et al. 2003 
Indonesia 0.2 ± 0.6 Jauhiainen & Silvennoinen 2012 
Malaysia 0.7 ± 0.1 Melling et al. 2007 
Indonesia 0.6 ± 0.0 Takakai et al. 2006 
Indonesia 4.4 ± 0.3 Takakai et al. 2006 

Indonesia 0.5  ± 0.2e Our study 

Mean1 2.4 ± 0.4  

Oil Palm 
Malaysia 1.2  ± 0.3 Melling et al. 2007 

Indonesia 5.5  ± 0.8 Our study 

Mean1 3.4 ± 0.5  
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Table 3.11. Annual soil CO2, CH4 and N2O emissions expressed as CO2 equivalents (Mg CO2 ha-1 yr-

1) based on 100 years persepective in global warming potential (i.e. 34 for CH4 and 298 for N2O; 
Myhre et al. 2013). Values in parenthesis indicate the contribution (%) of CO2, CH4 and N2O to the 
total annual soil GHG emissions 

CO2           CH4              N2O Total soil GHG 
emissions 

54.67± 1.30 (96) 2.37 ± 0.33 (4) 0.21 ±0.05 (0) 57.26 ± 1.69 
44.44± 0.90 (95) 0.02 ±0.05 (0) 2.58 ±0.26 (5) 47.04 ± 1.21 
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Chapter IV 

Short-term effects of fertilization on soil greenhouse gas emissions in young oil palm 

plantations cultivated on peat in Central Kalimantan, Indonesia 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	
 78 

ABSTRACT 
We quantified the effects of fertilizer application on soil nitrous oxide (N2O), carbon dioxide 

(CO2), and methane (CH4) emissions in young oil palm plantations in Tanjung Puting, Central 

Kalimantan, Indonesia. We also investigated the effects spatial heterogeneity (under canopy area and 

inter canopy area) on greenhouse gas emissions. Over a month of intensive sampling, a static closed 

chamber method was used to measure soil N2O and CH4 emissions, while a dynamic closed chamber 

method was employed to monitor soil CO2 emissions. The mean daily N2O emissions were 3.5 times 

higher in the fertilized treatment (10.0 ± 1.4 g N ha-1 d-1) than in the control (unfertilized) treatment 

(2.9 ± 1.1 g N ha-1 d-1) from under canopy area. The impact of fertilization on N2O emissions lasted 

for 4 weeks and the peak of the emission was observed on day 19 following fertilization. Soil CO2 

emissions from under canopy areas were greater in the fertilized treatment (54.2 ± 4.8 kg C ha-1 d-1) 

than in the control treatment (43.6 ± 3.0 kg C ha-1 d-1), mainly caused by increased root respiration. 

Fertilization affected CO2 emissions for 1-week post treatment. Soil CH4 emissions were negligible 

and were not significantly affected by fertilizer treatment or spatial location in plantations. At a plot 

level, we did not find significant differences in soil CO2 and N2O emissions between fertilized and 

control treatments. In the immature oil palm plantations, the presence of oil palm had greater effects 

on soil N2O emissions than N addition into the soil. Our findings highlighted the importance of 

characterization of micro-spatial variability due to the presence or absence of oil palm in assessing 

the fertilization impacts on soil CO2 and N2O emissions. 

Keywords: N2O emissions, CO2 emissions, CH4 emissions, controlled released fertilizers 
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INTRODUCTION 

The agricultural sector contributes 10 - 12% (direct emissions) or 40% (indirect emissions) of global 

anthropogenic of greenhouse gas (GHG) emissions (Smith et al. 2007, Ward et al. 2014). Soil CO2 

emissions from agriculture are related to mineralization of soil organic carbon (Paustian et al. 2000) 

and forest conversion to establish new agricultural sites (Vermeulen et al. 2012). Soil CH4 emissions 

are produced from anaerobic soil conditions, especially from rice cultivation, ruminant livestock and 

stored manures (Smith et al. 2007). Agriculture accounts for 60% of global anthropogenic N2O 

emissions and the increase of the emissions is correlated with nitrogen fertilizers input (Smith et al. 

2007). 

Fertilization is a part of management practice to promote fruit (oil) productivity in oil palm 

plantations (Comte et al. 2012). Previous studies have reported that nitrogen fertilizer applications 

(ranging from 100 to 300 kg N ha-1 yr-1) in oil palm plantations increase N2O emissions (Murdiyarso 

et al. 2010, Hadi et al. 2005, Takakai et al. 2006, Aini et al. 2015). However, research findings reveal 

diverse results for CO2 and CH4 emissions. Quantifying the effects of N addition on total soil GHG 

emissions is important to understand how land use affects net GHG emissions. 

Indonesia is the top oil palm producer and exporter of oil palm in the world. Indonesia 

produces about 22.5 Mt crude palm oil every year (Indonesian Ministry of Agriculture 2015). In 

Indonesia, there are three general types of land tenure for oil palm plantations namely smallholder, 

private and government.  The smallholder sector accounts for 40% of the total national oil palm 

production (Indonesian Ministry of Agriculture 2015). Smallholders are family-based ventures that 

cultivate oil palm on 50 ha or less and are categorized as either a scheme or an independent business 

model (RSPO 2016). Generally, smallholder oil palm plantations are self-financed and self-managed 

with highly variable fertilizer application practices (Vermeulen & Goad 2006). Despite the significant 

contribution of smallholder plantations in Indonesia, studies on this farming type are limited. Most 

of the studies on GHG emissions following fertilization have been conducted in large-scale 

plantations (see Melling et al. 2006, Comeau et al. 2016). Hence, studies examining GHG emissions 

from smallholder oil palm plantations are needed.  

Soil conditions in tropical peatlands are typically acidic (low pH and deficient in nutrients 

(Page et al. 2006). Therefore, it is necessary to fertilize the oil palm plantation cultivated on peat in 

order to maintain optimum palm growth and production (Webb et al. 2011, Goh et al. 2009). In 

addition to urea, controlled Released Fertilizers such as NPK fertilizer is a common fertilizer that is 

commonly used in smallholder oil palm plantations in the study area. Controlled Released Fertilizers 

are expected to improve N-use efficiency in plants by minimizing nitrogen loss, therefore could likely 

reduce soil N2O emissions (Liu et al. 2014, McTaggart & Tsuruta 2003). Controlled released 
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fertilizers are encapsulated by semi-permeable coatings that control of nutrients release into the soil 

to meet plant requirements (Liu et al. 2014). 

The presence or absence of plants will affect carbon and nitrogen dynamics (Fernandez et al. 

2007). Our previous findings reported that annual soil CO2 and N2O emissions were different in the 

under canopy of oil palms compared to open places between palms (inter canopy).  However, we 

found no differences on CH4 emissions between under and inter canopy areas (Chapter 3, this 

dissertation).  

Knowledge about the effect of spatial differences on soil GHG emissions during nitrogen 

fertilization period is still insufficiently understood. The objectives of this study were: (1) to 

determine the short term effects of fertilizer application on N2O, CO2 and CH4 emissions; (2) to 

investigate differences on soil N2O, CO2 and CH4 emissions based on spatial heterogeneity within 

the plantation; (under canopy or inter canopy). This study was conducted in immature (1 and 5 years 

old) smallholder oil palm plantations in Tanjung Puting, Central Kalimantan, Indonesia. 

 

MATERIALS AND METHODS 

Site description 

Study sites were located in Bedaun village, which is ∼25 km from the city of Pangkalan Bun 

in Central Kalimantan, Indonesia (Figure 4.1). The climate of Central Kalimantan is classified as 

humid-tropic, with annual rainfall of 2000 – 4000 mmyr-1 (Indonesian Ministry of Environment and 

Forestry 2015). An annual pattern of rainfall in the study area is influenced by a southeast dry 

monsoon and a northeast wet monsoon. Most precipitation occurs during the wet season between 

the months of September to May and less during dry season of June to August (Indonesian Ministry 

of Environment and Forestry 2015).  Based upon the weather stations established for this study, the 

average rainfall and air temperature during our sampling period were 1870 mm yr-1 and 31.4°C, 

respectively.  

We selected two oil palm (OP) plantations that were 1 and 5 years old. Both plantations were 

artificially drained to reduce peat soil saturation. The one-year old site (OP1) was a small-scale 

plantation that was 1 ha in size (111°48'36" E and 2°47'33" S). The average thickness of the peat 

layers was 30 cm (Chapter 1, this dissertation). The average planting space was 9 x 9 m2 (irregular) 

and palm density was 116 palms ha-1. Oil palm plantations were the current stage of a land use 

transition from primary forests. The primary forest was cleared and burned in 1989. The valuable 

trees were cut and removed, and then the remaining biomass was dried for about 1 - 2 months 

during dry months (June - August) then burned. In 1991-92, the land was utilized for dry rice 

cultivation for two years. The farmer allowed land to lie fallow from 1993 to 2008. In 2008, the land 
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was slashed and burned again for rice cultivation, which was practiced until 2010. The land was 

fallowed in 2011. Then, in the same year, the farmer cleared the site through slash and burn.  

The five-year old site (OP5) was a small-scale plantation about 1 ha in area (111°48'7" E and 

2°47'28" S). The thickness of peat layer was 46 cm (Chapter 1, this dissertation). The primary forest 

was slashed and burned in 1989 for cultivation and then fallowed. The secondary forest was cleared 

in 2006 via slash and burn. Before the current oil palm plantation was established in 2008, the land 

was utilized for rice fields and subsistence cultivation (such as tomato, chili, and beans) for 2 years. 

The planting space was 7 x 7 m2 (irregular) and palm density was 228 palms ha-1. 

 

Environmental variables measurement 
The daily precipitation rates were recorded using two weather stations equipped with a 

tipping bucket rain gauge (Delta Ohm HD2013R, Padova, Italy) located at each plantation. Peat 

temperature at a 10 cm depth was measured during GHG emissions measurements using a portable 

soil thermometer (Reotemp Digital TM99-A, USA) with one point adjacent to the outside of the 

chamber. Daytime air temperature and relative humidity close to the peat surface was recorded 

manually using a thermometer during GHG sampling. Water table depth, soil water-filled pore space 

(WFPS), bulk density, carbon content, nitrogen content and C/N ratio data were taken from the long 

term monitoring data in Chapter 3 (Novita, this dissertation). 

 

Soil GHG emissions measurement 

Nitrous oxide and methane emissions were determined using the static closed chamber 

system method (Verchot et al. 1999, Hutchinson & Livingston 1993). The cylindrical chamber 

consisted of PVC ring (inner diameter = 25 cm, height = 30 cm) equipped with a PVC hood. The 

chambers were established in July 2013 by placing them 3 - 4 cm into the organic horizon in order to 

form an adequate seal between the chamber and the ground surface. Each chamber covered 506 cm2 

of soil surface. The height of each chamber was measured at each sampling date at eight different 

positions to calculate the headspace volume. Prior to gas sampling the chamber was fanned gently for 

about 10 seconds in order to mix the air inside the chamber. Gas samples were collected at closure 

(0), and 10, 20 and 30 minutes later using a 50 ml polypropylene syringe. The syringe was equipped 

with a three-way stopcock and connected to the outlet of chamber hood with silicone tubes. The 

syringe was also equipped with a barometer as a leak indicator during air sample collections. The 

extracted gas samples were stored in 40 ml pre-evacuated glass vials equipped with polycarbonate 3-

way stopcock to prevent gas leakage. By adding a polycarbonate cap in each glass vial, the 

impenetrability of the glass vial was ensured during air-transportation to the Center for International 
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Forestry Research (CIFOR) laboratory in Jambi, Sumatra.  

The gas samples were analyzed with a gas chromatograph (GC 14 A–Shimadzu Corp., 

Kyoto, Japan) within 30 days of collection (Loftfield et al. 1997). Nitrogen was used as carrier gas to 

transport gas samples through a stainless steel column equipped with Electron Capture Detector 

(ECD) for N2O analysis and with Flame Ionization Detector (FID) for CH4 analysis. The column is 3 

m long packed by Poropak Q with 80-100 mesh. 

Soil N2O and CH4 emissions were calculated from the rate of concentration change in the 

chamber headspace, determined by linear regression based on the samples concentration through 

time (Hutchinson & Livingston 1993, Verchot et al. 1999). A negative emission indicated an uptake 

of atmospheric GHG by soil microorganism, while a positive emission expressed GHG emission 

from the peat. The slope of the best linear fit was expressed in mass units per space by using the ideal 

gas law (Verchot et al. 1999). 

 Soil CO2 emissions were measured using the dynamic closed chamber method (Pumpanen et 

al. 2009).  A portable infrared gas analyzer/EGM-4 (Environmental Gas Monitor) connected to a 

Soil Respiration Chamber (SRC-1) (PP System, Amesburry, USA) was used to measure CO2 

emissions.  The SRC-1 was equipped with a fan installed on the top of the chamber. In order to 

reduce the turbulence perturbation generated by the fan, a metal mesh on the bottom of the chamber 

was attached to the SRC-1 (Pumpanen et al. 2009). Prior to the measurement, the chamber was 

placed over a permanent collar (inner diameter = 10.16 cm that had been inserted at a 5 cm depth 

into the soil in July 2013). Soil CO2 concentrations were recorded automatically at 4.5 second 

intervals for 80 - 124 seconds. The short measuring time of the EGM-4 allows the measurement of 

all of the collars in each plot within less than 3 hours, therefore, any significant changes due to 

environment were minimized. Measurements in the both ecosystems were made between 08:00 and 

11:00. 

 

Fertilizer management 
Both OP1 and OP5 sites were owned by the same farmer, thus the plantations have a 

relatively similar fertilizer management practice. The farmer applied a granular synthetic coated 

fertilizer (19% N, 0% P and 32% K2O) by hand to the soil surface in the under the palm canopy (the 

area covered inside the palm canopy circle). The type of fertilizer is similar with the fertilizer used by 

the nearby industrial company. Fertilizer application generally occurs four times a year. Following 

this common fertilizer application practice, the rates of synthetic fertilizers applied were 47 kg N ha-1 

yr-1 at OP1 and 155 kg N ha-1 yr-1 at OP5. This application is equal to 0.5 kg N and 1 kg N per palm 

at OP1 and OP5, respectively. In addition to fertilizers, chemical herbicides were sprayed frequently 
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to control weeds and pests in both plantations. As such, there was little live vegetation in the inter 

canopy areas. 

Intensive measurements of the periods following N fertilization were taken from 16 

November to 17 December 2013. Our measurements were taken daily during the first week of 

measurement (1-7 days) and then every 3 days until 30 days after fertilization.  

We sampled emissions based upon location within the sites (i.e. under canopy and inter 

canopy) and two treatments (fertilized and unfertilized). The under canopy area included the area 

within a radius 1 meter around palm trunks in OP1 and 2 meters in OP5. The inter canopy area was 

defined as the more open area outside the palm canopy.  

Three pairs of collars and chambers were installed in the under canopy and three pairs 

installed in the inter canopy area for each oil palm plantation site (Figure 4.2). The under canopy 

areas covered 4% and 14% of the total area in the OP1 and OP5 respectively. The area was divided 

into fertilized and control treatments. In total, there were six apparatus pairs for each treatment: the 

fertilized under canopy, the fertilized inter canopy, the control under canopy, and the control inter 

canopy. Subsequently, we added a specific amount of fertilizer to the collars and chambers located in 

under and inter canopy areas. The amount of fertilizer added to each apparatus was determined by 

calculating a ratio of the inside apparatus area to the total under canopy area and multiplying by the 

total amount of fertilizer applied to the under canopy. At OP5, we applied 0.20 g N and 0.76 g N at 

each collar CO2 and each chamber of CH4/N2O, respectively. At OP1, we applied 0.30 g N and 1.5 g 

N at each collar CO2 and each chamber of CH4/N2O, respectively. In a control treatment, no 

fertilizers were applied. 

 

Cumulative soil GHG emissions 

The effects of N application were calculated based on cumulative soil GHG emissions that 

represented each treatment and each position. We compared soil GHG emissions between fertilized 

and control treatments from under canopy areas to determine the effect of fertilization on soil GHG 

emissions. The effects of oil palm on N uptake following fertilizer application were investigated by 

comparing fertilized under canopy and fertilized inter canopy treatments.  

Fertilization effects at a plot level was calculated from cumulative soil GHG emissions in the 

fertilized under canopy area and in the control inter canopy area. We calculated that under canopy 

area accounted for 9% of the total experimental area and that the inter canopy area for 91%. 

Therefore, each soil GHG emission (CO2, CH4 and N2O) at a plot level was calculated as: 
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Fertilized – cumulative soil GHG emissions = (GHGFU x 0.090) + (GHGCI x 0.91) 

Control – cumulative soil GHG emissions = (GHGCU x 0.090) + (GHGCI x 0.91) 

 

where GHGFU is the total each GHG emission over the 30 days measurement from fertilized under 

canopy, GHGCI is the total each GHG emission over the 30 days measurement from control inter 

canopy treatment, GHGCU is the total each GHG emission over the 30 days measurement from 

control under canopy treatment. 

 

Emission factor of N2O emissions  
Emission factor is the percent of direct N2O emissions from N input fertilizer (Bouwman et 

al. 2002), which was calculated using Equation 1 (Dobbie & Smith 2003, Sakata et al. 2015, 

Bouwman et al. 2002). In this study, cumulative N2O emissions from under canopy areas from 

control and fertilized treatments were used to calculate the emission factor. 

EF (%) = (N2OFU - N2OCU)/N x 100  (1) 

where: EF is emission factor is N2O emissions from N input; N2OFU and N2OCU is the cumulative 

N2O emissions emitted from fertilized under canopy and control under canopy treatments, 

respectively (g N ha month-1) and N is the amount of N fertilizer applied into the soil (g N ha 

month1) 

 

Statistical analyses 
The mean soil GHG emissions were the average cumulative values from OP1 and OP5. The 

Saphiro-Wilks and Kolgomorov-Smirnov tests were used to test the normality distribution of GHG 

emissions. The soil GHG emissions data displayed non-normally distributed variables. The effects of 

soil GHG emissions between treatments (fertilized and control) and between plots (under canopy 

and inter canopy) were analyzed using Mann-Whitney test. The cumulative soil GHG emissions were 

calculated by integration of daily emissions from days 0 to 30 with linear interpolation between 

measurement dates. Statistical analysis was performed using the software IBM SPSS version 20. 
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RESULTS 
Environmental variables during fertilization sampling  

 Air temperature was higher and relative humidity was lower in OP1 than in OP5 (p <0.001; 

Table 4.1). Soil bulk density and Water-filled Pore Space (WFPS) from plantations were not 

significantly different. Water table depth was lower in OP5 than in OP1, suggesting a deeper canal 

system was built in OP5. Carbon content was lower but nitrogen content was higher in OP1 than in 

OP5, resulting in a higher C/N ratio in OP5 than in OP1 (Table 4.1)  

Insert Table 4.1 

Air and soil temperatures from both sites (from day -1 to day 30) averaged 31.5 ± 0.6°C and 

26.5 ± 0.1°C, respectively (Figure 4.3). This fertilization study was conducted during the rainy season 

when rainfall is frequent (Figure 4.4). Total precipitation during sampling (from day -1 to day 31) was 

159 mm. Rain occurred when fertilizers were applied (day 0). 

Insert Figure 4.3 and 4.4 

 

Effects of fertilizer application on soil GHG emissions 

The effects of fertilizer application on soil GHG emissions were assessed from under 

canopy areas. The daily mean N2O emissions in the fertilized treatment were 3.5 times higher (10.0 ± 

1.4 g N ha-1 d-1) than in the control treatment (2.9 ± 1.1 g N ha-1 d-1; Table 4.2, p = 0.001). Fairly low 

N2O emissions (less than 1 g N ha-1 d-1) were recorded from both control and fertilized treatments 

before fertilization suggesting that initial emissions from both treatments were comparable. The 

emissions were constantly higher in fertilized treatment than control treatment beginning from day 1 

after fertilization application. There were several peaks were observed during the fertilized treatment 

(Figure 4.5). The two highest N2O emissions were recorded on day 19 (23.98 g N ha-1 d-1) and on day 

25 (18.34 g N ha-1 d-1), indicating high N losses after 3 weeks post N application. The emissions 

decreased to levels similar to unfertilized controls treatment after 4 weeks (28 days). For the controls, 

the highest emissions on day 0 and day 30 were likely associated with high rainfall events. 

Mean soil CO2 emission was 1.2 times higher in the fertilized treatment (54.2 ± 4.8 kg C ha-1 

d-1) than in the control treatment (43.6 ± 3.0 kg C ha-1 d-1; Table 4.2; p = 0.056). The single peak of 

CO2 emission was observed with the maximum value of 104.2 ± 30.3 kg C ha-1 d-1 in the fertilized 

treatment on day 1. During the first week after application, higher and significant CO2 emissions in 

the fertilized treatment compared to control treatment were observed (p = 0.028; Figure 4.5). After 

the first week, soil CO2 emissions from fertilized and control treatments were not significantly 

different (p = 0.620).  
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Fertilizer application did not affect soil CH4 emissions significantly. However, the mean CH4 

emissions were lower in fertilized treatment (36.5 ± 14.4 g C ha-1 d-1) than in control treatment (71.8 

± 34.8 g C ha-1 d-1; p = 0.786; Figure 4.5). Moreover, the standard errors of CH4 emissions were large, 

showing highly variable response to N fertilizer addition. 

Insert Figure 4.5 

 

Cumulative soil GHG emissions post fertilization 

Fertilizer application dramatically increased soil N2O emissions in both spatial positions. In 

the under canopy area, cumulative N2O emissions in the fertilized treatment (133 ± 31 g N ha-1 

month-1) were 4.3 times higher than in the control treatment (31 ± 12 g N ha-1 month-1; p < 0.001; 

Table 4.2). A similar enhancement effect was also observed in the inter canopy areas, where 

cumulative N2O emissions in the fertilized treatment (744 ± 114 g N ha-1 month-1) were 1.8 times 

higher than in the control inter canopy area (425 ± 98 g N ha-1 month-1; p = 0.002; Table 4.2).  

The fertilizer application had a significant effect on cumulative soil CO2 emissions in the 

under canopy area but the effect was not apparent in the inter canopy area, suggesting the increase in 

CO2 emissions from autotrophic respiration. We observed significantly higher cumulative soil CO2 

emissions in the fertilized treatment (793 ± 59 kg C ha-1 month-1) than in the control treatment (680 

± 25 kg C ha-1 month1) from under canopy areas (p = 0.072). In contrast, there was no significant 

difference in cumulative soil CO2 emissions between fertilized (405 ± 37 kg C ha-1 month-1) and 

control (319 ± 25 kg C ha-1 month-1) treatments from inter canopy areas (p = 0.367; Table 4.2).  

The application did not affect cumulative soil CH4 emissions in either the under and inter 

canopy areas. Although we observed lower CH4 emissions in the fertilized treatment than in the 

control treatment from both spatial areas, the values did not differ significantly (p = 0.609 and p = 

0.666 for under canopy and inter canopy, respectively).  

Insert Table 4.2 

Although N fertilization increased cumulative soil N2O and CO2 emissions significantly in 

the under canopy area, a similar trend was not observed at a plot level (i.e considering that the under 

canopy area represents 9% of the plot area).  Cumulative soil N2O and CO2 emissions at a plot level 

increased 2% and 3% respectively following fertilization, however, there were not significant 

differences between fertilized and control treatments (p value = 0.809 and 0.461 for N2O and CO2, 

respectively; Table 4.3). Consistent with the micro-spatial level results, cumulative CH4 emissions at a 

plot level were not significantly affected by fertilization (p = 0.956; Table 4.3). 

Insert Table 4.3 
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The effects of presence and absence of oil palms on soil GHG emissions post fertilization 

             The presence of oil palm significantly reduced N2O emissions. Soil N2O emissions were 4.6 

times higher (46.0 ± 9.4 g N ha-1 d-1) in the inter canopy areas than in the under canopy areas (10.0 ± 

1.4 g N ha-1 d-1; p < 0.001). This results suggesting the rapid N uptake by oil palm roots in particular 

during 20 days post fertilization (Figure 4.6).  

Soil CO2 emissions following application were also affected by the presence of oil palm. The 

mean CO2 emissions in the under canopy area were 2 times higher (54.2 ± 4.8 kg C ha-1 d-1) than in 

the inter canopy (26.1 ± 2.6 kg C ha-1 d-1; p < 0.001; Table 4.2, Figure 4.6). Low CO2 emissions in 

under canopy area on day 19 associated with high methane emissions were likely a result of high 

precipitation rates a few days before measurement.  

Contrastingly, the presence of oil palm did not affect CH4 emissions following application (p 

= 0.122). The mean daily CH4 emissions in both treatments were relatively low, amounted to 36.5 ± 

14.4 g C ha-1 d-1 and 71.8 ± 34.8 g C ha-1 d-1 for fertilized and control treatments, respectively. This 

further shows how palms affect the GHG as they would have fewer influences on methanogenesis. 

Insert Figure 4.6 

 

DISCUSSION 

Fertilization effects on soil GHG emissions from under canopy areas 

Fertilizer applications significantly increased N2O emissions. According to the ‘hole in the 

pipe’ model by Firestone and Davidson (1989), adding external nitrogen through fertilization 

increases nitrification and denitrification rates that lead to increase of N2O emissions. This result is 

similar to those of Aini et al. (2015) and Sakata et al. (2015) and also consistent with the long-term 

results reported in the previous chapter (Chapter 3, this dissertation). Consistently higher N2O 

emissions in fertilized treatments from 1 day to 28 day were reflective of the increased nitrification or 

denitirification processes after fertilization. The mean daily N2O emissions from fertilized treatment 

areas were higher (10.0 ± 1.4 g N ha-1 d-1 or 4.2 ± 0.6 kg CO2e ha-1 d-1) than the mean value from 

long-term measurement (5.4 ± 1.4 g N ha d-1 or 2.3 ± 0.6 kg CO2e ha-1 d-1; Chapter 3, this 

dissertation).  

The maximum emission of N2O in this study was 24 g N ha day-1, far lower than the range 

of maximum peak from other agricultural ecosystems treated with conventional fertilizers (250 - 500 

g N ha d-1; Aini et al. 2015). Lower maximum emissions in our study compared to other studies 

suggest that controlled released fertilizer (NPK) that provide available N for plant uptake over longer 

time period than quick release fertilizer (urea) and subsequently could reduce maximum N2O 

emissions during short-time monitoring period (Liu et al. 2014). 
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In this study, the N2O emissions peaked on day 19 and were back to pre-fertilization rates by 

day 28.  In the coffee plantations on Andosol soils in Costa Rica, Hergoualc’h et al. (2008) found that 

N2O emissions peaked 16 and 21 days after urea application. Similarly, Aini et al. (2015) reported that 

the maximum N2O emissions were recorded 17 days after urea application in an 8-year oil palm 

plantation in Jambi, Indonesia. However, other studies have reported that maximum N2O emissions 

after fertilization occurred faster than reported in our study. Soil N2O emissions peaked 1 week after 

fertilizer application in oil palm plantations in mineral soils (Ultisols and Histosols), respectively in 

Riau and Sarawak (Sakata et al. 2015). The delay in maximum N2O emissions after fertilization may 

indicate slow rates of the release of nutrients from encapsulated controlled released fertilizers. The 

controlled release fertilizers are designed to meet crop nutrient requirements, therefore, plants and 

microbes may not immediately absorb and utilize nitrogen after fertilizer application (Liu et al. 2014).   

While N2O emissions from our study returned to baseline rates within 4 weeks of fertilizer 

application, several studies have found elevated N2O emissions at fertilization levels more than one 

month fertilizer application. Hergoualc’h et al. (2008) reported that 44 days after fertilizer application, 

N2O emissions rates remained higher than pre-fertilization rates in a coffee plantation in Costa Rica. 

Fowler et al. (2011) reported elevated N2O emissions up to 65 days after fertilizer application in the 

oil palm plantations in Sabah, Malaysia. However, Jones et al. (2007) reported a shorter time of 

elevated N2O response following N fertilizer application (7 - 20 days) in a temperate grassland 

ecosystem. The variation of the fertilization effect on N2O emissions can be affected by several 

factors such as differences among crops soils, climate, and fertilizer management. 

 Typically, a small amount of the nitrogen in fertilizers is released into the atmosphere as 

N2O emissions. The emission factor or the ratio of N2O emissions to N input is calculated to 

determine the direct response of N2O emissions (Bouwman et al. 2002). The emission factor from 

our study was 0.4%, which is smaller than the IPCC default value of 1.25% (IPCC 2006). Our 

reported emission factor is also smaller than 3.1% calculated from an 8-year oil palm plantation on 

mineral soil in Jambi (Aini et al. 2015). However, the emission factor from, this study is similar to the 

0.4% calculated from the average emission from rice cultivation (Linquist et al. 2012). Large 

variations in the emission factor may be due to discrepancies of on environmental factors and 

management practices (Bowman et al. 2002, Dellucchi et al. 2003).  

We observed that the fertilizer application significantly increased soil CO2 emissions over a 

one-week period and emission peak one day after application. This finding is in agreement with 

previous studies, which found an increase of soil CO2 emissions following urea application in 1-year 

(Handayani et al. 2012) and in 7-year old oil palm plantations cultivated on peat in Jambi, Indonesia 

(Comeau et al. 2016). Concerning the peak of soil CO2 emissions, our results are in agreement with 
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several other studies on mineral and peat soils where pulse CO2 emissions were reported after a few 

days following fertilization (Handayani et al. 2012, Hergoualc’h et al. 2008). In the oil palm plantation 

in Jambi, a high CO2 pulse was reported immediately after N application (Comeau et al. 2016). 

Conversely, Watanabe et al. (2009) reported that soil CO2 emissions were not affected by several 

types of fertilizer application in a sago plantation in Riau, Indonesia.  In addition, Murayama et al. 

(1994) reported that fertilizer did not affect soil CO2 emissions in maize crops cultivated in Malaysian 

peatlands.  

The increased of soil CO2 emissions in our study is likely due to an increase of root 

respiration of oil palms as a result of increasing in total root biomass after N application (Tyree, 

2005). Although we did not separate heterotrophic and autotrophic respiration the positive effect of 

fertilizer on root respiration is supported by no significant difference between fertilized and control 

treatments in the inter canopy areas (p = 0.204). In immature oil palm plantations, where roots are 

absent in inter canopy area, such results would support the hypothesis that soil CO2 emissions from 

inter canopy area are dominated by heterotrophic respiration. Contrasting result has been reported by 

Comeau et al. (2016), who found a significant increase in heterotrophic respiration but not 

autotrophic respiration after urea application in a 7-year oil palm plantation located in Jambi, 

Indonesia. These contradictory findings are likely due to to difference on fertilizer application, 

experimental design of the study, peat intrinsic properties and the ages of oil palm plantations. 

Low CH4 emissions can be expected in oil palm plantations due draining resulting in lower 

water table depths and soil water-filled pore spaces (Chapter 3, this dissertation). Similar effects have 

been reported by Watanabe et al. (2009) in Indonesian sago plantation cultivated on peat. Other 

studies reported that N fertilizer applications lead to a reduction of methane emissions from paddy 

rice fields (Bodelier et al. 2000, Linquist et al. 2012) and drained temperate peatlands (Crill et al. 

1994). At the biochemical level, methane and ammonium are similar in structure and size, which lead 

to the possibility of competitive inhibition of methanotrophs and chemoautotrophic ammonium 

oxidizing bacteria (Schimel 2000). At the microbial community level, growth and activity of 

methanotrophs could be stimulated by N additions, which result in reduction of methane emissions 

from the soil (Schimel 2000). Yet, Xu et al. (2004) argued that inhibition of methane emissions due to 

N additions occurred only if available N in soil excessed plant growth demand.    
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The effects of presence and absence of oil palm on soil GHG emissions post fertilization           

            Although previous studies have reported inconsistent effects of plant presence on N2O 

emissions (Philippot et al. 2009), we found that the existence of oil palm is a crucial factor in 

assessment of N2O emissions at a plot level.  High N2O emissions from the control inter canopy 

treatment may be explained by the absence of live vegetation that can utilize available inorganic N. 

From initial data before fertilizers were applied, higher N2O emissions from inter canopy area than 

under canopy area were observed (Figure 4.6). Less competition between microbes and root plants 

for inorganic N in the ‘almost non-rhizosphere’ soil resulted in high N2O emissions from nitrification 

and denitrification processes from inter canopy areas. Contrastingly, reduced N2O emissions in the 

under canopy area are attributed to rapid N uptake by the oil palm roots which are more competitive 

than nitrifiers or denitrifiers communities (Philippot et al. 2009).  

               If we assume there is no N2O emissions leakage from fertilization of under canopy area to 

inter canopy area, the spatial heterogeneity based on presence or absence of oil palm is more critical 

than N addition in controlling N2O emissions at a plot level. At a plot level, it was notable that 

fertilization showed no significant difference in N2O emissions between fertilized and control 

treatments. This result is consistent with Song et al. (2013) who reported that a low or medium 

fertilization rate (60-120 kg N ha-1 yr-1) did not affect N2O emissions based on a 5-year fertilization 

experiment from a wetland ecosystem in China. In the immature oil palm plantations such in our 

study site, plot-level emissions are mainly derived from inter canopy areas; the contribution of under 

canopy area (fertilized area) is small. Our results may not be applicable to the older and mature oil 

palm plantations where the plot level is mainly covered by oil palm canopy.   

 

CONCLUSION 

This study evaluated the impacts of controlled release fertilizer application on GHG 

emissions at rates typical with local management practices. We reported that after 30 days post-

fertilization, significant increases in soil CO2 and N2O emissions were observed in the under canopy 

area but not at a plot level. Methane emissions were neither influenced by oil palms nor fertilization 

treatment. Even though, our study provides significant insight on the short-term effects of 

fertilization on GHG emissions in immature oil palm plantations, we recommend that future 

ecological studies address long-term effects across various oil palm stand ages. 
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Figure 4.1 The location of the two sampled oil palm plantations in Tanjung Puting, Indonesia. 
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Figure 4.2. Experimental design in the OP1 and OP5 in Tanjung Puting, Indonesia 
 

Fertilized-Under canopy (FU):  collars and chambers were located under the palm canopy with fertilizer in granular form applied; Fertilized Inter 
canopy (FI): collars and chambers were located far from palm (with fertilizers in granular form applied; Control Under canopy (CU): collars and 
chambers were located near palm with no fertilizer applied; Control Inter canopy (CI): collars and chambers were located in inter canopy areas with 
no fertilizer applied.   
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Figure 4.3. Average air and soil temperatures in the OP1 and OP5 in Tanjung Puting, Indonesia  
 

 

Figure 4.4. Daily precipitation rate following fertilization in OP1 and OP5 in Tanjung 
Puting, Indonesia 
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Figure 4. 5. Mean daily soil nitrous oxide (N2O), carbon dioxide (CO2) and methane (CH4) emissions 
from fertilized and control treatments from under canopy areas in the oil palm plantations in 

Tanjung Puting, Indonesia.	
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Figure 4.6. Mean daily soil nitrous oxide (N2O), carbon dioxide (CO2) and methane (CH4) emissions 
of fertilized treatment from under canopy (oil palm presence) and inter canopy (oil palm absence) 

areas in the oil palm plantation in Tanjung Puting, Indonesia. 
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Table 4.1. Climatic variables and soil physiochemical characteristics of the top layer (0-10 cm) from 
OP1 and OP5 in Tanjung Puting, Indonesia.  

Properties Unit           OP1          OP5 Mean 
Air temperature °C 32.3 ± 1 30.7 ± 0.8 31.5 ± 0.6 
Peat temperature °C 26.3 ± 0.2 26.9 ± 0.1 26.5 ± 0.1 
Relative humidity % 27.6 ± 1.8 43.6 ± 2.3 35.6 ± 1.5 
Bulk density g/cm-3 0.3  ± 0.0 0.3  ± 0.0 0.3  ± 0.0 
Water-filled pore space % 42.5 ± 2.6 41.6  ± 2.7 42.1 ± 1.9 
Water table depth cm 24.2  ± 1.0 49.7  ± 1.8 37.0 ± 1 
C concentration % 45.8 ± 1.9 47.4 ± 5.3 46.6 ± 2.8 
N content % 1.1 ± 0.1 0.9 ± 0.1 50.5 ± 0.1 
C/N ratio % 43.8 ± 3.6 57.1 ± 9.6  50.5 ± 5.1 
 

Table 4.2. Mean and cumulative soil GHG emissions from 2 spatial positions (under canopy and 
inter canopy) and 2 treatments (fertilized and control) from OP1 and OP5 in Tanjung Puting, 
Indonesia. 
 

Parameter 
N2O emissions CH4 emissions CO2 emissions 

Under canopy 

 Fertilized Control Fertilized Control Fertilized Control 

Mean ± SE 10.0 ± 1.4a 2.9± 1.1b 36.5 ± 14.4c 71.8 ± 34.8c 54.2 ± 4.8d 43.6 ± 3.0d 

Cumulative 133 ± 31α 31 ±12 β  471 ± 168γ 817 ± 310γ 793 ± 59δ 680 ± 25θ 

 Inter canopy 

 Fertilized Control Fertilized Control Fertilized Control 

Mean ± SE 46.0 ± 9.4a 16.7 ± 6.0b -1.2± 25.6c 26.6 ± 36.1c 26.1 ± 2.6d 22.2 ± 1.5d 

Cumulative 744 ± 114α 425 ± 98 β  -276 ± 230γ -44 ± 386γ 405 ± 37δ 319 ± 25δ 

Mean ± SE is expressed in g N ha-1 d-1, g C ha-1 d-1, kg C ha-1 d-1 for N2O, CH4 and CO2 emissions, 
respectively. Cumulative emission is expressed in g N ha-1 month-1, g C ha-1 month-1, kg C ha-1 
month-1 for N2O, CH4 and CO2 emissions, respectively. Superscript letters denote significant 
differences at p value 0.05. 

 
Table 4.3. Differences in cumulative soil GHG emissions from fertilized and control treatments at a 
plot level ) from OP1 and OP5 in Tanjung Puting, Indonesia . Cumulative emission is expressed in g 
N ha-1 month-1, kg C ha-1month-1, g C ha-1 month-1, for N2O, CO2 and CH4 emissions, respectively. 
Superscript letters denote significant differences at p value 0.05. 
Treatment N2O CO2 CH4 
Fertilized 398.7 ± 92a 361.7 ± 28b 2.4 ± 366c 
Control 389.5 ± 90a 351 ± 25b 33 ± 379c 
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RESEARCH QUESTIONS AND ANSWERS  
Detailed information on carbon stocks and soil greenhouse gas emissions associated with peat 

swamp forest conversion to oil palm plantations is critically needed for inclusion under climate 

change mitigation options such as REDD+ scheme. This is pertinent with Indonesia’s target to 

include deforestation and degradation emissions reduction in order to cut national emissions by 29% 

in 2030.  

In this dissertation, we provide new data of carbon dynamics in peat forests that improves 

our knowledge on the impacts of forest conversion to oil palm plantations. We conducted research 

in Tanjung Puting, Indonesia, but our results are relevant in other tropical peatland ecosystems. Our 

study was the first comprehensive paired estimate of ecosystem carbon stocks and GHG emissions 

from peat swamp forest and oil palm plantations in tropical peatlands. In addition, our study was also 

the first to report all three greenhouse gases emissions simultaneously from both land use types 

located in the same peat dome area. Further, we provide new information on GHG emissions 

following fertilizer application in immature oil palm plantations.  

 

1) What are the potential cumulative carbon emissions from forest conversion to oil palm 

plantations using a carbon stock approach?  

We found that potential CO2 emissions from the conversion of peat swamp forest to oil 

palm plantations were 3710 Mg CO2e/ha. This calculation was based upon the difference between 

the mean carbon stock of primary peat swamp forests (1770 Mg C/ha) and the mean carbon stock of 

oil palm plantations (759 Mg C/ha). The soil C pool comprised 83%, 63%, and > 95% of the total 

ecosystem C stocks in the primary forests, secondary forests and oil palm plantations respectively. 

These results demonstrate the function of tropical peat swamp forests as substantial soil carbon sinks 

in the tropics. Forest conversion to oil palm plantations in this study resulted in among one of the 

highest emissions reported from land use change in the tropics. Carbon emissions from peat swamp 

forest conversion were found to be independent from their initial depth. Consequently, the 

conversion of shallow peat swamp forest may result in carbon emissions as high as those arising 

from conversion on deep peats. 

 

2) What are soil GHG emissions in forests and oil palm plantations?  

We observed reduced but not significant annual soil CO2 emissions following forest 

conversion to oil palm plantations; 14.9 ± 0.6 Mg C ha-1 yr-1 and 12.1 ± 0.4 Mg C ha-1 yr-1 in the peat 

swamp forests and oil palm plantations, respectively. Higher soil CO2 emissions in the forest than oil 

palm plantations must be interpreted with caution, however, because this study only measured soil 
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CO2 respiration and not net ecosystem carbon balance. This trend was likely reflective of lower rates 

of gross primary production and poorer substrate quality in the oil palm plantations compared to the 

peat swamp forests. As expected, peat swamp forests emitted large amounts of methane emissions 

(52.4 ± 10.6 kg C ha-1 yr-1) because of their saturated soil conditions and high input of organic matter 

to soil. One of the effects of drainage in oil palm is that the lowered water table level resulted in 

negligible methane emissions (0.4 ± 2.0 kg C ha-1 yr-1). 

 Forests are insignificant source of N2O emissions (0.5 ± 0.2 kg N ha-1 yr-1) and oil palm 

plantations produced substantially higher N2O emissions (5.5 ± 0.8 kg N ha-1 yr-1). During 

fertilization months in the oil palm plantations, we reported higher N2O emissions during 

fertilization months compared to other months. This result reflects the ‘hole in the pipe’ conceptual 

model of N2O emissions (Firestone & Davidson, 1989). We found that micro-spatial variability at a 

plot level is critical factor in determining CO2 and CH4 emissions in the forest and in estimating CO2 

and N2O emissions in the oil palm ecosystems. We did not find clear significant seasonal variation 

effects in GHG emissions from both ecosystems.  

 

3) How does N fertilization of oil palm plantations affect soil GHG emissions? 

Based on a study of one month of intensive measurements following application, we found 

that fertilizer application significantly increased in soil N2O and CO2 emissions in under canopy area 

but not the cumulative emissions at a plot level. In the immature oil palm plantations, the presence of 

oil palm had greater effects on soil N2O emissions at a plot level than N addition into the soil.  The 

presence of oil palm significantly reduced N2O emissions but increased soil CO2 emissions following 

nitrogen addition. In contrast, methane emissions were neither significantly influenced by fertilization 

treatment nor spatial heterogeneity. Following the common local fertilization practice, we observed 

4.3 times higher N2O emissions in the fertilized treatment (133 ± 31 g N ha-1 month-1) than in an 

unfertilized control treatment (31 ± 12 g N ha-1 month-1). The effect of fertilizer on N2O emissions 

was observed for 4 weeks (28 days) after application. Soil CO2 emissions were increased by fertilizer 

application over period of one week with the pulse measured on day 1 after application. Our findings 

highlighted the importance of characterization of micro-spatial variability due to the presence or 

absence of oil palm in assessing the fertilization impacts on soil CO2 and N2O emissions. 
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IMPLICATIONS 
Our results on carbon stocks and soil GHG emissions should improve assessments of 

carbon and nitrogen dynamics in tropical peatlands and provide new knowledge of how GHG 

emissions are effected by land use and land cover change. Through this study, we provide empirical 

data that can support tropical countries, especially Indonesia, in strengthening the science-based 

capacity in REDD+ projects. Moreover, this study will be valuable for Indonesia to estimate national 

GHG emissions from peatlands in the context of international negotiations for the COP 22 in 

Marrakesh, Morocco, November this year. 

It is not too late to preserve the carbon sink function of the remaining peat swamp forests. 

This would entail halting of deforestation and degradation activities in the tropics. Indonesia is 

extending their moratorium on new concessions for oil palm cultivation on peat soils. Our findings 

suggest this would be a viable alternative for Indonesia to achieve their national target for GHG 

emissions reduction in the forestry and land use change sector.  

Finally, the immense GHG emissions arising from forest conversion to oil palm plantations 

reveal the importance of incorporating tropical peat swamp forests into global climate change 

mitigation strategies. Our results also suggest there is a critical role of Indonesia’s peat swamp forests 

in global climate change and the need to set effective strategies for GHG emissions reductions. 

While the restoration of tropical peat swamp forests is an important mitigation and adaptation 

strategy, conservation is the most efficient strategy to limit anthropogenic GHG emissions from land 

use change activities in this region. 
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Figure 1. Mean daily N2O emissions from under and inter canopy areas in the oil palm plantation 
sites in Tanjung Puting, Indonesia. 

 

 

Figure 2. Relationship between inorganic nitrogen concentration [NO3-(NH4+ + NO3-), expressed in 
mg N kg-1] and annual N2O emissions expressed in kg N ha-1 yr-1 in Tanjung Puting, Central 

Kalimantan. Orange and green dots represent oil palm plantations and forest sites, respectively. 
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Figure 3. Monthly variations of CO2 emissions of each spatial position (depressions and elevated 
areas) from forest sites in Tanjung Puting, Indonesia.  
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Figure 4. Monthly variations of CO2 emissions of each spatial position (under canopy and inter 
canopy areas) from oil palm plantation sites in Tanjung Puting, Indonesia. 
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Figure 5. Monthly variations of CH4 emissions of each spatial position (depressions and elevated 
areas) from forest sites in Tanjung Puting, Indonesia. 
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Figure 6. Monthly variations of CH4 emissions of each spatial position (under canopy and inter 
canopy areas) from oil palm plantation sites in Tanjung Puting, Indonesia 
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Figure 7. Monthly variations of N2O emissions of each spatial position (depressions and elevated 
areas) from forest sites in Tanjung Puting, Indonesia. 
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Figure 8. Monthly variations of N2O emissions of each spatial position (under canopy and inter 
canopy areas) from oil palm plantation sites in Tanjung Puting, Indonesia. 
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Figure 9. Daily N2O, CH4, and CO2 emissions during fertilization intensive sampling from OP5 site 
in Tanjung Puting, Indonesia. 
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Figure 10. Daily N2O, CH4, and CO2 emissions during fertilization intensive sampling from OP1 site 
in Tanjung Puting, Indonesia 
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Table 1. Allometric equations available in Indonesia to determine live tree biomass for tropical peat 
swamp forests. Variables in the equations are: W= tree mass (kg); D = diameter (cm).   

Location 
Equation r2 Sample 

size  

Range 
diameter 
(cm) 

Source 

Central Kalimantan W = exp [-2.36+2.58 Ln(D)] 0.99 20 5 - 40 Akbar, 2012 

Central Kalimantan W = 0.107D2.486 0.90 - 5 - 35 Jaya et al., 2007 

Central Kalimantan W = 0.1032D2.4695 0.96 30 20 - 54 Dharmawan et al. 2012 

Riau W = 0.0145D3 - 0.47D2 + 
30.64D - 263.32 0.95 38  > 10 Istomo, 2002 

Central Kalimantan W = 0.30D2.29 0.97 20 5 - 40 Akbar and Priyanto, 2011 

Central Kalimantan W = 0.217D2.38 0.96 20 5 - 40 Akbar and Priyanto, 2011 

Central Kalimantan W = 0.09D2.58 0.99 20 5 - 40 Akbar and Priyanto, 2011 

South Sumatra W = 0.153D2.40 0.98 20 2 - 30 Widyasari, 2010 

South Sumatra W = 0.206D2.45 0.98 30 5 - 64 Novita, 2010 

Sumatra & 
Kalimantan  W = 0.136D2.51   0.97 148  2 - 167 Manuri et al. 2014 

 
 
Table 2. Allometric equations for biomass estimation (Mg dry weight/palm) of oil palm plantations 
in Indonesia and Malaysia based on age (year) and height (meter).  

Location Equation Soil  r2 Parameter Source 

Indonesia W =10.253 x0.8256 Mineral 0.90 x = age Khasanah et al. (2015) 
Indonesia W = 11.999 x0.7204 Peat 0.88 x = age Khasanah et al. (2015) 

Indonesia W = 5.3499 x + 6.5723 Mineral 0.87 x = age Khasanah et al. (2015) 

Indonesia W = 0.0923 x + 0.1333 Mineral 0.85 x = trunk height Khasanah et al. (2015) 

Indonesia W = 0.0939 x + 0.0951 Peat 0.92 x = trunk height Khasanah et al. (2015) 

Indonesia W = 0.1839 x0.766 Mineral 0.92 x = trunk height Khasanah et al. (2015) 

Indonesia W = 0.2453 x0.4933 Peat 0.91 x = trunk height Khasanah et al. (2015) 

Indonesia W = 0.0976 x + 0.0706 Peat 0.73 x = trunk height Dewi et al. (2009) 
Malaysia W = 3.0876 x + 24.3 Mineral 0.88 x = age Corley et al. (1971) 
Malaysia W =(725 + 197x)/1000 Mineral 0.96 x = total height Khalid et al. (1999) 
Indonesia W = 5.0141 x + 15.947 N/A 0.88 x = age Dewi et al. (2009) 
Indonesia W* = 68.2 ln (x) - 36.7 Mineral 0.99 x = age Syahrinuddin (2005) 
Indonesia W = 8exp-6x3.89 Peat 0.99 x = diameter Yulianti et al. (2009) 

*unit for biomass estimation in Syahrinuddin’d study is Mg/ha. 
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Table 3. Carbon and nitrogen concentrations of leaf litter and understory in Tanjung Puting, 
Indonesia.  

Site %C %N C/N ratio 
Understory 

Tanjung Harapan 45.29 ± 0.92 1.73 ± 0.11 27.31 ± 1.86 

Beguruh 45.65 ± 0.52 1.41 ± 0.08 34.38 ± 3.23 
Pesalat 44.10 ± 0.60 1.73 ± 0.11 33.22 ± 1.94 
Mean 45.02 ± 0.68 1.62 ± 0.10 31.64 ± 2.34 

Litter 
Tanjung Harapan 46.26 ± 0.38 1.35 ± 0.06 35.01 ± 1.58 
Beguruh 49.37 ± 0.32 1.31 ± 0.06 38.48 ± 1.82 
Pesalat 49.64 ± 0.67 1.51 ± 0.05 33.29 ± 1.09 
Mean 48.43 ± 0.46 1.39 ± 0.06 35.59 ± 1.50 
 
 
 
Table 4. Comparison of aboveground carbon stocks in oil palm plantations in Indonesia and 
Malaysia. Data is updated from Kho et al. (2015)  

Location Types of soil Method 
Planting 
density Age  

Oil palm 
Carbon  
(Mg C/ha) Source 

Selangor, 
Malaysia 

Coastal alluvial Destructive 148 1.2 2.2 Ng et al. (1968) 

  
148 2.4 7.1 

   
148 3.3 9.1 

 
   

148 4.3 12.7 
 

   
148 5.3 15.1 

 
   

148 6.3 21.5 
 

   
148 7.5 23.2 

 
   

148 8.6 23.6 
 

   
148 9.6 29.4 

 
   

148 10.6 31.4 
 

   
148 11.4 36.2 

 
   

148 13.2 45.1 
 

   
148 14.4 45.6 

 
   

148 15.3 53 
 Trengganu, 

Malaysia 
  

148 4.3 12 
 Johor, 

Malaysia 
Latosols/alluvial Destructive 148 1.5 7.1 Corley et al. 

(1971) 
  

148 2.5 13.1 

   
122 4.5 13.5 

 
   

122 6.5 16.4 
 

   
122 8.5 18.6 

 
   

122 10.5 24.2 
 

   
122 14.5 30.3 
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Table 4. (Continued) 

Location Types of soil Method 
Planting 
density Age  

Oil palm 
Carbon  

(Mg C/ha) Source 

   
122 27.5 33.1 

 Selangor, 
Malaysia Coastal alluvial Allometric 136 9 23.9 Henson (1995) 
Sabah, 
Malaysia 

Coastal alluvial Allometric - 1.5 5 Morel et al. 
(2011) 

  
- 27.5 33.2 

Negeri 
Sembilan, 
Malaysia Sandy clay loam Allometric - 27.5 26.2 

Adachi et al. 
(2011) 

Peninsular, 
Malaysia Mineral Allometric - 10 28 Henson (2004) 
Perak, 
Malaysia Peat Allometric 200 4 11.8 

 
   

200 10 23.9 
 

   
200 16 35 

 Selangor, 
Malaysia Inceptisol Allometric 136 10 34.3 Henson (1998) 
Negeri 9, 
Malaysia Ultisol Allometric 148 10 25.3 

 Johor, 
Malaysia Ultisol Destructive 136 23 41.7 

Khalid et al. 
(1999) 

Perak, 
Malaysia 

Peat Allometric 120 16 23 Henson & 
Dolmat (2003) 

  
160 16 33.9 

  
200 16 39.2 

Tanjung 
Puting, 
Indonesia 

Peat Allometric 116 1 7 This study 

  
144 3 10 

 
  

228 5 19 
 Sumatra, 

Indonesia 
Ultisol Destructive - 3 11.5 Syahrinuddin, 

2005 
  

- 10 44 

  
- 20 51 

  
- 30 67 

 North 
Sumatra, 
Indonesia 

Peat Destructive 130 1 1.3 Yulianti (2009) 

  
130 2 1.8 

  
130 9 22.1 

  
130 11 24.1 

  
130 13 23.0 

  
130 17 29.9 

  
130 18 27.0 

 West 
Kalimantan Peat Allometric 160 2 7 Basuki, in prep 
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Table 5. Annual soil GHG emissions, soil properties (0 - 10 cm depth) and climatic variables from each plot in forests and oil palm 
plantation land use types in Tanjung Puting, Central Kalimantan, Indonesia 

 

 

Properties Unit 
 

Forest 

   

Oil Palm 

Tanjung H Beguruh Pesalat Mean OP1 OP3 OP5 Mean 

Water table depth cm 12.0 ± 1.7 9.6  ± 1.2 24.6  ± 1.7 15.4 ± 1.5 24.2  ± 1.0 44.7 ± 1.6 49.7  ± 1.8 39.5 ± 1.5 

Air temperature °C 28.8 ± 0.1 28.3 ± 0.1 28.9 ± 0.1 28.6 ± 0.1 35.5 ± 0.4 35.5 ± 0.4 31.7 ± 0.4 34.3 ± 0.4 

Soil temperature °C 25.7 ± 0.1 25.6 ± 0.0 25.2 ± 0.1 25.5 ± 0.1 28.0 ± 0.1 28.1 ± 0.1 27.0 ± 0.1 27.7 ± 0.1 

Bulk density g/cm-3 0.2 ± 0.0 0.2  ± 0.0 0.2  ± 0.0 0.2 ± 0.0 0.3  ± 0.0 0.3  ± 0.0 0.3  ± 0.0 0.3 ± 0.0 

WFPS % 56.7 ± 5.2 47.7  ± 3.8 45.2 ± 2.9 49.9 ± 4.0 42.5 ± 2.6 36.6  ± 3.2 41.6  ± 2.7 40.3 ± 2.8 

C content % 32.1 ± 1.1 43.2 ± 0.9 48.5 ± 1.2 41.2 ± 1.1 45.8 ± 1.9 50.8 ± 2.3 47.4 ± 5.3 48.0 ± 3.1 

N content % 1.3 ± 0.1 1.6 ± 0.1 1.6 ± 0.1 1.5 ± 0.1 1.1 ± 0.1 1.3 ± 0.1 0.9 ± 0.1 1.1 ± 0.1 

C/N ratio % 27.1 ± 2.5 29.5 ± 2.0 31.5 ± 2.3 29.4 ± 2.3 43.8 ± 3.6 40.5 ± 3.9 57.1 ± 9.6  47.1 ± 5.7 

CEC (me/100g) 69.4  ± 0.5 97.8  ± 0.5 98.3  ± 0.4  88.5 ± 0.5 90.8  ± 2.9 93.7 ± 0.6  96.0  ± 0.9 93.5 ± 1.5 

Base saturation % 6.2  ± 0.1  23.2  ± 0.2  7.9  ± 0.1 12.5 ±0.2 76.8 ± 0.1  46.7 ± 0.6  43.1  ± 0.1 55.5 ± 0.2 

Mineralization rate mg N kg-1 d-1 -18.1 ±  9.1 8.3 ± 16.1 16.8 ± 7.6 2.4 ± 6.7 14.7 ± 2.8 1.9 ± 1.9 0.7 ± 1.1 5.8 ± 1.2 

Nitrification rate mg N kg-1 d-1 5.6 ± 1.8 5.2 ± 0.8 3.3 ± 0.7 4.7 ± 0.7 1.8 ± 0.4 1.1 ± 0.5 1.8 ± 0.7 1.6 ± 0.3 

CO2 emissions Mg C ha-1 yr-1 14.4 ± 0.8 13.7 ± 0.5 16.6 ± 0.5 14.9 ± 0.4 9.5 ± 0.5 15.4 ± 0.4 11.4 ± 0.3 12.1 ± 0.2 

CH4 emissions kg C ha-1 yr-1 120.5 ±  19.8 11.8 ±  2.5 24.8 ±  9.4 52.4 ±  7.4 1.7 ±  2.2 -3.5 ±  2.3 3.0 ±  1.6 0.4 ±  1.2 

N2O emissions kg N ha-1 yr-1 0.4± 0.2 0.3 ± 0.1 0.6 ± 0.2 0.45 ± 0.17 10.7 ± 1.6 3.3 ± 0.3 2.6 ± 0.2 5.5 ± 0.7 


