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ABSTRACT

Palm oil expansion in Southeast Asia is strongly associated with conversion and 
degradation of peatland. We find that past studies have generally significantly 
underestimated emissions from palm oil grown on peatland. In particular, this will 
have resulted in underestimation of the indirect land use change emissions from 
many biofuels. We suggest that 86 CO2-eq ha-1 yr-1 (over 50 years) or 100 CO2-eq 
ha-1 yr-1 (over 25 years) represent the best available estimates of typical emissions 
from peat decomposition in palm plantations. 
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EXECUTIVE SUMMARY 

Greenhouse gas (GHG) emissions occur at all points in the oil palm (OP) 
biofuel production chain. This report is concerned with the land use change 
consequences of expanding palm oil production; specifically, it aims to (i) 
review the current understanding of likely rates of carbon and GHG emissions 
from peat decomposition for OP plantations on peat soils in Southeast Asia, 
and (ii) provide guidance to economic modelers on an appropriate range of 
values and uncertainties for GHG emissions arising from peat degradation. 

Growth in palm oil production, led primarily by Indonesia and Malaysia, has 
been a key component of meeting growing global demand for vegetable 

oil over recent decades. This growth has been accompanied by mounting 
concern over the impact of the OP business on tropical forests and peat 
swamp forests in particular, where a growing proportion of this production is 
taking place. Indonesia and Malaysia currently meet more than 85% of global 
palm oil demand, but in both countries, plantations are increasingly being 
developed on peat soils.

Tropical peatland is one of the Earth’s most spatially efficient carbon sinks 
and largest long-term repositories of terrestrial organic carbon, with the 
greatest extent (about 247,778 km2) and amount of carbon stored (about 
68.5 Gt) in Southeast Asia (specifically Indonesia and Malaysia). Tropical 
peat swamp forest removes carbon dioxide (CO2) from the atmosphere and 
stores it in biomass and as deep near-surface peat deposits. The incomplete 
decomposition of dead tree material under waterlogged, anaerobic condi-
tions has led to the slow but progressive accumulation of thick deposits of 
peat over millennia, giving this ecosystem a very high carbon density (with 
typical values of  ~150 t C ha-1 for forest biomass and ~3000 t C ha-1 for the 
underlying peat). 

The tropical peatland carbon and GHG balance is determined largely by the 
net balance between carbon uptake in photosynthesis and carbon release 
through ecosystem respiration by vegetation (referred to as autotrophic 
respiration and resulting in CO2 emissions from plant foliage and root 
systems) and by the organisms involved in organic matter decomposition 
(known as heterotrophic respiration, involving the loss of carbon as CO2 and 
CH4, or methane, by organisms involved in aerobic and anaerobic decomposi-
tion of plant litter and peat). A smaller amount of carbon is leached out from 
the system in drainage runoff. Furthermore, under certain conditions, the 
cycling of nitrogen (N) makes some tropical peatlands a source of the potent 
GHG nitrous oxide (N2O), especially if fertilizer has been added to promote 
agricultural or plantation productivity. 

Development of tropical peatland for agriculture and plantations requires 
radical changes in the vegetation cover (i.e. replacement of forest by crop 
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plants) and permanent drainage. Typically, OP cultivation requires drainage 
depths of 0.6-0.85 m but, in practice, these often exceed 1 m. These changes 
reduce or, in most cases, remove the carbon sink capacity of the peatland 
system by (i) lowering of the peat water table, which ensures continuous 
aerobic decomposition of organic matter (plant litter and peat), resulting 
in high peat surface CO2 emissions and (ii) greatly reducing or stopping 
carbon inputs to the peat from biomass. As a consequence, the peat swamp 
ecosystem switches from a net carbon sink to a net carbon source (i.e. peat 
accumulation is replaced by peat degradation), with large carbon losses 
arising particularly from enhanced aerobic peat decomposition and the loss of 
any future carbon sequestration by the native peat swamp forest vegetation.

A number of recent publications have addressed the GHG emissions 
associated with land use conversion of tropical peat swamp forest to OP 
plantation. All conclude that while carbon losses from biomass replace-
ment and land clearance are considerable, it is the large and sustained CO2 
emissions from drained peat that contribute most to overall emissions and 
biofuel carbon debts. The values used to estimate peat CO2 emissions have 
a wide range (19 to 115 Mg CO2-eq ha-1 yr-1) and are derived from a variety of 
sources, including IPCC defaults and a limited number of scientific studies. 
Dependency on a limited number of flux studies, combined with inappropri-
ate upscaling, has resulted in systematic underestimation of GHG emissions 
from OP plantations on tropical peat.

We undertook a rigorous assessment of the empirical foundations, accuracy 
and validity of emissions estimates, tracing values used back to the original 
publications and evaluating the approaches and methodologies employed. 
In general, studies either report (a) direct measurements of gaseous fluxes 
using closed chambers, or (b) estimates of total carbon loss based on peat 
subsidence rates (reported as CO2 equivalents). Each technique has its 
advantages and disadvantages, largely relating to the spatial and temporal 
scales of measurement. The majority of studies using closed chamber 
methods have not been based on sufficient numbers of replicates over suffi-
cient length of time to provide statistically robust flux values or uncertainty 
ranges. Furthermore, most have not addressed the quantification of CO2 
emissions arising solely from peat decomposition (i.e., excluding emissions 
arising from root respiration), although some of the data have been used 
subsequently for this purpose. The second method, subsidence monitoring, 
is capable of providing a time-integrated measure of the complete carbon 
balance of a drained peatland. Subsidence is a slow process, however, and 
thus a key limitation of this approach and of several published studies 
is that subsidence data need to be collected over a long period (prefer-
ably a number of years, although larger numbers of measurements can 
compensate for shorter periods) and must be accompanied by accurate 
measurements of peat bulk density and carbon concentration.
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CO2 is the most important GHG emitted from drained peatlands, contrib-
uting 98% or more of the total combined global warming potential. 
Undifferentiated (i.e. peat decomposition plus root respiration) CO2 
emissions calculated through flux measurements vary considerably, ranging 
from below 30 Mg CO2 ha-1 yr-1 to above 100 Mg CO2 ha-1 yr-1. In the few 
studies that provide differentiated emissions for peat decomposition, 
values are in the range of 19 to 94 Mg CO2 ha-1 yr-1. Estimates based on 
subsidence monitoring yield values in the range 45 to 135 Mg CO2-eq ha-1 yr-1 
for drainage depths of 0.5 to 1.0 m, and 54 to 115 Mg CO2-eq ha-1 yr-1 for the 
optimal drainage depth range for OP (60-85 cm). In terms of non-CO2 GHG 
emissions, CH4 fluxes in drained tropical peatland are insignificant relative to 
losses of CO2, both in terms of the mass of carbon lost and overall climatic 
impact. It should be noted, however, that CH4 emissions from the plantation 
drainage network may be significant, although this potentially important 
source of CH4 remains to be quantified. Similar to CH4, the likely rates of 
peat N2O fluxes in OP plantations remain uncertain, and the limited studies 
to date are unlikely to have adequately captured the true magnitude and 
dynamics of emissions, particularly following fertilizer application. 

We conclude that a value of 86 Mg CO2-eq ha-1 yr-1 (annualized over 50 years) 
represents the most robust currently available empirical estimate of peat CO2 
emissions from OP and pulpwood plantations, based on combined subsid-
ence measurements and independent closed chamber measurements in the 
same plantation landscape. Moreover, this estimate explicitly accounts for 
higher CO2 emissions observed in the early stages of plantation drainage. For 
a shorter annualization, the emissions would be higher (see table 1 below). 

Table 1: Annualized values for peat carbon losses from plantations over various time 

scales, accounting for higher rates of emissions in the years immediately following 

drainage (values derived from Hooijer et al., 2011).

NUMBER OF YEARS
CARBON LOSS 

(Mg CO2-eq ha-1 yr-1)

5 178

10 121

20 106

25 100

30 95

40 90

50 86
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In terms of an uncertainty range, we suggest that likely peat CO2 emissions 
should be represented by the minimum and maximum values of 54 to 115 
Mg CO2-eq ha-1 yr-1 for the typical OP drainage depth range of 0.6 to 0.85 m. 
It should be noted that none of these values explicitly consider local factors 
promoting GHG emission other than water depth (e.g., fertilization, land 
use history) or regional geographical variations. The adoption of the best 
estimate and full uncertainty range suggested here will, however, lead to 
reduced uncertainty in future assessments conducted at the regional scale. 

The majority of previous studies aiming to assess GHG emissions from OP 
production systems on tropical peatlands have at best based their analyses 
on values below or towards the lower end of this range, and in all likelihood 
have significantly underestimated CO2 emissions from drained peats. In 
terms of biofuel production, it is likely that the true magnitude of the biofuel 
carbon debt for OP feedstocks produced on tropical peatlands is more 
substantial than has been previously assumed.
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GLOSSARY
Aerenchyma	 air-conducting tissue present in some plants
Aerobic	 with oxygen
Anaerobic	 without oxygen
Anoxic	 process or environment that is without oxygen
Autotrophic	 organisms capable of synthesizing their own food
Benthic	 at the bottom of a body of water
Cramer Commission	� headed by Dutch Environment Minister Jacqueline 

Cramer, the commission reported to the Dutch 
government on biofuel sustainability in 2007 	

Denitrification	 conversion of nitrate to nitrous oxide or nitrogen gas
Ebullition	 bubbling

Ecosystem respiration	� the combined loss of CO2 to the atmosphere from 
all the various respiring elements of the ecosystem 
(i.e., the sum of autotrophic and heterotrophic 
respiration)

FLUXNET	� global network of micrometeorological eddy 
covariance towers

Heterotrophic	� organism that is not capable of providing its own 
food source 

Lignin	 a complex organic polymer derived from wood
Methanogens	 microbes that form methane
Microtopography	� small-scale, local elevational features of the 

landscape; on a tropical peatland, hummocks and 
hollows have an elevation range of ~50-75 cm

Minerotrophic	� peatland that receives water through surface 
runoff and/or groundwater

Mycorrhizae	 symbiotic fungi living in association with plant roots
Nitrification	 the conversion of ammonium to nitrate
Ombrotrophic	 rain-fed peatland
Oxic	 process or environment that uses oxygen
Peat respiration	� the total amount of CO2 emitted at the peat 

surface; a combination of root and root-
associated mycorrhizal (autotrophic) respiration 
and the respiration of heterotrophic macro- and 
microorganisms involved in the decomposition of 
organic matter (plant litter and peat)

Pneumatophore	� specialized tree root structure that grows out 
from the water surface and facilitates the aeration 
necessary for root respiration

Rhizosphere	 the root zone
Root respiration	� the amount of CO2 released from the rhizosphere 

as a result of the metabolism of roots and root-
associated mycorrhizal fungi

Trenching	 severing roots prior to chamber measurements of CO2
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ABBREVIATIONS
asl	 Above sea level
14C cal ka BP	� Thousands of years before present (based on calibrated 

carbon-14 isotope decay rate)
CH4	 Methane
CO2	 Carbon dioxide
DOC	 Dissolved organic carbon
EC	 Eddy covariance
GHG	 Greenhouse gas
ICCT	 The International Council on Clean Transportation
IFPRI (MIRAGE)	� International Food Policy Research Institute (Modelling 

International Relationships in Applied General Equilibrium)

iLUC	 Indirect land use change
IPCC	 Intergovernmental Panel on Climate Change
N2	 Nitrogen (gas)
N2O	 Nitrous oxide
NH4

+	 Ammonium
NECB	 Net ecosystem carbon balance
NEE	 Net ecosystem exchange
NO3

-	 Nitrate
NOx	 Generic term for nitrogen oxides
NPP	 Net primary production
OP	 Oil palm
POC	 Particulate organic carbon
TOC	 Total organic carbon
USDA	 U.S. Department of Agriculture
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1  INTRODUCTION 
Greenhouse gas (GHG) emissions occur at all points in the oil palm (OP) 
biofuel production chain; however, this report is only concerned with the 
land use change component, and specifically that related to greenhouse gas 
emissions from the long-term peat carbon store.

Palm oil is the world’s principal source of vegetable oils and fats, exceeding 
soybeans. Growth in palm oil production, led primarily by Indonesia and 
Malaysia, has been a key component of meeting growing global vegetable 
oil demand over recent decades (Carter, Finley, Fry, Jackson, & Willis, 2007; 
Fargione, Hill, Tilman, Polasky, & Hawthorne, 2008). With an increasing 
number of countries adopting mandates and incentives for biofuels, palm 

oil has found a new market as a biodiesel feedstock (Zhou & Thomson, 
2009). This growth has been accompanied by mounting concern over 
the impact of the OP industry on tropical forests and carbon-dense peat 
swamp forests in particular. These concerns go beyond the direct risk that 
palm oil specifically destined for biodiesel will be grown at the expense of 
peat swamp forest to include the likelihood that palm oil production will 
expand to fill the resulting supply shortage as other vegetable oils (soy, 
rapeseed, sunflower) are increasingly committed to biodiesel production, 
thus leading to indirect land use change (iLUC). Attempting to quantify the 
carbon consequences of this iLUC, several government regulators (notably 
the U.S. Environmental Protection Agency1, the European Commission,2 and 
the California Air Resources Board3) along with other institutions have used 
economic modeling to predict where land use change is likely to take place 
(e.g. Lapola et al., 2010; Searchinger et al., 2008). 

Traditionally, expansion of palm oil production in Southeast Asia has been 
associated with forest loss (Koh & Wilcove, 2007, 2008), and therefore the 
amount of increased vegetable oil demand that will be met by palm oil has 
been seen as an important parameter in the carbon assessments by these 
models. Despite the high profile of deforestation in Southeast Asia, however, 
these models have generally not included emissions from drained peatlands, 
despite the fact that an increasing proportion of OP plantations are located 
on peatland and that emissions from drainage-impacted peat can be 
significantly greater than emissions from above ground biomass clearance. 
In 2010, the European Commission Joint Research Center (JRC) drew 
attention to this gap in the existing modeling framework and the likelihood 
that correctly including emissions from peat soils could substantially affect 
the carbon balance of biodiesel. Even in the one model that had included 
peat explicitly (IFPRI MIRAGE, see Al-Riffai, Dimaranan & Laborde, 2010), 
an emissions value of 22.5 t CO2-eq ha-1 yr-1 was used, which JRC (2010) 

1    http://www.epa.gov/otaq/fuels/renewablefuels/index.htm

2   http://ec.europa.eu/energy/renewables/consultations/2010_10_31_iluc_and_biofuels_en.htm

3   http://www.arb.ca.gov/fuels/lcfs/lcfs.htm
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notes is a considerable underestimate. This report aims to clarify the issues 
surrounding GHG emissions from drained peat, and provide guidance to 
economic modelers and others on an appropriate range of values to use 
and uncertainties to account for when including peat emissions figures in 
calculations.

Although not addressed in this report, in addition to increasing land-atmo-
sphere carbon emissions, growth in demand for palm oil has also been cited 
as a driver of the loss and fragmentation of both primary and secondary 
(logged) forests and reduced provision of forest ecosystem services, 
including biodiversity, watershed protection, and flooding and erosion 
control (Butler & Laurance, 2009; Danielsen et al., 2009; Fitzherbert et al., 
2008; Koh & Wilcove, 2008). Furthermore, the expansion of OP has been 
accompanied by both positive and negative social and economic outcomes. 
While plantation estates and associated downstream processing and service 
facilities provide employment opportunities (Ministry of Forestry, 2001) and 
contribute to local and national economic growth and poverty reduction  
(Susila, 2004), they have also been responsible for both land and labor 
disputes, particularly where forests subject to indigenous land rights have 
been expropriated (Phalan, 2009). 

1.1  Aims of the report
The primary aims of this report are to:

a)	 review the current understanding of likely rates of carbon and 
greenhouse gas emission from OP plantations on peat soils, and of 
the best-case scenario for reduced peat GHG emissions with best 
agricultural practice; and

b)	 identify best typical estimates and uncertainty profiles for the rate 
of peat GHG4 emissions from palm oil plantations on peat soils in 
Southeast Asia.

1.2  Approach
This report presents a comprehensive review of the available literature 
relating to GHG emissions from OP plantations on peatlands in Southeast 
Asia. In order to assess fully the implications of land use conversion of 
peat swamp forest to OP plantation, it is necessary to describe the carbon 
cycle processes and associated GHG emission dynamics operating in both 
natural peat swamp forest and plantation systems. Furthermore, to evaluate 
the accuracy of current estimates, it is essential to assess and compare 
the empirical methods currently used in quantifying GHG emissions from 
tropical peatlands. Where possible, the review draws on findings from peer-
reviewed scientific literature and official reports; however, publications and 
other sources from the gray (non-peer reviewed) literature are cited where 

4   �The greenhouse gases addressed in this report are carbon dioxide (CO2), methane (CH4) and 
nitrous oxide (N2O).
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necessary. Additionally, while the focus is on OP plantations on tropical 
peatlands, information relating to the peatlands of the temperate and boreal 
climatic zones is referred to where appropriate. The review is structured to 
address the following topics:

a)	 a brief overview of the status of peatlands in Southeast Asia, detailing 
the best currently available estimates of the areal extent of and 
carbon storage in peatlands in the region and the current extent of OP 
plantation development on tropical peatland. 

b)	 the functioning of natural peat swamp forest and tropical peatlands 
that have been converted to OP plantations, specifically relating 
to ecosystem carbon cycle processes and associated carbon GHG 
dynamics, but also assessing the release of N2O.

c)	 an overview of the methods currently used in estimating peat surface 
carbon losses and GHG emissions from tropical peatlands, and from 
tropical peatlands that have undergone land use change for OP 
plantation development.

d)	 a critical review of the literature relating to carbon losses and GHG 
emissions from OP plantations on peat in Southeast Asia, focusing on 
both the empirical data and their use in estimating emissions. 
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2  BACKGROUND

2.1  Peatlands in Southeast Asia
This report relates to lowland tropical peatlands in Southeast Asia; 
specifically, to those peatlands that have experienced land use change 
for OP plantation development. Tropical peatland is one of the Earth’s 
most spatially efficient carbon sinks and largest long-term repositories of 
terrestrial organic carbon (Page, Rieley & Banks, 2011). Although tropical 
peatlands are found in all humid tropical regions, the largest area and 
carbon storage is located in Southeast Asia (Page et al., 2011). The best 
currently available estimates indicate that peatlands in this region cover an 
area of about 247,778 km2 and store approximately 68.5 Gt carbon in the 
peat (Page, et al., 2011). This regional peat carbon store is estimated to be 
77% of the carbon in all tropical peatlands and about 11-14% of the global 
peatland carbon pool (Page et al., 2011). 

Figure 1: The distribution of the main peatland deposits of Southeast Asia. Most 

peatlands occur on the islands of Sumatra and Borneo (Kalimantan, Sarawak, and 

Brunei) and in peninsular Malaysia (derived from the International Council on Clean 

Transportation, in press)

In SE Asia (Fig. 1), extensive peatland carbon resources are located 
in the countries of Indonesia (57.4 Gt C), and Malaysia (9.1 Gt C), with 
less extensive areas in Papua New Guinea, Thailand, Cambodia and the 
Philippines (Delft Hydraulics, 2006, 2010; Page et al., 2011). The majority of 
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these peatlands are located in coastal and subcoastal lowlands less than 20 
m above sea level. Some areas of peatland are found at higher elevations, 
but these represent only a small fraction of the regional peatland area and 
carbon pool (Delft Hydraulics, 2006, 2010; Page et al., 2011) and are unlikely 
to be converted to OP plantations owing to their inaccessibility and climate. 
They are not considered in this report. 

Most SE Asian lowland peatlands are ombrotrophic (rain-fed), although a 
few are minerotrophic (receiving surface runoff and/or groundwater). A 
combination of low topographic relief, impermeable substrates, and high 
effective rainfall have provided conditions suitable for slow decomposition 
of organic material and the accumulation of thick (often >10 m) dome-
shaped deposits of woody peat (Delft Hydraulics, 2006; Jaenicke, Rieley, 
Mott, Kimman, & Siegert, 2008; Page et al., 2009). Peatlands are widespread 
along the region’s maritime fringes, in deltaic areas, and further inland at 
slightly higher elevations (5-15 m asl), where they occur along river valleys 
and in low-altitude, watershed positions. In addition, some isolated basin 
deposits have formed in and around lakes.

2.2  Peat swamp forest
Like all tropical forests, peat swamp forest stores large amounts of carbon 
in plant biomass, with typical values in the range of 100-250 t C ha-1 
(Murdiyarso, Hergoualc’h & Verchot, 2010; Page et al., 2011). The incomplete 
decomposition of dead tree material, especially roots, has led to the slow 
but progressive accumulation of partially decomposed organic material 
(peat) over millennia and has given this ecosystem a very high carbon 
density. The best estimate for Indonesian peatland of 2772 t C ha-1 is based 
on an average peat thickness of 5.50 m (Page et al., 2011). Peat (and carbon) 
accumulates as a result of a positive net imbalance between high tropical 
ecosystem primary production and incomplete organic matter decomposi-
tion in permanently saturated soil conditions (Hooijer et al., 2010; Wösten, 
Clymans, Page, Rieley, & Limin, 2008).
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Peat dome

Stream channels

Clay / sand

Fluctuation of 
water table

Figure 2: Schematic diagram of a tropical peat dome; the water table will be at or 

above the peat surface for much of the year, with limited drawdown during the dry 

season (typical range 30-40 cm).

In a natural state (Fig. 2; Fig. 3), peat swamp forests are characterised by 
dense forest vegetation, thick (up to 20 m) peat deposits, and a ground-
water table that is at or close to the peat surface throughout the year 
(Hirano, Jauhiainen, Inoue, & Takahashi, 2009; Page et al., 2004; Takahashi 
et al., 2002; Wösten et al., 2008). Surface peat is aerobic (unsaturated) only 
during relatively dry periods when the water table falls below the surface 
(Hirano et al., 2007, 2009; Jauhiainen et al., 2005; Jauhiainen, Vasander, 
Rieley, & Page, 2010). Tropical peat has low bulk density (approximately 0.1 
g cm-3) compared to mineral soils, being formed of approximately 10% tree 
remains and 90% water (Hooijer et al., 2010), and is 50-60% carbon by dry 
weight (Neuzil, 1997; Page et al., 2011; Page, Rieley, Shotyk, & Weiss, 1999). 
The proportion of lignin in tropical peat may be up to 75% on a dry mass 
basis (Hardon & Polak, 1941, as cited in Andriesse, 1988). The accumulation 
of peat deposits over time has isolated the peatland surface from mineral-
rich groundwater; hence, ombrotrophic tropical peatlands are generally 
acidic and nutrient-poor, receiving all water and nutrients from precipitation 
(Jauhiainen et al., 2010; Page et al., 1999, 2004; Wösten et al., 2008).
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Figure 3:  View over the peat swamp forest canopy, Kalimantan, Indonesia (left); 

interior of peat swamp forest, Sumatra, Indonesia (right) (Images: S. Page).

The long-term maintenance of peat (and carbon) depends on both continu-
ous inputs of organic matter and incomplete decomposition, a consequence 
of anaerobic conditions within the peat deposit. For peat accumulation 
to occur, the average rate of carbon sequestration must exceed that in 
decomposition losses. (Jauhiainen, Limin, Silvennoinen, & Vasander, 2008; 
Jauhiainen et al., 2005, 2010). 

2.3  Role of tropical peatlands in the global carbon cycle
Only a few peatlands in Southeast Asia have been investigated for peat 
structure, age, development, and rates of peat and carbon accumulation 
(e.g., Brady, 1997; Neuzil, 1997; Page et al., 2004; Wüst & Bustin, 2004). The 
onset and development of peat deposits in this region range from the Late 
Pleistocene through to the Holocene (~40 14C cal ka BP to 3.5-6 cal ka BP; 
Page et al., 2004). Radiocarbon dating of peat material reveals a long-term 
median peat accumulation rate of ~1.3 mm yr-1 (i.e., 67 g C m2 yr-1, assuming 
a peat bulk density of 0.09 and 56% C content), which is about two to 10 
times the rate for boreal and subarctic peatlands (0.2-0.8 mm yr-1; Gorham, 
1991; Page, Wüst & Banks, 2010; Page et al., 2004).

The existence of extensive peat deposits in Southeast Asia demonstrates 
that these ecosystems have functioned as a large net sink for atmospheric 
carbon at millennial time scales (Page et al., 2010, 2004). Currently, however, 
the vast majority of the peatlands in Southeast Asia are to some extent 
degraded as a result of anthropogenic land use change and are emitting 
accumulated carbon faster than it is being sequestered (Hooijer et al., 2010, 
2011; Jauhiainen et al., 2010; Page et al., 2011). Deforestation, drainage, 
large-scale conversion to plantation agriculture, and regular fires have all 
resulted in increased carbon transfer to the environment and loss of carbon 



17

GREENHOUSE GAS EMISSIONS FROM OIL PALM PLANTATIONS

sequestration function. Optimum carbon storage in tropical peat requires a 
combination of high vegetation biomass (carbon sequestration potential), 
a water table that is near to or above the peat surface for most of the year, 
and a much-reduced rate of organic matter decomposition. Drainage and 
other disturbances lead to increased surface peat aeration and decomposi-
tion and carbon losses. Only two studies have been carried out so far on 
the annual ecosystem peat swamp forest carbon balance. Suzuki, Nagano 
& Waijaroen, (1999) found a ~530 g C m-2 yr-1 (5.3 t C ha-1 yr-1) net negative 
carbon balance (indicating peat accumulation, assuming that the biomass 
in mature forest did not vary over the study period) in primary peat swamp 
forest in To-Daeng, Thailand, in a typical wet year. In comparison, Hirano 
et al. (2007) found a ~600 g C m-2 yr-1 (~6 t C ha-1 yr-1) net positive carbon 
balance (peat loss) in drained peat swamp forest in Central Kalimantan, 
Indonesia, during the dry El Niño year of 2002, although this loss was nearly 
halved in wet years due to a higher water table.

Current carbon emissions from drained and fire-affected peatlands in 
Southeast Asia have been estimated to be of the order of ~360 Mt C yr-1: 
~170 Mt C yr-1 from drainage-related peat decomposition (Delft Hydraulics, 
2006) and 190 Mt C yr-1 from peat fires (Page et al., 2002; van der Werf 
et al., 2008). Losses on this scale contribute significantly to atmospheric 
carbon loading and anthropogenic climate change processes (Page et al., 
2011, 2002); the long-term instability of the large amount of carbon stored 
in tropical peatlands is of major concern within the context of contemporary 
climate change (Raupach & Canadell, 2010). 

2.4  Oil palm plantations in Southeast Asia
OP plantation establishment and palm oil production has grown rapidly in 
Southeast Asia, with Indonesia and Malaysia currently meeting more than 
85% of global palm oil demand (Danielsen et al., 2009; Fargione et al., 
2008). In 2006-07, production of palm oil in these two countries was 31.9 
x 103 metric tonnes, rising to 41.1 x 103 metric tonnes in 2010-11 (Foreign 
Agricultural Service, 2011). This increase has contributed to deforestation 
across the Southeast Asian region and is increasingly focused on peat soils 
(Fig. 4). Between 1990 and 2007, 5.1 Mha of the total 15.5 Mha of peatland in 
peninsular Malaysia and the islands of Borneo and Sumatra was deforested, 
drained, and burned, while most of the remainder was logged intensively 
(Langner & Siegert, 2009; Miettinen & Liew, 2010). Over the same period, 
industrial OP and pulpwood (Acacia) plantations expanded dramatically, 
from 0.3 Mha to 2.3 Mha (likely comprising 2.1 Mha of OP and 0.2 Mha of 
Acacia), an increase from two percent to 15% of the total peatland area 
(Miettinen & Liew, 2010).5 The estimated area of 2.1 Mha for industrial-scale 
OP plantations on peat in peninsular Malaysia, Sumatra, and Borneo in 2010 

5   �The recent estimate of ~0.9 Mha of OP plantation on peatland by Koh, Miettinen, Liew, & 
Ghazoul (2011) is for mature OP that was planted before 2002, with young OP plantations not 
captured by their analysis method (Paoli et al., 2011).



18

ICCT WHITE PAPER NO. 15

was recently confirmed by a mapping exercise using high-resolution remote 
sensing imagery (ICCT, in press).

The area of OP on peat in Malaysia is estimated to have increased from 0.38 
Mha in 2000 to 0.53 Mha in 2010 (ICCT, in press), with most of this increase 
occurring in Sarawak. Over the period 2000-2010, ca. 0.42 Mha of peatland 
was opened in Sarawak for OP production and expansion, with a total area 
of 1.2 Mha anticipated to be opened by the year 2020. In Indonesia, OP 
plantations on peat are estimated to cover 1.3 Mha (ICCT, in press), with 
around 1.0 Mha occurring in Sumatra and 0.3 Mha in Kalimantan. Projections 
indicate an increase to a total area of 2.5 Mha in Sumatra and Kalimantan by 
the year 2020 (ICCT, in press).

Figure 4: Oil palm plantations on peat: (left) immature stage (Image: S. Page) and 

(right) mature stage, note the leaning trunks owing to low load-bearing capacity of 

peat soils (Image: J. Jauhiainen).

2.5  Carbon and greenhouse gas balance of tropical 
peatlands
The tropical peatland carbon and GHG balance is determined largely by 
the net balance between carbon uptake in photosynthesis and carbon 
release through ecosystem respiration by: (a) vegetation (referred to as 
autotrophic respiration and resulting in carbon dioxide [CO2] emissions from 
both plant foliage and root systems) and (b) by the organisms involved 
in organic matter biological decomposition (known as heterotrophic 
respiration, involving the loss of carbon as CO2 and CH4, or methane, by 
organisms involved in aerobic and anaerobic decomposition of organic 
matter, comprising plant litter, roots and their exudates, dead animals, fungi, 
bacteria and the peat itself; Fig. 5). An additional, smaller amount of carbon 
is leached out from the system in drainage runoff as dissolved organic 
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carbon (DOC) or particulate organic carbon (POC; Moore, Gauci, Evans, & 
Page, 2011). Furthermore, under certain conditions, the cycling of nitrogen 
(N) makes some tropical peatlands a source of the potent greenhouse gas 
nitrous oxide (N2O), especially if fertilizer has been added to promote agri-
cultural or plantation productivity (Germer & Sauerborn, 2008; Jauhiainen et 
al., 2011; Melling, Goh, Beauvais, & Hatano, 2007a; Murdiyarso et al., 2010).
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Figure 5: Schematic representation of carbon cycle processes, flow paths and stores 

in tropical peat (after Jauhiainen, Heikkinen, Martikainen, & Vasander, 2001).

The following sections provide an overview of the processes and controls 
driving carbon and GHG fluxes in tropical peat swamp forests. It is important 
to note (a) that carbon cycle and GHG processes are highly dynamic and 
vary at all spatial and temporal scales owing to regional and local variations 
in macro- and micro-climate and hydrology, as well as localised variations 
in vegetation and peat decomposition dynamics (Hooijer et al., 2011; 
Jauhiainen, Hooijer, & Page, in review; Jauhiainen et al., 2005, 2010; JRC, 
2010; Renewable Fuels Agency, 2010); and (b) that in terms of emissions 
and global warming potential, CO2 is the most important gas emitted from 
drained peatlands, contributing 98% or more of the total combined global 
warming potential (GWP) of CO2, CH4 and N2O (Couwenberg, Dommain & 
Joosten, 2010; Jauhiainen et al., 2011). This report focuses on carbon losses 
and GHG emissions arising from biological processes; it excludes fires, which 
are an additional source of CO2, CO, CH4 and NOx formed during combustion 
of biomass and peat. 
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2.5.1  CARBON DIOXIDE (CO2)

In peat swamp forest, atmospheric CO2 is fixed (reduced to carbohydrate) 
during photosynthesis by the vegetation. Some of this gross primary 
production (GPP) is returned quickly to the atmosphere via the autotrophic 
respiration of the vegetation itself and mycorrhizal fungi associated with 
tree roots, while the remaining net primary production (NPP) is manifest 
as increments to the above- and below-ground forest biomass. Tree litter, 
in the form of leaves, branches and occasional boles, is deposited onto 
the peatland surface, whilst the turnover of fine roots results in deposition 
of organic matter directly within the peat profile. If oxic conditions (low 
water table) are present in the upper peat profile, decomposition of this 
organic matter (carbon) and some of the surface peat proceeds along 

aerobic pathways by heterotrophic bacteria and fungi, which release CO2 
to the atmosphere. If the water table is at or above the peat surface, then 
aerobic peat decomposition is in practice prevented and decomposition 
of deposited organic matter takes place at a reduced rate along anaerobic 
pathways by methanogenic heterotrophic bacteria, resulting in the release 
of CH4 (see below). The undecomposed fraction is incorporated into the 
surface peat layer. As tropical peatlands are typically ombrogenous (entirely 
rain-fed), fluctuations in the peatland water table are largely a function of 
seasonal changes in rainfall and the capacity of the peatland surface to slow 
radial water flow, e.g. through the presence of a hummock-hollow surface 
microtopography (Jauhiainen et al., 2010; Page, Hooijer, Rieley, Banks, 
& Hoscilo, in press). The accumulation of peat and long-term storage of 
carbon occurs when a fraction of the organic matter produced by the forest 
vegetation enters the saturated peat zone below the permanent water table.

To date, there have been few studies addressing whole ecosystem CO2 
budgets for peat swamp forests in Southeast Asia (Hirano et al., 2007; 
Suzuki et al., 1999) with only one addressing CO2 emissions from an intact 
primary forest in Thailand (Suzuki et al., 1999). Most peer-reviewed scientific 
literature presents gaseous CO2 emissions from the peat surface only (Ali, 
Taylor & Inubushi, 2006; Furukawa, Inubushi, Ali, Itang, & Tsuruta, 2005; 
Hadi et al., 2005; Hirano et al., 2009; Inubushi, Furakawa, Hadi, Purnomo, 
& Tsuruta, 2003; Jauhiainen et al., in review, 2008, 2005; Melling, Hatano & 
Goh, 2005a). 

The key processes influencing CO2 exchange between tropical peat swamp 
forest and the atmosphere are the rates of NPP (photosynthesis minus 
autotrophic respiration) and CO2 emissions from the peat soil (Hirano et al., 
2009, 2007; Suzuki et al., 1999). The rate of NPP depends largely on the 
structure (density, girth, height) of the forest vegetation, which varies across 
the peat dome in response to hydrology, peat thickness, and nutrient status 
(Page et al., 1999; .Fig. 2), together with any natural or anthropogenic distur-
bances (e.g., fire or logging). Heterotrophic CO2 emissions from the peat are 
influenced by microbial population dynamics, the quality (decomposability) 
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and quantity of the organic material available for decomposition (litter, peat 
and root exudates), which in turn is a function of past and present vegeta-
tion dynamics, microbial responses to hydrology (water table depth and soil 
moisture), air and peat temperature, and peat nutrient status (Brady, 1997; 
Hirano et al., 2009; Jauhiainen et al. in review, 2008, 2005; Yule & Gomez, 
2009). In general, increased availability of labile (i.e., readily decompos-
able) organic material, the lowering of the peatland water table (increased 
aeration), increased temperatures, or higher peat nutrient status (e.g., as 
a result of fertilization) will all enhance peat decomposition rates and CO2 
emission from the peat.

Development of tropical peatland for agriculture and plantations requires 
radical changes in the vegetation cover (i.e., replacement of forest by crop 
plants) and permanent drainage. These changes reduce or, in most cases, 
remove the carbon sink capacity of the peatland system by (a) lowering of 
the peat water table, which ensures continuous aerobic decomposition of 
organic matter, increased peat temperature, and hence enhanced aerobic 
heterotrophic respiration and higher peat surface CO2 emissions for much 
if not all of the year (Delft Hydraulics, 2009; Hooijer, Haasnoot, van der 
Vat & Vernimmen, 2008; Jauhiainen, in review) and (b) greatly reducing or 
stopping carbon inputs to the peat from biomass. As a consequence, the 
peat swamp ecosystem switches from a net carbon sink to a net carbon 
source (i.e., peat accumulation is replaced by peat degradation), with large 
CO2 losses from enhanced aerobic peat decomposition (Delft Hydraulics, 
2006; Hooijer et al., 2010, 2011; Jauhiainen et al., in review, 2008).

2.5.2  METHANE (CH4)

Methane (CH4) is produced during the decomposition of organic matter 
by methanogenic bacteria under anaerobic conditions (Jauhiainen et al., 
2005). CH4 diffusing towards the atmosphere may also be oxidized to CO2 
by methanotrophic bacteria at times when oxic conditions are present in 
the upper peat profile (e.g., during the dry season when the water table 
falls below the surface; Couwenberg et al., 2010; Inubushi et al., 2003; 
Jauhiainen et al., 2008, 2005). Key factors controlling CH4 production are 
water table, temperature, and the quality (decomposability) and quantity of 
litter and root exudates, which provide an additional carbon source (Hirano 
et al., 2009; Inubushi et al., 2003; Melling et al., 2005a). Peat CH4 emissions 
typically increase when the water table rises, as fresh litter becomes 
available to methanogens and methanotrophy is reduced. Conversely, 
CH4 emissions decrease when the water table falls, owing to lower CH4 
production, increased methanotrophy and conversion of CH4 liberated from 
waterlogged peat deeper in the profile to CO2 as it passes through the 
unsaturated, oxic surface peat (Inubushi et al., 2003; Jauhiainen et al., 2008, 
2005; Melling et al., 2005a; Couwenberg et al., 2010). CH4 fluxes in tropical 
peat are low compared to those in northern peatlands, a fact that has been 



22

ICCT WHITE PAPER NO. 15

attributed to the much higher amount of lignin-derived carbon compounds 
in the former (Couwenberg et al., 2010).

2.5.3  NITROUS OXIDE (N2O)

The cycling of nitrogen in tropical peatlands can result in the production of 
the potent greenhouse gas nitrous oxide (N2O). Emissions of N2O may be 
a significant component of the peat greenhouse gas balance, as N2O has 
a global warming potential 298 times that of CO2 on a 100-year time scale 
(IPCC, 2006). N2O is a byproduct of the biological process of nitrification 
(the conversion of ammonium, NH4

+, to nitrate, NO3
-), and as an intermedi-

ate of denitrification (conversion of NO3
- to N2O or N2) (Jauhiainen et al., 

2011). Factors that influence N2O production include peat temperature, soil 
moisture and water-filled pore space, and the nitrogen status of the peat 
(Hadi et al., 2000; Inubushi et al., 2003; Melling et al., 2007a). N2O emissions 
are typically erratic, often occurring as pulse events, spatially variable and 
hard to predict, as they are generally not well correlated with any single 
environmental factor. Providing other conditions allow, maximum N2O 
emissions from peat usually occur under conditions intermediate between 
aerobic and anaerobic; changes in peat hydrology may therefore have a 
major influence on N2O emissions (Jauhiainen et al., 2011). As drainage 
increases peat mineralization rates and NO3

- availability, the potential for 
N2O production becomes significantly greater (Hadi et al., 2000; Jauhiainen 
et al., 2011). Similarly, applications of nitrogen fertilizer generally serve to 
increase rates of N2O emission (Hadi et al., 2000; Takakai et al., 2006), 
although this increase can be a transient phenomenon if high nitrogen 
availability is not maintained (Jauhiainen et al., 2011).

2.5.4  �DISSOLVED AND PARTICULATE ORGANIC CARBON  
(DOC AND POC)

In addition to gaseous emissions from peat, carbon is also lost from peatlands 
via movement of dissolved and particulate organic carbon (DOC and POC, 
respectively) along hydrological pathways (Baum, Rixen & Samiaji, 2007; 
Moore et al., 2011). The total loss of fluvial carbon is termed total organic 
carbon (TOC). In general terms, the distinction between DOC and POC is 
based on the size fraction of the organic material: DOC is defined as material 
that passes through a 0.45 µm filter, whilst POC is the larger particulate 
material retained (Moore et al., 2011). Fluvial carbon outflow is increasingly 
recognized as an important component of tropical peatland carbon budgets 
(Moore et al., 2011). As these authors note, however, the ultimate fate of 
carbon exported from peatlands via fluvial pathways remains largely unquan-
tified and it is not known how much of this carbon is converted and emitted 
as CO2 and/or CH4 during fluvial transport, nor how much remains climatically 
inert in long-term storage in riverine, estuarine, and benthic sediments (Battin, 
Luyssaert, Kaplan, Richter, & Tranvik, 2009; Moore et al., 2011).
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3  IMPACTS OF OIL PLANTATION DEVELOPMENT
In their natural state, the wet and nutrient poor conditions of tropical 
peatlands are unfavorable for OP plantations or, indeed, most forms of agri-
cultural production. To be productive and competitive with more favorable 
mineral soils, the development of OP plantations on tropical peats requires 
considerable anthropogenic modification of these ecosystems, including 
removal of forest trees; clearance of remaining debris, often accomplished 
using fire (JRC, 2010; Murdiyarso et al., 2010); and drainage to create 
appropriate soil moisture conditions for the OP crop (Delft Hydraulics, 2006; 
Hooijer et al. 2010). Drainage is accomplished by construction of a network 
of deep canals and shallower ditches to facilitate rapid removal of water 
from the OP rooting zone (Alterra, 2008; Delft Hydraulics, 2006; Hooijer et 

al. 2010). Additionally, the peat surface is often compacted by running heavy 
vehicles over it to improve the load-bearing capacity of the substrate and 
increase the stability of the palms (Alterra, 2008; Melling, Hatano, & Goh, 
2007b). Application of nitrogen fertilizer in the form of urea is necessary to 
optimize the productivity of the palms growing on the drained peat (Melling 
et al., 2007a; Murdiyarso et al., 2010). OP plantations typically operate on 
a 25-year production cycle, because harvesting costs become increasingly 
restrictive as tree height increases and palm kernel productivity declines 
(Corley & Tinker, 2003). On completion of a productive cycle, the plantation 
is renewed by land clearance, renewed drainage, and replanting.

3.1  �Impacts of oil palm plantation development on 
peatland carbon and greenhouse gas emissions

The conversion of peat swamp forest to OP plantation has major impacts 
on the carbon and GHG balance of tropical peatland (Hooijer et al, 2010, 
2011; Murdiyarso et al., 2010), because significant amounts of stored carbon 

are lost at all stages of the land use conversion and plantation management 
processes (Alterra, 2008; Murdiyarso et al., 2010). In the case of natural 
forest conversion, there is a one-off loss of carbon from the original forest 
biomass, although biomass carbon losses may be lower when other land 
cover types, such as degraded (logged-over) forest or, less commonly, 
existing agricultural lands are converted (Paoli et al., 2011). The replace-
ment oil palms store much less carbon in their biomass than either intact 
or degraded peat swamp forest; Murdiyarso et al. (2010), for example, 
suggest values of 254.5 and 24.2 Mg C ha-1 for natural peat swamp forest 
and OP, respectively. Although land clearance by fire has been banned 
for some years, it is still in widespread use, particularly by smallholders 
lacking access to heavy plant machinery (JRC, 2010; Suyanto, Applegate, 
Permana, Khususiyah, & Kurniawan, 2004) but also by some larger planta-
tion operators, especially in Indonesia (Hergoualc’h & Verchot, 2011). Carbon 
losses attributable to land clearance by fire are very large, particularly when 
surface peat ignites (Delft Hydraulics, 2006; Hooijer et al., 2010; Murdiyarso 
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et al., 2010; Page et al., 2002), and represent a carbon stock loss additional 
to that arising from forest biomass combustion (Germer & Sauerborn, 
2008; Gibbs et al., 2008; Murdiyarso et al., 2010) and peat carbon losses 
in decomposition following drainage. In cases where burning is not used in 
land clearance, forest debris is typically piled up on the land surface and left 
to decompose and oxidize to CO2 over time (JRC, 2010). The most signifi-
cant and long-term effects on the carbon and GHG balances of plantations, 
however, are caused by drainage-related changes to peat carbon stocks, 
together with the loss of carbon sequestration by the native peat swamp 
ecosystem (Fargione et al., 2008; Germer & Sauerborn, 2008; Hooijer et al., 
2010, 2011; Murdiyarso et al., 2010; Page et al., 2011).

3.2  Impacts of peatland drainage
The accumulation and long-term maintenance of peat carbon requires a 
continuous supply of organic matter and a water table that is at or close 
to the peatland surface throughout the year (Hirano et al., 2007, 2009; 
Jauhiainen et al., 2008, 2005; Suzuki et al., 1999). Drainage and vegetation 
replacement therefore remove the two fundamental prerequisites required 
for peat accumulation and carbon storage (Delft Hydraulics, 2006; Hooijer 
et al. 2010; Jauhiainen et al., 2010). OP cultivation requires drainage depths 
of between 0.6 and 0.85 m (Henson & Dolmat, 2003; JRC, 2010; Singh, 
2008) but in practice, these often exceed 1 m and even deeper drainage 
has been observed in the field (Delft Hydraulics, 2006; Hooijer et al. 2010, 
2011). Although OP cultivation is possible at shallower drainage depths, 
palm productivity is reduced significantly and is less economically viable 
(Alterra, 2008).

The drainage of previously saturated peat immediately initiates the subsid-
ence of the peatland surface and leads to a reduction in peat volume 
(Couwenberg et al., 2010; Delft Hydraulics, 2006; Hooijer et al. 2010; 
Wetlands International, 2009a; Wösten, Ismail & van Wijk, 1997). Subsidence 
is a function of the processes of peat consolidation, shrinkage, and compac-
tion, and the decomposition (oxidation) of previously water saturated peat 
under aerobic conditions (Alterra, 2008; Delft Hydraulics, 2006; Hooijer et 
al. 2010; 2011; Wösten et al., 1997). Subsidence rates are rapid in the first one 
to two years following drainage, as the peat consolidates owing to increased 
overburden resulting from a loss of buoyancy (Hooijer et al., 2011) and can 
result in initial subsidence rates of more than 0.5 m yr-1 (Hooijer et al., 2011; 
Wösten et al., 1997). Following this primary stage of subsidence, a secondary 
phase of irreversible shrinkage and compaction of the peat together with 
rapid rates of peat decomposition leads to a slower but constant rate 
of subsidence (Hooijer et al., 2011; Wösten et al., 1997). The processes of 
consolidation, shrinkage, and compaction are entirely physical, and no 
carbon is lost, but peat bulk density (and carbon concentration) increases 
with time since drainage (Delft Hydraulics, 2006; Hooijer et al. 2010, 
2011; Wösten et al., 1997). Use of machinery for drainage operations and 
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consolidation of the peat before OP planting takes place further increases 
the bulk density of the surface peat. Although not considered here, losses of 
surface peat due to combustion during fire may also contribute to observed 
subsidence rates (Hooijer et al., 2010; Wösten et al., 1997).

The exposure of previously saturated peat to aerobic conditions leads 
to the rapid transfer of historically accumulated and previously stable 
carbon to the atmosphere (Delft Hydraulics, 2006; Hooijer et al., 2010, 
2011; Renewable Fuels Agency, 2010). Recent studies show that OP litter 
inputs are quickly decomposed under aerobic conditions and unable to 
compensate for rapid rates of peat decomposition following drainage 
(Germer & Sauerborn, 2008). Peat CO2 emissions are generally highest in 
the initial stages of drainage, owing to the rapid decomposition of a limited 
pool of labile carbon, but may decline over time as the relative amount 
of recalcitrant carbon compounds increases (Alterra, 2008; Couwenberg 
et al., 2010; Hooijer et al., 2011). Increases in peat temperature following 
drainage, however, particularly in the early stages of plantation establish-
ment (or following replanting) before a closed canopy develops, along 
with applications of nitrogen fertilizers, may counterbalance this effect and 
maintain high rates of CO2 emission (Hooijer et al., 2011; Jauhiainen et al., 
2011; Murdiyarso et al., 2010). In order to sustain OP production, regular 
maintenance of the drainage channels is required as subsidence brings the 
water level back towards the peat surface (Delft Hydraulics, 2006; Hooijer 
et al. 2010; JRC, 2010). The cultivation of OP on tropical peat will, therefore, 
lead to the inevitable loss of peat with emission of CO2 to the atmosphere 
(Fig. 6), the ultimate magnitude and timing of which will depend on peat 
depth and OP cultivation intensity (e.g., drainage and fertilization; Fargione 
et al., 2008; Renewable Fuels Agency, 2010). Before all of the peat ulti-
mately disappears, however, the water table may reach the drainage base, at 
which point it becomes impossible to remove any more water; this results in 
flooding and brings an end to all plantation use. Furthermore, in addition to 
to the direct peat CO2 emissions from OP plantations, losses can also occur 
from adjacent forested areas where the water table is lowered because of 
drainage in the plantation (Hooijer et al., 2011). These indirect emissions 
should also be attributed to OP plantations.
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Natural situation:
• Water table close to surface
• Peat accumulation from vegetation  
  over thousands of years

Drainage:
• Water tables lowered
• Peat surface subsidence and 
  CO2 emission starts

Continued drainage:
• Decomposition of dry peat: CO2 emission
• High fire risk in dry peat: CO2 emission
• Peat surface subsidence due to decomposition 
  and shrinkage

End stage:
• Most peat carbon above drainage limit released to 
   the atmosphere within decades,
• unless conservation / mitigation measures are taken

5 - 50 km

1 - 10 m

Water table

Peat dome

Clay / sand

Stream channels

former extent 
of peat dome

Figure 6: Schematic illustration of drainage effects on a peatland dome (modified 

from Delft Hydraulics, 2006)

In contrast to the large losses of CO2, CH4 emissions are reduced following 
drainage owing to increased rates of methanotrophy in the larger volume 
of aerated surface peat (Couwenberg et al., 2010; Jauhiainen et al., 2008; 
Melling et al., 2005b). CH4 emissions may be high, however, from water 
surfaces in the network of ditches and canals required to drain plantations 
(Jauhiainen, unpublished data). Accelerated rates of nitrogen mineraliza-
tion under drained aerobic conditions, together with high rates of fertilizer 
application, may contribute to high rates of N2O emission (see section 2.5.3; 
Jauhiainen et al., 2011; Melling et al., 2007a; Murdiyarso et al., 2010).



27

GREENHOUSE GAS EMISSIONS FROM OIL PALM PLANTATIONS

4  �CARBON CYCLE TERMINOLOGY AND GHG 
MEASUREMENT METHODOLOGIES

4.1  Terminology
In terms of carbon exchange processes (fluxes) in peat swamp forests, it is 
critical to define the appropriate carbon cycle terminology. According to 
Alterra (2008), much of the recent confusion surrounding carbon emissions 
from OP plantations on tropical peatland results from inadequate under-
standing of carbon cycle processes and the components of the peatland 
carbon balance captured by various measurement techniques. These misun-
derstandings have resulted in the misinterpretation of results presented 
by empirical studies. A study by Melling et al. (2005b), for example, which 
reported only on peat surface CO2 emissions at a drainage affected peat 
swamp forest and at OP and sago palm plantations, has frequently been 
misinterpreted as representing the total net ecosystem-atmosphere CO2 
exchange. Subsequently, the erroneous conclusion has been made that 
large-scale conversion of natural peat swamp forest to OP plantation is 
beneficial in reducing net CO2 emissions into the atmosphere (e.g., Tan, Lee, 
Mohamed, & Bhatia, 2009; Yew, Sundram & Basiron, 2010). This is based 
on the wrong assumption that the measurements of Melling et al. (2005b) 
included both peat surface emissions and photosynthetic uptake of CO2 by 
vegetation. For example, the large amount of CO2 emitted from the floor 
of an undrained peat swamp forest is likely to be mostly or completely 
reabsorbed by the vegetation, making the ecosystem CO2 neutral or slightly 
negative (i.e., excess biomass production accumulates as peat). On the 
other hand, degraded peat swamp forest or plantation on drained peat 
may appear to be releasing similar quantities of CO2 from the peat surface 

to an undrained forest, but a greatly reduced vegetation canopy will not be 
sequestering as much CO2, so these systems will be CO2-positive — i.e., net 
CO2 emitters.

The net ecosystem carbon balance (NECB) of a peatland ecosystem consists 
of gaseous surface-to-atmosphere exchanges of CO2 and CH4, and fluvial 
losses of DOC and POC. The residual, after accounting for these losses and 
gains, manifests as increments to or losses from the forest biomass and peat 
carbon pool over time. The net ecosystem exchange of CO2 (NEE) is the 
balance between the opposing fluxes of CO2 sequestration in photosynthesis 
and release via respiration (Reichstein et al., 2005). Ecosystem respiration 
is the combined loss of CO2 to the atmosphere from all the various respiring 
elements of the ecosystem (from above- and below-ground vegetation 
and associated mycorrhizae, other soil fungi. and bacteria); ecosystem 
respiration, therefore, represents the sum of autotrophic and heterotrophic 
respiration (Reichstein et al., 2005). Peat respiration is the total amount 
of CO2 emitted at the peat surface, and is the combination of root and 
root-associated mycorrhizal (autotrophic) respiration and the respiration of  
heterotrophic macro- and microorganisms involved in the decomposition 
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of organic matter (Jauhiainen et al., 2010). Root respiration is CO2 released 
from the root zone (the rhizosphere) as a result of the metabolism of roots 
and root-associated mycorrhizal fungi, while peat heterotrophic respiration 
CO2 emissions are from decomposition of organic matter (Alterra, 2008; 
Jauhiainen et al., in review, 2005, 2010). As all other CO2 losses are derived 
from recent photosynthates, it is only carbon released via the decomposi-
tion of organic matter (fresh plant litter and peat) resulting in emission of 
CO2 and CH4 into the atmosphere (Kuzyakov, 2006), along with the release 
of DOC and POC into waterways, that contribute to net losses from the 
peat carbon pool (Moore et al., 2011). In practice, however, it is difficult to 
separate autotrophic from heterotrophic emissions in peat because of the 
problem of obtaining measurements under truly root-free conditions and 
also because organic matter decomposition in vegetated peatlands may 
also involve microorganisms that connect with plant roots (mycorrhizae).

The net ecosystem-atmosphere exchange of CO2 (NEE) is the largest 
component of the carbon balance in tropical peat swamp forest and is 
essential to the long-term stability of peatland carbon stocks (Hirano et al., 
2007). Where photosynthetic uptake of CO2 exceeds all respiratory losses of 
CO2 (denoted by negative values of NEE) there will be a surplus of carbon in 
organic matter within the system, preserved in biomass of live organisms or 
in dead organic matter, which, over time, forms peat. Peatland degradation 
of any form (logging, drainage etc.) disrupts the ecosystem’s CO2 balance; 
NEE becomes positive, reflecting a net transfer of carbon from the system 
to the atmosphere, as a consequence of both reduced carbon inputs 
(reduced biomass and photosynthetic capacity) and increased carbon 
outputs (principally from increased heterotrophic respiratory losses, i.e., 
decomposition of peat and litter).

The emission or consumption of CH4 represents the balance between meth-
anogenesis (CH4 production) under anoxic conditions and methanotrophy 
(CH4 consumption) within the oxic peat profile (when present). Additionally, 
CH4 may also be emitted to the atmosphere via ebullition (bubbling) or via 
plant aerenchyma tissues (e.g. pneumataphore root structures in some peat 
swamp trees; Couwenberg et al., 2010). All studies to date indicate that the 
net volumes of methane exchanged between the peat surface and the atmo-
sphere are relatively low in tropical peatlands, i.e., less than 10% CO2-eq, and 
that drainage further reduces the peat CH4 emission potential (Jauhiainen et 
al., 2011; Melling et al., 2005a).

4.2  Methods of assessing greenhouse gas emissions
Various methods have been used for estimating carbon and GHG fluxes 
and budgets in tropical peatlands. In general, these can be classified as: (a) 
direct measurements of gaseous (and fluvial) fluxes that are applicable to 
all three biogenic greenhouse gases (CO2, CH4 and N2O), and (b) estimates 
based on peat subsidence rates (only relevant to carbon loss from drained 
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peatlands). This section provides an overview of these measurement 
techniques. It is important to note that each technique has its advantages 
and disadvantages, largely relating to the spatial and temporal scales of 
measurement. Additionally, it is critical to have a clear understanding of 
exactly which components of the carbon and GHG budgets are measured 
by each method and, perhaps more importantly, which components are 
not measured or cannot be adequately differentiated. It is worth restating 
that it is only the carbon released from decomposition of historically 
accumulated peat that is of relevance to global carbon emissions and 
anthropogenic climate change (Couwenberg et al., 2010; Kuzyakov, 2006). 

4.2.1  FLUX CHAMBERS

The most widely used method of assessing surface-to-atmosphere GHG 
fluxes in tropical peatlands is the closed chamber (or enclosure) technique 
(Figure 7; Ali et al., 2006; Hirano et al., 2007, 2009; Jauhiainen et al., 2011, 
2005; Melling et al., 2005a, b, 2007a, b; and others reviewed in Couwenberg 
et al., 2010). Chamber methods provide data on surface-to-atmosphere 
gaseous flux exchange from small, well-defined areas at specific points in 
time that are scaled up to provide time-integrated GHG budgets for longer 
time periods and larger areas. While a number of variants on this methodol-
ogy exist (e.g., chamber size and design and whether chambers are static 
or dynamic, clear or opaque), the basic measurement principle involves 
creating a sealed volume over an area considered to be representative 
of surface conditions (Denmead, 2008). In practice, an airtight vessel is 
placed directly onto the peat surface (usually using a fixed collar) to prevent 
leakage and allow gas concentrations to increase in the chamber headspace 
over time. Gas concentrations are quantified either by the static method, in 
which samples are collected in syringes at specific intervals for subsequent 
laboratory analysis, or the dynamic method, in which air is circulated from 
the chamber headspace to a portable gas analyser to provide instantaneous 
readings in the field (Denmead, 2008). Flux rates are determined subse-
quently by linear regression of the change in gas concentration as a function 
of incubation time. Readings are typically rejected when the change in gas 
concentration is non-linear (indicating leaks or soil disturbance), or when the 
coefficient of gas concentration linearity (r2) is less than 0.9 in the samples 
included in the analysis (Baird, Holden, & Chapman, 2009). Thus, appropriate 
use of static closed chamber method requires an absolute minimum of three 
gas subsamples to be taken during incubation and included in the calculation 
of each flux estimate. Closed chamber incubation time must be adjusted 
so that the analytical system being used is able to determine GHG flux with 
the required level of accuracy — i.e., slow gas exchange rates require longer 
incubation periods. The instantaneous readings provided by dynamic systems, 
which use high gas sampling frequency for flux determination, are therefore 
advantageous in enabling real-time data quality assessment.
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Figure 7: Closed chamber measurements being made in the field; large static 

chamber (left) and dynamic chamber and CO2 analyzer (right; images: J. Jauhiainen).

Closed chambers may be either clear (transparent) or dark (opaque). 
The use of clear chambers allows photosynthetic uptake of CO2 by the 
vegetation to be accounted for and can therefore be used to measure the 
net ecosystem CO2 exchange with the atmosphere. This technique can, 
however, only be applied in low-growing vegetation and is of no use in 
forested peatland. A further challenge caused by the use of sealed, clear 
closed chambers in a hot tropical climate is the maintenance of a stable 
temperature during vegetation light- and dark-reaction measurements. The 

use of dark closed chambers excludes the photosynthetic capture of CO2 
by vegetation. When using dark chambers, vegetation must be absent from 
the enclosed chamber area in order to ensure that contributions from plant 
respiration are not included in the analyzed CO2 concentration. Practically 
all closed chamber measurements in tropical peatlands have employed the 
dark chamber technique to assess peat surface CO2 emissions, because the 
stature of the forest or plantation vegetation means that the small volume 
measurement chambers are practical only for capturing CO2 emitted at 
the peat surface (i.e., soil-to-atmosphere gas exchange only, excluding the 
above-ground vegetation processes of photosynthesis and respiration). In 
situations where the vegetation stature is low (e.g., at some tropical agricul-
tural sites), it has been possible to use a combination of clear (transparent) 
and dark chambers to obtain estimates of the net ecosystem exchange 
of CO2 (i.e., including the light and dark CO2 exchange processes in the 
enclosed vegetation). 



31

GREENHOUSE GAS EMISSIONS FROM OIL PALM PLANTATIONS

The majority of investigations using the dark closed chamber technique 
in tropical peatlands provide measurements of undifferentiated (total) 
peat respiration. From such data, it is not possible to quantify the CO2 
emission portion attributable to peat or litter decomposition (heterotrophic 
respiration) from emissions from vegetation root respiration (autotrophic 
respiration), either because these studies provide no information on the 
volume of roots at the monitoring sites and/or because there is insufficient 
reporting of the measurement conditions and of field methodologies to 
exclude CO2 contributions from subsurface vegetation respiration. As root 
respiration (respiration of root systems, recent root litter, and root exudates) 
is derived from recent photosynthates that do not contribute to net 
carbon losses from the peat carbon pool, site comparisons of net peat CO2 
emissions using dark chambers are largely ineffective owing to variations in 
root biomass and associated autotrophic respiration rates (Couwenberg et 
al., 2010; Hooijer et al., 2010; Jauhiainen et al., in review, 2008, 2005). Closed 
chamber measurements of peat surface CH4 and N2O are generally less 
complex than for CO2, as emissions are derived from organic matter decom-
position only, but care is required to avoid disturbances that may artificially 
trigger episodic ebullition of these gases (Baird et al. 2009; Couwenberg et 
al., 2010; Jauhiainen et al., 2011; Wetlands International, 2009a).

Closed chambers have been used to quantify peat surface emissions of 
all three biogenic GHGs in a range of tropical peatlands (Ali et al., 2006; 
Chimner, 2004; Chimner & Ewel, 2004; Darung, 2004; Forest Research 
Institute Malaysia, 2008; Furukawa et al., 2005; Hadi et al., 2005; Hadi, 
Inubushi, Purnomo, Furukawa, & Tsuruta, 2002; Hadi et al., 2000; Hirano 
et al., 2007, 2009; Inubushi et al., 2003; Inubushi & Hadi, 2007; Inubushi 
et al., 2005; Ismail, Zulkefli, Salma, Jamaludin, & Mohamad Hanif, 2008; 
Jauhiainen et al., 2008, 2005; Jauhiainen, Vasander, Heikkinen, & Marikainen, 
2002; Jauhiainen et al., 2004; Kyuma, Kaneko, Zahari, & Ambak, 1992; 
Melling et al., 2007a, Melling, Goh & Hatano, 2006; Melling et al., 2005a, b, 
2007b; Murayama & Bakar, 1996; Rumbang, Radjagukguk & Projitno, 2008; 
Southeast Asia Regional Committee for START, 2001; Suzuki et al., 1999; 
Takakai et al., 2005, 2006; Ueda et al., 2000; Vien, Phuong, & Jauhiainen, 
2008). It should be noted, however, that most of these studies have not 
claimed to address the quantification of gaseous emissions from peat 
decomposition only, although some of these data have been used subse-
quently for this purpose.

Several techniques have been developed to differentiate total peat CO2 
emissions into autotrophic and heterotrophic components. These include 
isotopic techniques and trenching. According to Kuzyakov (2006) and 
Couwenberg et al., (2010), isotopic techniques, based on analysis of stable 
or radiocarbon isotopes, are valid only under controlled laboratory condi-
tions and are often prohibitively expensive and generally imprecise, while 
methods that attempt to exclude root respiration in the field are often 
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destructive or may alter system dynamics in ways that prevent robust 
estimates of heterotrophic CO2 emissions. The most common, although not 
widely used, method of differentiating root and peat emissions in tropical 
peatlands is trenching, whereby roots are severed prior to the start of gas 
flux monitoring by closed chambers (Jauhiainen et al., in review; Melling et 
al., 2007b); subsequently, the peat is cut in order to prevent root ingrowth. 
Severed roots may continue to respire for months after trenching; trenching 
may also alter thermal and hydrological properties of the peat and remove 
the rhizosphere priming effect (whereby the presence of roots and root 
exudates stimulate heterotrophic processes). Thus, peat CO2 emissions are 
likely underestimated over the long term by this approach (Couwenberg et 
al., 2010; Jauhiainen et al., 2011b; Wetlands International, 2009a). According 
to Couwenberg et al., (2010), it remains doubtful that any study has truly 
managed to report differentiated decomposition CO2 emissions from peat, 
although a recent study by Jauhiainen et al. (in review) appears to have 
achieved this by combining the trenching approach with measurements 
made along transects at variable distances from evenly spaced plantation 
trees, i.e., both within and beyond the principal tree rooting zone, enabling 
assessment of essentially root-free respiration from the peat surface.

Other limitations of closed chamber estimates may include: long chamber 
incubation times that may alter temperature and pressure conditions 
that, in turn, may influence emission rates from the soil; alterations to the 
microclimate within the chamber headspace; and the methods used for 
extrapolating infrequent small-scale measurements to larger spatial and 
temporal scales (Denmead, 2008). Spatial and temporal up-scaling from 
closed chamber estimates typically involves using averages of replicate 
measurements, assumed to represent the full range of spatial variability 
present in the ecosystem, multiplied by area and time. This implies that the 
full range of spatial variability is captured by the measurements, when in 
reality it is not due to the inherent spatial heterogeneity of peat substrates, 
and that the relative area of each ‘habitat’ type is accurately known (Becker 
et al., 2008; Jauhiainen et al., 2005). Sensitivity analyses provided by 
Jauhiainen et al. (2005) showed that annual estimates of peat surface 
emissions in intact peat swamp forest depended strongly on assumptions 
relating to peat surface microtopography and the relative proportions of 
hummocks and hollows (i.e., areas of relative dryness and wetness).

In terms of temporal upscaling, GHG emissions from the peat surface often 
show marked diurnal and seasonal cycles (Ali et al., 2006; Hirano et al., 
2009), and there may be lags between biological gas production within 
the peat profile and emissions measured at the surface (Denmead, 2008). 
Moreover, most measurements of GHG emissions from tropical peatlands 
have been made during the day over relatively short time intervals and at 
only a few times during the year (e.g., Melling et al., 2005a, b, 2007a, b; 
Murayama & Bakar, 1996). Closed chamber measurements biased towards 



33

GREENHOUSE GAS EMISSIONS FROM OIL PALM PLANTATIONS

one part of the diurnal (or seasonal) cycle are inadequate and may prove 
misleading when extrapolated in time (Denmead, 2008; Jauhiainen et al., 
2011). To fully account for diurnal effects, closed chamber measurements 
should, ideally, be conducted over complete diurnal cycles (Denmead, 
2008). Furthermore, adequate accounting for seasonal and inter-annual 
variability using closed chamber techniques requires numerous, high 
frequency measurements to be made over long periods of time (Denmead, 
2008; Jauhiainen et al., 2011) or, although not yet generally used for 
tropical peatlands, the use of a series of automated chamber systems 
capable of providing continuous GHG flux measurements (Denmead, 2008; 
Hirano et al., 2009; Wang, Dalal, Reeves, Butterbach-Bahl, & Kiese, 2011). 
In general, the majority of studies using closed chamber methods for 
tropical peatlands have not been based on sufficient numbers of replicates 
over sufficient length of time to provide statistically robust flux values or 
uncertainty ranges.

4.2.2  EDDY COVARIANCE

Eddy covariance (EC) measurements are based on micrometeorological 
(aerodynamic) theory; a full description of the technique is beyond the 
scope of this review (see: Baldocchi, 2003; Law & Verma, 2004). In general 
terms, EC uses fast response (typically 20 Hz) sensors mounted on a tower 
up to a number of meters above the vegetation canopy to sample the 
vertical component of atmospheric turbulence (using a sonic anemometer), 
and the concentration of the atmospheric scalar (e.g., greenhouse gas, water 
vapor) of interest (using infrared gas analysis for CO2 or quantum cascade 
lasers for CH4 and N2O; Fig. 8). Fluxes are computed as the mean covariance 
between the vertical wind speed and the concentration of the relevant GHG. 
The EC technique is widely considered as the most appropriate method of 
quantifying ecosystem-atmosphere greenhouse gas budgets (e.g. Baldocchi, 
2003; Laine et al., 2006). It provides direct measurements of net ecosystem-
atmosphere GHG exchange across the vegetation-soil-atmosphere interface 
(Baldocchi, 2003). In contrast to closed chambers, EC is able to provide 
continuous, multiyear, whole ecosystem gaseous flux measurements (e.g., 
including the photosynthesis and respiration of the forest vegetation) from a 
relatively large (hectares to km2) source area or “flux footprint” (Baldocchi, 
2003). Following a number of corrections, largely related to atmospheric 
conditions and limitations inherent to EC measurement systems, surface-
atmosphere fluxes are obtained as 30-minute to hourly averages that can 
be integrated over time, providing daily, seasonal, and annual budgets 
(Aubinet et al., 2000). It should be noted that while the aim of EC is to 
provide continuous measurements, some level of data gap filling is always 
required due to unavoidable data loss (Baldocchi, 2003; Moffat et al., 2007; 
Reichstein et al., 2005).
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Figure 8: An eddy covariance flux tower measuring surface-atmosphere exchanges 

of CO2 water and energy at a restored fen peatland in the United Kingdom (left). 

Eddy covariance instrumentation, consisting of a sonic anemometer, an infrared 

gas analyzer, and sensors for measuring photosynthetically active radiation, air 

temperature and relative humidity (right). (Images: R. Morrison).

The EC technique is in widespread use across the globe as the primary tool 
of the global FLUXNET community (Baldocchi et al., 2001; FLUXNET, 2011). In 
addition to the EC system, EC stations are generally equipped with a suite of 
meteorological sensors (e.g., radiation, temperature, precipitation, humidity, and 
soil moisture content) that facilitate analyses of whole ecosystem responses 
to diurnal, seasonal, and interannual variability in environmental conditions. 
When deployed within the FLUXNET framework, EC enables a previously 
unprecedented understanding of the functioning of the carbon dynamics 
of the terrestrial biosphere (Baldocchi et al., 2001). Historically, the method 

has been widely used to measure the net ecosystem exchange of CO2 and 
energy fluxes; however, recent advances in instrumentation are now enabling 
EC measurements of CH4 and N2O (e.g., di Marco, Skiba, Weston, Hargreaves, 
& Fowler, 2004; Rinne et al., 2007). Despite the widespread adoption of EC 
and a growing number of studies in northern peatlands (e.g., Hendricks, van 
Huissteden, Dolman, & van der Molen, 2007; Lloyd, 2006; Roulet et al., 2007), 
there are few published EC studies addressing CO2 balances from tropical peat 
swamp forests (Hirano et al., 2007, 2009; Suzuki et al. 1999), and none that 
have reported on emissions from OP plantations on peatlands.

In the case of CO2, the EC technique provides a measurement of the NEE of 
CO2 (the balance between photosynthetic uptake and losses via ecosystem 
respiration). Although it is possible to partition NEE into GPP and total 
ecosystem respiration using modeling approaches (Desai et al., 2007; Lasslop 
et al., 2010; Reichstein et al., 2005), it is not possible to partition ecosystem 
respiration into its autotrophic and heterotrophic components on the basis 
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of EC measurements alone (Couwenberg et al., 2010; Wetlands International, 
2009a). Partitioning of net peat CO2 emissions would require additional use 
of closed chambers and/or detailed accounting of biomass, litter and peat 
carbon stocks (Couwenberg et al., 2010; Wetlands International, 2009a). It is 
also important to note that EC provides a spatial average of GHG emissions 
from within the flux footprint, and does not provide information on small-scale 
processes operating at lower spatial scales, which could lead to erroneous 
conclusions where emissions “hot spots” exist (Becker et al., 2009; Laine et 
al., 2006; Teh et al., 2011). Moreover, the footprint of EC measurements varies 
according to wind direction and atmospheric conditions, and care is required 
in interpreting results where heterogeneous surface conditions exist and in 
relating large-scale flux measurements to spatially variable drivers such as 
drainage depth. Further logistical considerations include the expense and 
technical problems associated with installing a tower and providing a continu-
ous energy source. 

4.2.3  MEASUREMENTS OF DOC AND POC

Losses of DOC and POC from peatlands are not captured by closed chamber 
or eddy covariance techniques, and estimation requires measurements of 
both DOC and POC concentrations and fluvial discharge rates (Moore et 
al., 2011). Loss rates are then estimated by multiplication of fluvial carbon 
concentrations with flow rates. Thus far, estimates of DOC and POC losses from 
tropical peatlands have been based on measurements from rivers draining 
peat-covered catchments and are applicable only at large spatial and temporal 
scales (Baum et al., 2007; Moore et al., 2010; Fig. 9). Measurements of fluvial 
carbon discharge from catchments containing OP plantations are required.

Figure 9: Blackwater stream draining a peatland in Central Kalimantan, Indonesia 

(Image:  S. Moore).
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4.2.4  SUBSIDENCE MONITORING

In addition to direct flux measurements, it is also possible to estimate net 
carbon emissions from drained peatlands on the basis of peat surface 
subsidence rates (Couwenberg et al., 2010; Delft Hydraulics, 2006; Hooijer 
et al. 2010, 2011; Wösten et al., 1997). Peat carbon losses are (or should be) 
reported as CO2-eq (carbon dioxide equivalents); however, because most 
of the emissions are gaseous CO2 losses, the subsidence method does 
not measure CO2 emission per se. The subsidence method integrates total 
carbon loss and thus is insensitive to the differing forms of carbon (CO2, 
CH4, POC, DOC); these need to be studied by other techniques if informa-
tion on the proportional contribution of each carbon form is required, e.g., 
in order to calculate GWP contributions correctly. Data on carbon loss 

derived from subsidence monitoring data are generally considered to be 
more reliable for estimating carbon losses from drained peat than those 
obtained from closed chambers, because they are capable of providing 
a time-integrated measure of the net carbon balance of the peat. The 
relatively long integration period required for successful application of the 
subsidence method means, however, that it is not sufficiently sensitive to 
detect changes in carbon dynamics over short time scales — i.e, the impact 
of possible diurnal or even seasonal differences on carbon loss cannot be 
measured. For experimental studies on carbon dynamics (such as  studies 
on the impact of fertilization on peat decomposition), the method requires 
long time periods and large-scale experiments across reference areas. 

Figure 10: Subsidence 

pole inserted in peatland 

in Johor, peninsular 

Malaysia. The pole was 

inserted beside an oil palm 

plantation in 1978 and at 

the time of this photograph 

(2007), 2.3 m of subsidence 

had occurred (the human 

“measuring stick,” Dr. Chris 

Banks, is 2 m tall).  

(Image: J. Jauhiainen).
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Subsidence monitoring exploits measurements of changes in peat surface 
position over time, as a measure of changes in peat thickness (Fig. 10). As 
subsidence is a function of both physical processes of compaction and 
consolidation and the biological process of peat decomposition (oxidation), 
the relative contribution of peat decomposition to the overall subsidence 
must be determined using peat bulk density profiles and measurements 
of peat carbon concentration obtained both before and after drainage 
(Couwenberg et al., 2010; Hooijer et al., 2011). For example, if the peatland 
surface and volume are reduced by half in any given time, and peat bulk 
density has doubled, then all subsidence can be attributed to mechanical 
processes; if all other factors remain constant and peat bulk density has not 
changed, then all subsidence can be said to be from peat decomposition 
(Hooijer et al., 2011). Published estimates of the relative contribution of peat 
decomposition to overall subsidence rates vary significantly; values ranging  
from 40% to 100% have been reported for peatlands globally (Couwenberg 
et al., 2010; Hooijer et al., 2011; Murayama & Bakar, 1996; Murdiyarso et al., 
2010). It should, however, be noted that the lower numbers in this range 
apply to temperate climates, and that the highest decomposition contribu-
tions are reported and expected for tropical climates as peat decomposition 
is highly temperature-dependent (Stephens, Allen & Chen, 1984). According 
to Hooijer et al. (2011), the percentage of subsidence attributed to decom-
position increases in the years following drainage. This implies that carbon 
emissions from peat decomposition are highest in the years immediately 
after drainage, but the relative contribution of heterotrophic peat decom-
position to overall subsidence rates increases with time. The very  fact 
that drained peat eventually disappears from the landscape confirms that 
decomposition must ultimately account for 100% of observed subsidence 
(Hooijer et al., 2011). Previously, overestimation of the compaction and 
shrinkage component in the overall long-term subsidence process, largely 
due to inadequate or insufficient carbon content and bulk density measure-
ments, has led to underestimation of the carbon emissions arising from peat 
decomposition and oversimplification of the physical subsidence process 
(e.g., Hergoualc’h & Verchot, 2011; Wösten et al., 1997).

The key limitation of subsidence monitoring to quantify carbon loss is that 
subsidence is a slow process and may require monitoring over a number of 
years before estimates of carbon loss can be obtained. However, this period 
can sometimes be shortened to two years or even one if measurements 
meet the highest standards, are conducted in sufficiently large numbers at 
tens or even hundreds of locations, and coincide with a period of relatively 
“normal” weather conditions (Hooijer et al., 2011). A long observation period 
increases the risk of occasional disturbances at individual poles and thus 
the loss of subsequent data for that measurement location, so trade-offs 
often need to be made among monitoring duration, number of monitoring 
points, and monitoring quality. Additional problems relate to the availability 
of high-quality bulk density data for complete peat profiles obtained both 
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before and during multiple time steps after drainage, as well as the assump-
tion that drainage is the only process driving subsidence, which does not 
explicitly consider the interactive effects of peat depth and type, land use 
history, temperature, and fertilization (Murdiyarso et al., 2010) or micro-scale 
variations in peat characteristics and topography. In addition, confidence 
limits or reliability analyses have not been provided for most subsidence 
data. Although subsidence is typically monitored using poles anchored into 
the substrate underlying the peat (Fig. 10), remote sensing techniques can 
be used to monitor subsidence over large spatial scales (Ballhorn, Siegert, 
Mason, & Limin, 2009). Providing the rate of peat subsidence and the 
proportion attributable to decomposition can be adequately determined, 
the combination of satellite data and modeling presents a promising and 
accurate means of assessing peat carbon emissions at both local and 
regional scales (Couwenberg et al., 2010). 

4.3  Methods conclusion
From the above review, it is clear that while each method of assessing 
carbon and GHG emissions from drained tropical peatlands has its relative 
advantages, no method alone is capable of assessing the full peatland GHG 
balance. Most of the criticisms of tropical GHG flux studies to date have 
focused on studies using the closed chamber measurement technique since 
these have been the most numerous, but all the methods identified above 
need modification based on the particular characteristics of the tropical 
peatland environment. In terms of direct gaseous flux measurements, Laine 
et al. (2006) suggest that EC is the measurement technique of choice 
for research relating to long-term ecosystem-scale GHG budgets, while 
closed chamber techniques are better suited to developing environmental 
response functions and for assessments of the spatial variability in carbon 
containment and other GHG emissions from peat. Subsidence monitoring 
can provide an accurate, time-integrated measure of total carbon loss 
from peat soils following drainage, but often needs monitoring over longer 
time periods and requires accurate measurements of peat bulk density 
profiles for estimating the fraction of subsidence that is attributable to peat 
decomposition.

In the ideal case, emissions from tropical peatlands should be monitored 
using a combination of all methods: (a) EC to provide continuous gaseous 
flux measurements at the ecosystem scale, subsidence monitoring to 
assess total carbon loss from peat soils; (b) closed chamber measurements 
(ideally using automated chamber systems) for assessing smaller-scale 
emissions dynamics for various GHGs and spatially explicit responses of 
peat surface GHG flux dynamics to local environmental conditions (e.g., 
location on peat dome, peat type and depth, depth of groundwater table, 
time since drainage, fertilization, etc.); and (c) measurements of TOC (DOC 
and POC) to assess lateral movements of carbon and subsidence monitor-
ing to assess peat-only carbon emissions. Additionally, a coordinated 
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measurement framework is required to monitor and compare the scale of 
carbon emissions from peat swamp forests and peatland under a range of 
other land uses, including OP plantation. The temporal transition from native 
peat swamp forest to OP plantation should be captured in order to account 
for variations in emissions with time since land use conversion, whilst the 
spatial transition from undrained to drainage-affected forest should be 
covered in order to account for the impact that plantation drainage has on 
enhanced peat emissions several kilometers beyond the plantation drainage 
system (Hooijer et al., 2011). Full accounting of the regional variability in 
GHG emissions in response to large-scale biophysical variations (e.g., rainfall 
regimes) requires measurements at a number of sites across the peatlands 
of the Southeast Asian region.
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5  �REVIEW OF PUBLICATIONS ON EMISSIONS 
FROM OIL PALM PLANTATIONS

This review indentifies a number of recent publications addressing GHG 
emissions from OP plantations on tropical peat (e.g., Danielsen et al., 2009; 
Fargione et al., 2008; Germer & Sauerborn, 2008; JRC, 2010; Koh et al., 
2011; Murdiyarso et al., 2010; Reijnders & Huijbregts, 2008; Wicke, Dornburg, 
Jungiger, & Faaij, 2008). The key features and results of these studies are 
summarized in Table 2. The publications reviewed differ in scope, some 
addressing GHG emissions for the entire OP biofuel production-transport-
consumption chain (Fargione et al., 2008; Reijnders & Huijbregts, 2008; 
Wicke et al. 2008), others focusing solely on land use related emissions 
(Germer & Sauerborn, 2008; Koh et al., 2011; Murdiyarso et al., 2011). In 

addition to estimating emissions following land use conversion of tropical 
peat swamp forest to OP plantation, a number of studies also provide 
estimates of emissions from ecosystems other than peatlands, such as: rain 
forests on mineral soils (Fargione et al., 2008; Wicke et al., 2008), degraded 
lands (Danielsen et al., 2009; Wicke et al., 2008), and anthropogenic grass-
lands (Germer & Sauerborn, 2008). Studies also differ in how the impacts 
of OP plantation developments are quantified, some providing estimates 
of GHG emissions over the complete OP production cycle (Germer & 
Sauerborn, 2008), others also providing annualized emissions (Murdiyarso 
et al., 2010), and some focusing on the biofuel carbon debt or carbon 
payback time required to compensate for biofuels derived from OP feed-
stocks (Fargione et al., 2008; Gibbs et al., 2008). Despite these differences, 
however, the conclusion from all studies is that whilst carbon losses from 
biomass replacement and land clearance are considerable, it is the large and 
sustained CO2 emissions from drained peat that contribute most to overall 
emissions and carbon debts. According to Danielsen et al. (2008), Fargione 
et al. (2008), and Gibbs et al. (2008), for example, the conversion of tropical 
peat swamp forest for OP production results in biofuel carbon debts that 
would require between 420 and 900 years to repay. It is also noteworthy 
that studies considering OP plantation establishment on grasslands or 
degraded lands have estimated that OP produced on these areas could lead 
to much shorter carbon payback times (Danielsen et al., 2009) and higher 
biomass carbon storage in OP relative to the former ecosystems (Germer & 
Sauerborn, 2008).

Table 2 (next page): Summary of key components and findings of recent studies 

aiming to quantify ecosystem level greenhouse gas emissions from oil palm 

production systems in Southeast Asia;  Only studies considering emissions from 

the entire ecosystem have been included. Studies providing emissions estimates for 

peat surface emissions are considered in more detail in the main text and in Table 3. 

Negative values denote a net sink.



41

GREENHOUSE GAS EMISSIONS FROM OIL PALM PLANTATIONS
R

E
F

E
R

E
N

C
E

D
E

S
C

R
IP

T
IO

N
K

E
Y

 F
IN

D
IN

G
S

G
e

rm
e

r 
&

 
S

au
e

rb
o

rn
 

(2
0

0
7

)

L
it

er
at

u
re

 r
ev

ie
w

 a
n

d
 a

n
al

ys
is

 a
im

in
g

 t
o

 q
u

an
ti

fy
 g

re
en

h
o

u
se

 g
as

 
em

is
si

o
n

s 
fr

o
m

 O
P

 p
la

n
ta

ti
o

n
s 

o
n

 t
ro

p
ic

al
 r

ai
n

 f
o

re
st

s 
(o

n
 m

in
er

al
 s

o
ils

),
 

p
ea

tl
an

d
s 

an
d

 a
n

th
ro

p
o

g
en

ic
 g

ra
ss

la
n

d
s.

 C
o

n
si

d
er

ed
 c

h
an

g
es

 in
 b

io
m

as
s 

ca
rb

o
n

 s
to

ra
g

e,
 e

m
is

si
o

n
s 

fr
o

m
 la

n
d

 c
le

ar
an

ce
 (

in
cl

u
d

in
g

 fi
re

) 
an

d
 

em
is

si
o

n
s 

fr
o

m
 s

o
ils

.

E
st

im
at

ed
 n

et
 g

re
en

h
o

u
se

 g
as

 b
al

an
ce

 o
ve

r 
25

-y
ea

r 
p

ro
d

u
ct

io
n

 c
yc

le
: 

-1
3

4
 ±

 3
6

 M
g

 C
O

2-
eq

 h
a-1

 f
o

r 
d

eg
ra

d
ed

 g
ra

ss
la

n
d

s 
(i

.e
. n

et
 s

in
k)

; 6
6

8
 ±

 3
72

 
M

g
 C

O
2-

eq
 h

a-1
 f

o
r 

fo
re

st
 c

o
nv

er
si

o
n

 o
n

 m
in

er
al

 s
o

ils
; 1

3
3

5
 ±

 6
9

0
 M

g
 C

O
2-

eq
 

h
a-1

 f
o

r 
fo

re
st

 c
o

nv
er

si
o

n
 o

n
 p

ea
tl

an
d

.

F
ar

g
io

n
e

 e
t 

al
. 

(2
0

0
8

)
A

n
al

ys
is

 a
im

in
g

 t
o

 q
u

an
ti

fy
 t

h
e 

b
io

fu
el

 c
ar

b
o

n
 d

eb
t 

o
f 

va
ri

o
u

s 
b

io
fu

el
 

p
ro

d
u

ct
io

n
 s

ys
te

m
s.

 C
o

n
si

d
er

ed
 O

P
 p

ro
d

u
ct

io
n

 o
n

 lo
w

la
n

d
 t

ro
p

ic
al

 
ra

in
fo

re
st

s 
o

n
 m

in
er

al
 s

o
ils

 in
 S

o
u

th
ea

st
 A

si
a.

 C
o

n
si

d
er

ed
 la

n
d

 u
se

 a
n

d
 

o
th

er
 c

o
m

p
o

n
en

ts
 o

f 
th

e 
O

P
 b

io
fu

el
 p

ro
d

u
ct

io
n

 c
h

ai
n

. E
m

is
si

o
n

 e
st

im
at

es
 

o
b

ta
in

ed
 f

ro
m

 li
te

ra
tu

re
 r

ev
ie

w
.

E
st

im
at

ed
 e

m
is

si
o

n
s 

(o
ve

r 
a 

5
0

-y
ea

r 
p

er
io

d
) 

an
d

 c
ar

b
o

n
 b

io
fu

el
 d

eb
ts

 o
f:

 
6

10
 M

g
 C

O
2-

eq
 h

a-1
 a

n
d

 c
ar

b
o

n
 d

eb
t 

o
f 

8
6

 y
ea

rs
 f

o
r 

lo
w

la
n

d
 f

o
re

st
; 3

0
0

0
 

M
g

 C
O

2-
eq

 h
a-1

 a
n

d
 c

ar
b

o
n

 d
eb

t 
o

f 
4

20
 y

ea
rs

 f
o

r 
p

ea
tl

an
d

; a
ls

o
 c

o
n

si
d

er
ed

 
em

is
si

o
n

s 
o

ve
r 

12
0

 y
ea

rs
 f

o
r 

p
ea

ts
 d

ee
p

er
 t

h
an

 3
 m

 a
n

d
 e

st
im

at
ed

 
em

is
si

o
n

s 
o

f 
6

0
0

0
 M

g
 C

O
2-

eq
 h

a-1
 a

n
d

 b
io

fu
el

 c
ar

b
o

n
 d

eb
t 

o
f 

8
4

0
 y

ea
rs

.

R
e

ij
n

d
e

rs
 &

 
H

u
ij

b
re

g
ts

 
(2

0
0

8
)

A
ss

es
sm

en
t 

o
f 

g
as

eo
u

s 
ca

rb
o

n
 e

m
is

si
o

n
s 

fr
o

m
 t

h
e 

O
P

 p
ro

d
u

ct
io

n
 c

yc
le

 
in

 S
o

u
th

ea
st

 A
si

a.
 F

o
cu

s 
is

 o
n

 O
P

 p
la

n
ta

ti
o

n
s 

th
at

 r
ep

la
ce

 t
ro

p
ic

al
 f

o
re

st
. 

E
m

is
si

o
n

s 
es

ti
m

at
ed

 f
ro

m
 li

te
ra

tu
re

 r
ev

ie
w

. N
o

te
d

 t
h

e 
sc

ar
ci

ty
 o

f 
d

at
a 

o
n

 c
ar

b
o

n
 e

m
is

si
o

n
s 

fr
o

m
 b

u
rn

in
g

 a
n

d
 p

ea
t 

re
sp

ir
at

io
n

 a
n

d
 s

u
g

g
es

te
d

 
em

is
si

o
n

 v
al

u
es

 u
se

d
 m

ay
 n

o
t 

ad
eq

u
at

el
y 

re
p

re
se

n
t 

tr
u

e 
em

is
si

o
n

s.

E
st

im
at

ed
 a

b
o

ve
g

ro
u

n
d

 b
io

m
as

s 
ca

rb
o

n
 lo

ss
es

 o
f 

27
.5

 M
g

 C
O

2 
h

a-1
 y

r-1
 

o
ve

r 
a 

25
 y

ea
r 

p
la

n
ta

ti
o

n
 li

fe
 c

yc
le

 a
n

d
 lo

ss
es

 o
f 

C
O

2 
fr

o
m

 p
ea

t 
at

 3
6

.7
 

to
 5

5
 M

g
 C

O
2-

eq
 h

a-1
 y

r-1
 o

ve
r 

a 
25

-y
ea

r 
p

la
n

ta
ti

o
n

 li
fe

 c
yc

le
. E

st
im

at
ed

 
C

O
2 

em
is

si
o

n
s 

o
f 

1.
5

 t
o

 5
.8

 M
g

 C
O

2-
eq

 p
er

 t
o

n
 o

f 
p

al
m

 o
il 

p
ro

d
u

ce
d

 f
ro

m
 

co
nv

er
ti

n
g

 f
o

re
st

s 
o

n
 m

in
er

al
 s

o
ils

, a
n

d
 9

 t
o

 1
7 

M
g

 C
O

2-
eq

 p
er

 t
o

n
 p

al
m

 o
il 

fo
r 

co
nv

er
si

o
n

 o
f 

fo
re

st
 o

n
 p

ea
tl

an
d

.

W
ic

ke
 e

t 
al

. 
(2

0
0

8
)

S
tu

d
y 

ai
m

ed
 t

o
 q

u
an

ti
fy

 g
re

en
h

o
u

se
 g

as
 e

m
is

si
o

n
s 

fr
o

m
 p

al
m

 o
il 

p
ro

d
u

ct
io

n
 in

 B
o

rn
eo

 f
o

r 
el

ec
tr

ic
it

y 
g

en
er

at
io

n
 in

 t
h

e 
N

et
h

er
la

n
d

s.
 

C
o

n
si

d
er

ed
 g

re
en

h
o

u
se

 g
as

 e
m

is
si

o
n

s 
fr

o
m

 c
o

nv
er

si
o

n
 o

f 
d

eg
ra

d
ed

 
g

ra
ss

la
n

d
s,

 f
o

re
st

s 
o

n
 m

in
er

al
 s

o
ils

 a
n

d
 f

o
re

st
s 

o
n

 p
ea

tl
an

d
s.

 C
o

m
p

ar
ed

 
to

 f
o

ss
il 

en
er

g
y 

p
ro

d
u

ct
io

n
 s

ys
te

m
s 

ac
co

rd
in

g
 t

o
 t

h
e 

5
0

-7
0

%
 g

re
en

h
o

u
se

 
g

as
 e

m
is

si
o

n
 r

ed
u

ct
io

n
s 

su
st

ai
n

ab
ili

ty
 c

ri
te

ri
a 

o
f 

th
e 

C
ra

m
er

 C
o

m
m

is
si

o
n

. 
B

io
m

as
s 

an
d

 e
m

is
si

o
n

s 
d

at
a 

o
b

ta
in

ed
 f

ro
m

 IP
C

C
 d

ef
au

lt
s 

an
d

 li
te

ra
tu

re
 

re
vi

ew
.

C
o

n
cl

u
d

ed
 t

h
at

 la
n

d
 u

se
 c

h
an

g
e 

is
 t

h
e 

m
o

st
 d

ec
is

iv
e 

fa
ct

o
r 

in
 o

ve
ra

ll 
g

re
en

h
o

u
se

 g
as

 e
m

is
si

o
n

s.
 O

P
 p

la
n

ta
ti

o
n

s 
o

n
 d

eg
ra

d
ed

 a
n

d
 w

el
l 

m
an

ag
ed

 la
n

d
s 

ca
n

 b
e 

a 
n

et
 c

ar
b

o
n

 s
in

k.
 O

P
 p

la
n

ta
ti

o
n

s 
o

n
 f

o
rm

er
 r

ai
n

 
fo

re
st

s 
o

n
 m

in
er

al
 s

o
ils

 a
n

d
 p

ea
tl

an
d

s 
h

av
e 

su
ch

 la
rg

e 
g

re
en

h
o

u
se

 g
as

 
em

is
si

o
n

s 
th

at
 t

h
ey

 w
ill

 n
o

t 
b

e 
ab

le
 t

o
 m

ee
t 

5
0

-7
0

%
 G

H
G

 e
m

is
si

o
n

s 
re

d
u

ct
io

n
s 

re
la

ti
ve

 t
o

 f
o

ss
il 

en
er

g
y 

sy
st

em
s.

D
an

ie
ls

e
n

 e
t 

al
. 

(2
0

0
9

)
A

n
al

ys
is

 a
im

ed
 t

o
 q

u
an

ti
fy

 c
ar

b
o

n
 p

ay
b

ac
k 

ti
m

es
 a

n
d

 b
io

d
iv

er
si

ty
 lo

ss
es

 
as

so
ci

at
ed

 w
it

h
 O

P
 p

la
n

ta
ti

o
n

 d
ev

el
o

p
m

en
t 

fo
r 

b
io

fu
el

 p
ro

d
u

ct
io

n
. 

C
o

n
si

d
er

ed
 O

P
 p

la
n

ta
ti

o
n

 d
ev

el
o

p
m

en
t 

o
n

 r
ai

n
fo

re
st

s 
o

n
 m

in
er

al
 s

o
ils

, 
p

ea
tl

an
d

 a
n

d
 Im

p
er

et
a 

g
ra

ss
la

n
d

. E
m

is
si

o
n

s 
es

ti
m

at
ed

 f
ro

m
 t

h
e 

lit
er

at
u

re
. 

C
o

n
si

d
er

ed
 e

m
is

si
o

n
s 

fr
o

m
 f

o
re

st
 c

le
ar

an
ce

 (
lo

g
g

in
g

 a
n

d
 b

u
rn

in
g

),
 

re
p

la
ce

m
en

t 
o

f 
fo

re
st

 b
io

m
as

s,
 C

O
2 

em
is

si
o

n
s 

fr
o

m
 d

ra
in

ed
 p

ea
t 

so
ils

. 
A

ls
o

 in
cl

u
d

ed
 e

m
is

si
o

n
s 

fr
o

m
 n

o
n

-l
an

d
 u

se
 r

el
at

ed
 c

o
m

p
o

n
en

ts
 o

f 
th

e 
O

P
 

b
io

fu
el

 c
h

ai
n

.

E
st

im
at

ed
 c

ar
b

o
n

 p
ay

b
ac

k 
ti

m
es

 o
f:

 7
5

 t
o

 9
3

 y
ea

rs
 f

o
r 

O
P

 p
ro

d
u

ct
io

n
 o

n
 

tr
o

p
ic

al
 f

o
re

st
s 

(m
in

er
al

 s
o

ils
);

 6
9

2 
ye

ar
s 

fo
r 

O
P

 p
ro

d
u

ct
io

n
 o

n
 p

ea
tl

an
d

; 
10

 y
ea

rs
 f

o
r 

Im
p

er
at

a 
g

ra
ss

la
n

d
s.

 

JR
C

 (
2

0
10

)
R

ep
o

rt
 o

n
 iL

U
C

 m
o

d
el

in
g

 o
f 

b
io

fu
el

 f
ee

d
st

o
ck

 e
xp

an
si

o
n

. I
F

P
R

I-
M

IR
A

G
E

 
m

o
d

el
 u

se
d

 t
o

 a
ss

es
s 

em
is

si
o

n
s 

fr
o

m
 O

P
 o

n
 t

ro
p

ic
al

 p
ea

tl
an

d
. 

H
ig

h
lig

h
te

d
 t

h
at

 t
h

e 
va

lu
es

 u
se

d
 t

o
 e

st
im

at
e 

em
is

si
o

n
s 

fr
o

m
 d

ra
in

ed
 

p
ea

tl
an

d
s 

u
se

d
 f

o
r 

p
ro

d
u

ct
io

n
 o

f 
O

P
 f

ee
d

st
o

ck
s 

ar
e 

lik
el

y 
to

 b
e 

u
n

d
er

es
ti

m
at

ed
 d

u
e 

to
 u

n
ce

rt
ai

n
ti

es
 in

 t
h

e 
ar

ea
 o

f 
p

ea
tl

an
d

 u
se

d
 f

o
r 

p
ro

d
u

ct
io

n
, a

n
d

 t
h

e 
va

lu
es

 u
se

d
 t

o
 r

ep
re

se
n

t 
C

O
2 

em
is

si
o

n
s 

fr
o

m
 d

ra
in

ed
 

p
ea

t 
ar

e 
b

as
ed

 o
n

 v
al

u
es

 t
h

at
 d

o
 n

o
t 

ac
co

u
n

t 
fo

r 
th

e 
d

ee
p

 d
ra

in
ag

e 
re

q
u

ir
ed

 f
o

r 
O

P.
 

M
u

rd
iy

ar
so

 e
t 

al
. (

2
0

10
)

A
n

al
ys

is
 o

f 
ec

o
sy

st
em

 s
ca

le
 c

ar
b

o
n

 lo
ss

 f
ro

m
 la

n
d

 u
se

 c
o

nv
er

si
o

n
 o

f 
tr

o
p

ic
al

 p
ea

tl
an

d
 t

o
 O

P
 a

n
d

 S
ag

o
 p

la
n

ta
ti

o
n

s.
 B

io
m

as
s 

an
d

 e
m

is
si

o
n

s 
d

at
a 

o
b

ta
in

ed
 f

ro
m

 t
h

e 
lit

er
at

u
re

. T
h

is
 s

tu
d

y 
is

 u
n

iq
u

e 
in

 a
tt

em
p

ti
n

g
 t

o
 

ac
co

u
n

t 
fo

r 
al

l e
co

sy
st

em
 C

 fl
u

xe
s 

u
si

n
g

 li
te

ra
tu

re
 v

al
u

es
. P

ea
t 

re
sp

ir
at

io
n

 
es

ti
m

at
ed

 b
y 

su
b

tr
ac

ti
n

g
 r

o
o

t 
em

is
si

o
n

s 
es

ti
m

at
ed

 u
si

n
g

 a
 p

h
ys

io
lo

g
ic

al
 

m
o

d
el

 c
al

ib
ra

te
d

 f
o

r 
m

in
er

al
 s

o
ils

. B
al

an
ce

d
 in

p
u

ts
 a

n
d

 o
u

tp
u

ts
 t

o
 t

h
e 

p
ea

t 
ca

rb
o

n
 p

o
o

l u
si

n
g

 e
st

im
at

es
 o

f 
ca

rb
o

n
 lo

st
 b

y 
la

n
d

 c
le

ar
an

ce
 u

si
n

g
 

fi
re

, a
b

o
ve

- 
an

d
 b

el
o

w
g

ro
u

n
d

 b
io

m
as

s 
in

p
u

ts
 a

n
d

 lo
ss

es
 o

f 
fl

u
vi

al
 c

ar
b

o
n

. 
E

st
im

at
es

 o
f 

b
io

m
as

s 
in

p
u

ts
 e

st
im

at
ed

 f
ro

m
 m

in
er

al
 s

o
ils

; fl
u

vi
al

 lo
ss

es
 o

f 
ca

rb
o

n
 b

as
ed

 o
n

 lo
ss

es
 f

ro
m

 n
o

rt
h

er
n

 p
ea

tl
an

d
s.

E
st

im
at

ed
 t

h
at

 la
n

d
 u

se
 c

o
nv

er
si

o
n

 o
f 

tr
o

p
ic

al
 f

o
re

st
s 

w
o

u
ld

 r
es

u
lt

 in
 

to
ta

l c
ar

b
o

n
 e

m
is

si
o

n
s 

o
f 

5
9

.4
 ±

 1
0

.2
 M

g
 C

O
2-

eq
 h

a-1
 y

r-1
 o

ve
r 

a 
25

-y
ea

r 
p

ro
d

u
ct

io
n

 c
yc

le
. E

st
im

at
ed

 6
1.

6
%

 o
f 

C
O

2 
em

is
si

o
n

s 
ar

e 
fr

o
m

 p
ea

t;
 2

5
%

 o
f 

em
is

si
o

n
s 

ar
e 

re
le

as
ed

 b
y 

la
n

d
 c

le
ar

an
ce

 b
y 

fi
re

. 

K
o

h
 e

t 
al

. (
2

0
11

)
R

em
o

te
 s

en
si

n
g

 a
n

al
ys

is
 a

im
in

g
 t

o
 a

ss
es

s 
b

io
d

iv
er

si
ty

 a
n

d
 C

 c
yc

le
 

im
p

ac
ts

 o
f 

O
P

 p
la

n
ta

ti
o

n
 d

ev
el

o
p

m
en

t 
in

 p
en

in
su

la
r 

M
al

ay
si

a,
 S

ar
aw

ak
 

an
d

 B
o

rn
eo

. E
st

im
at

ed
 c

ar
b

o
n

 e
m

is
si

o
n

s 
re

su
lt

in
g

 f
ro

m
 la

n
d

 u
se

 
co

nv
er

si
o

n
 o

n
 t

h
e 

b
as

is
 o

f 
ca

lc
u

la
ti

o
n

s 
p

ro
vi

d
ed

 b
y 

M
u

rd
iy

ar
so

 e
t 

al
., 

(2
0

10
)

Id
en

ti
fi

ed
 8

8
0

,0
0

0
 h

ec
ta

re
s 

o
f 

o
il 

p
al

m
 p

la
n

ta
ti

o
n

s 
o

n
 p

ea
t 

so
ils

 in
 

P
en

in
su

la
r 

M
al

ay
si

a,
 S

ar
aw

ak
 a

n
d

 B
o

rn
eo

 in
 2

0
10

. T
h

e 
ex

te
n

t 
o

f 
o

il 
p

al
m

 
p

la
n

ta
ti

o
n

s 
w

as
 u

n
d

er
es

ti
m

at
ed

, a
s 

o
n

ly
 c

lo
se

d
 c

an
o

p
y 

p
la

n
ta

ti
o

n
s 

co
ve

ri
n

g
 a

re
as

 g
re

at
er

 t
h

an
 2

0
0

 h
ec

ta
re

s 
w

er
e 

id
en

ti
fi

ed
. E

st
im

at
ed

 t
o

ta
l 

C
O

2 
lo

ss
es

. 



42

ICCT WHITE PAPER NO. 15

The values used as the basis for estimating GHG emissions from drained 
peat soils in the studies reviewed above are summarized in Table 3. It was 
not clear how peat emissions were calculated in the studies of Gibbs et al. 
(2008) and Danielsen et al. (2009), so these have been omitted. In terms of 
CO2, the values representing emissions from drained peat vary considerably, 
with the 19.2 Mg CO2 ha-1 yr-1 estimate of Murdiyarso et al. (2010), which is 
also used by Koh et al. (2011), being nearly three times lower than the 55 and 
57 Mg CO2 ha-1 yr-1 values used by Fargione et al. (2008) and JRC (2010), 
respectively. Whilst two of the studies reviewed also include emissions of 
N2O in their analyses (Germer & Sauerborn, 2008; Wicke et al., 2008), only 
Germer & Sauerborn (2008) considered emissions of all three biogenic GHGs. 
These authors estimated total peat surface emissions of 33 ± 16 Mg CO2-eq ha-1 
yr-1 resulting from emissions of CO2 and N2O, and consumption of CH4 in the 
oxic peat profile. It is also significant that all studies consider emissions from 
drained peats to be constant over time, and do not consider the potential for 
interannual variations in emissions, or that peat CO2 emissions in particular are 
likely to be highest in the early stages of the OP production life cycle (Hooijer 
et al., 2011) or following repeated drainage activities (JRC, 2010). Moreover, 
regional geographical differences in peat emissions in relation to key biophysi-
cal parameters such as precipitation or spatial differences across individual 
peat domes have yet to be explicitly considered, as have the conversion of 
degraded peat swamp forest or the development of OP plantation on existing 
agricultural land (Paoli et al., 2011).
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Table 3: Values by various authors to estimate greenhouse gas emissions from drained 

peats under oil palm cultivation. Cells marked as NC indicate that the gas was not 

considered in the study. Negative values indicate a net greenhouse gas removal from 

the atmosphere. It was not clear how peat emissions were calculated in the studies of 

Gibbs et al. (2008) and Danielsen et al. (2009), so these studies have been omitted.

REFERENCE

EMISSIONS FROM DRAINED PEAT

CO2

Mg CO2 ha-1 yr-1

CH4

Mg CH4 ha-1  yr-1

N2O 

kg N2O-N ha-1 yr-1

CO2-eq 

Mg CO2-eq ha-1 yr-1

Fargione et al. 
(2008) 55 NC NC 55

Germer & 
Sauerborn 
(2008)

31.4 ± 14.1 -0.2 4.1 ± 5.5 33 ± 16

Reijnders & 
Huijbregts 
(2008)

36.7 to 55 NC NC 36.7 to 55

Wicke et al. 
(2008) 39 NC 8 42.7

JRC (2010) 57 NC NC 57

Murdiyarso et al. 
(2010)

19.2 NC NC 19.2

Koh et al. (2011) 19.2 NC NC 19.2

The lower peat CO2 emissions estimate of Murdiyarso et al. (2010), which 

is also used by Koh et al. (2011), can be explained by the use of the IPCC 
(2006) gain-loss approach to estimate peat-only emissions. In contrast 
to all other studies reviewed, which assumed that annual CO2 emissions 
could be estimated using values obtained directly from the IPCC (2006) or 
published values (studies reporting measurements of emission values are 
reviewed in more detail below), Murdiyarso et al. (2010) balanced estimates 
of total peat surface CO2 emissions measured using closed chamber 
techniques (Melling et al., 2005b; Murayama & Bakar, 1996) with above- and 
below-ground inputs of OP biomass (Henson & Dolmat, 2003; Lamade & 
Bouillet, 2005) and losses of carbon via root respiration (Henson & Dolmat, 
2003; van Kraalingen, Breure & Spitters, 1998), combustion (Rieley & Page, 
2008) and fluvial carbon loss (Holden, 2005). Methane was omitted from 
the analysis on the grounds that CH4 emissions and consumption were 
negligible compared to high rates of CO2 emission over a typical 25-year OP 
production cycle (Murdiyarso et al., 2010). Whilst the approach is promising, 
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the study of Murdiyarso et al. (2010) highlights the dearth of data available 
for use in their calculations. Root respiration, for example, was estimated 
using a physiological model calibrated for mature OP grown on mineral 
soils (Henson & Dolmat, 2003; van Kraalingen et al., 1998), estimates of 
above- and below-ground biomass inputs were obtained from OP grown 
on mineral substrates (Henson & Dolmat, 2003; Lamade & Bouillet, 2005), 
and fluvial carbon fluxes were estimated using DOC and POC data from 
northern peatlands (Holden, 2005). Thus, although Murdiyarso et al. (2010) 
provide an appropriate analytical framework, the use of values obtained for 
ecosystems other than OP plantations on tropical peats (e.g., OP on mineral 
soils, northern peatlands) and from a range of spatially disparate sites in 
various stages of the OP production cycle limits their analysis. Attempting 
to balance inputs and outputs to and from the peat carbon pool using data 
from OP plantations of different age structure, above- and below-ground 
values from mature plantations on mineral soils (Henson & Dolmat, 2003; 
Lamade & Bouillet, 2005) and peat emissions from a relatively young five-
year-old plantation (Melling et al., 2005b) for example, is clearly problematic 
and likely explains their low peat CO2 emissions value.

In addition to the data limitations highlighted by Murdiyarso et al. (2010), a 
number of the other studies reviewed for this assessment also highlighted 
the limited empirical basis of their analyses (Reijnders & Huijbregts, 2008), 
as well as the general paucity of data specifically relating to GHG emissions 
from OP plantations on tropical peatland (Danielsen et al., 2009; Reijnders & 
Huijbregts, 2008). The values used to estimate peat emissions are based on 
a variety of sources, including IPCC (1997, 2006) defaults, closed chamber 
studies (from both OP and non-OP land uses) and subsidence monitoring. 
In most cases, an average value calculated from these various and disparate 
sources has been used as the basis for estimating CO2 emissions without 
considering whether or not they are realistic or even correct. 

In order to assess the empirical foundations of CO2 emission estimates, we 
traced the values used to estimate peat surface CO2 emissions back to the 
original publications. Our analysis was restricted to CO2, as emissions of this 
gas are the most substantial component of the GHG budget of OP planta-
tions and there is a paucity of empirical studies on non-CO2 GHG emissions 
from OP plantations (and tropical peatlands more generally). Non-CO2 GHG 
emissions are considered in more detail in section 5.4 below. 

As an example of the propagation of emissions values through the literature, 
two studies reporting CO2 emissions based on less than 50 measurements, 
using the closed chamber technique, at a few locations over one year 
(Murayama & Bakar, 1996; Melling et al., 2005b) are used to represent total 
long-term peat surface CO2 emissions in the analysis of Murdiyarso et al. 
(2010) and have also now been extrapolated in estimating CO2 emissions 
from the 800,000 ha of mature OP plantations on tropical peatland identi-
fied in a recent remote sensing analysis (Koh et al., 2011). As subsequent 



45

GREENHOUSE GAS EMISSIONS FROM OIL PALM PLANTATIONS

publications relating to OP biofuel feedstocks grown on tropical peatlands 
are published in higher-profile journals of increasing policy relevance, it is 
important that the uncertainties associated with these empirical measure-
ments are understood and the reliability of the estimates assessed. The 
following section reviews the scientific publications used to estimate CO2 
emissions from drained peat under OP plantations.

5.1  Review of IPCC default emissions factors
A number of studies aiming to assess peat emissions for OP plantations 
on tropical peatland have used IPCC (1997, 2006) default emission factors 
(Fargione et al., 2008; Germer & Sauerborn, 2008; JRC, 2010; Wicke et al., 
2008). JRC (2010) suggests that IPCC defaults have a limited empirical 
basis, reflecting the paucity of data available in 1996. For CO2, the IPCC 
(1997, 2006) provide default emissions factors for agriculture on drained 
tropical organic soils (73.4 ± 66 Mg CO2 ha-1 yr-1) and managed forests on 
drained tropical organic soils (5 Mg CO2 ha-1 yr-1, with a range of 3 to 14 
Mg CO2 ha-1 yr-1). In a number of studies, IPCC (1997, 2006) defaults were 
averaged with empirical estimates obtained from subsidence-based studies 
(JRC, 2010), gas fluxes from closed chamber measurements  (Fargione et al., 
2008) or a combination of the two (Germer & Sauerborn, 2008). It is clear, 
however, that some ambiguity exists in the application of IPCC (1997, 2006) 
defaults for estimating emissions from OP plantations on tropical peatlands.

Germer & Sauerborn (2008) combined the IPCC (1997) default for agriculture 
with the flux estimates of Melling et al. (2005b) and those based on subsid-
ence estimates (Wösten et al., 1997) and peat bulk density values (Brown, 
Iverson, Prasad, & Liu, 1993). These authors assumed that emissions from OP 
plantations were one-quarter of the IPCC (2006) value for agriculture (i.e. 18.4 
Mg CO2 ha-1 yr-1) on the grounds that OP cultivation requires less soil distur-
bance than settled farming; however, they also noted that this assumption 
likely underestimated CO2 emissions as the deeper drainage depths required 
for OP cultivation were neglected. Similarly, JRC, (2010) averaged the IPCC 
(2006) default value for agriculture (73.4 Mg CO2 ha-1 yr-1) with a subsidence-
based estimate provided by Couwenberg et al. (2010; see below) to estimate 
emissions of 57 Mg CO2 ha-1 yr-1. JRC (2010) also noted that the IPCC (2006) 
default was likely to underestimate emissions, as the deep drainage depths 
required for OP plantations were not considered. In the OP life-cycle analysis 
of Wicke et al. (2008), the IPCC (2006) defaults for agriculture and forest 
management on tropical organic soils were averaged to provide an estimate 
of 39.2 Mg CO2 ha-1 yr-1. In contrast to Germer & Sauerborn (2008) and 
JRC (2010), Wicke et al. (2008) justified their averaging on the basis that 
shallower drainage depths are required for OP plantations than for forest 
management on organic soils. In Fargione et al. (2008), the default emission 
value for agriculture was assumed to be representative of CO2 emissions 
from drained peats under OP cultivation (averaged with closed chamber flux 
estimates to obtain a value of 55 Mg CO2 ha-1 yr-1). 
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5.2  Review of closed chamber flux measurements
A number of the studies reviewed above (section 5.1) included closed 
chamber measurement data in their estimates of CO2 emissions from 
drained peats (Fargione et al., 2008; Germer & Sauerborn, 2008; Koh et 
al., 2011; Murdiyarso et al., 2010; Reijnders & Huijbregts, 2008). A summary 
of the closed chamber studies used by these studies to estimate peat 
CO2 emissions is provided in Table 4. It should be noted that a number of 
these studies are the same as those used in combination with subsidence 
monitoring to develop a linear relationship between drainage depth and 
peat surface CO2 emissions (Couwenberg et al., 2010; Delft Hydraulics, 
2006; Hooijer et al. 2010) that is discussed in more detail in the following 
section. A recent study by Agus, Handayani, van Noordwijk, Idris, & Sabiham 
(2010) on CO2 emissions from OP plantations, not cited in any of the 
publications reviewed in section 5.1, has also been included, as has a recent 
study demonstrating good practice in estimating peat CO2 emissions using 
closed chambers (Jauhiainen, Hooijer, & Page, in review). With the exception 
of Reijnders & Huijbregts (2008), who assumed that an average of CO2 
emissions measured at abandoned agricultural and paddy fields and those 
at a secondary forest (Inubushi et al., 2003) could be assumed to be repre-
sentative of OP plantations, all studies (reviewed in section 5.1) using closed 
chamber flux estimates cite those of Murayama & Bakar (1996) and Melling 
et al. (2005b) as the basis for CO2 emissions from drained peat (Fargione et 
al. 2008; Koh et al., 2011; Murdiyarso et al., 2010).

Analysis of the closed chamber studies listed in Table 4 reveals a number of 
key issues relating to the use of these values as the basis for estimating peat 
CO2 emissions from OP plantations in Southeast Asia. The analysis has been 
restricted to studies specifically reporting measurements made at plantations 
(Agus et al., 2010; Melling et al., 2005b; 2007a; Murayama & Bakar, 1996). In 
terms of regional coverage, the studies summarized in Table  4 collectively 
report emissions estimates obtained at only six individual OP plantations; 
the measurements of Melling et al. (2005b) and Melling et al. (2007a) are 
co-located. Spatial bias also exists, as measurements were obtained for 
OP plantations at just three locations across Southest Asia; measurements 
reported by Agus et al. (2010) were obtained at adjacent OP plantations. 

At the site scale, most studies provide limited information on key site 
characteristics, such as: location on the peat dome (e.g., base, slope, or 
top), peat thickness and nutrient status, and land use history and drainage 
conditions. Descriptions of individual sampling locations and details of 
closed chamber method sample analysis are also generally lacking and, 
where replicate measurements are provided (Agus et al., 2010; Melling 
et al., 2005b), it is not apparent where individual measurements were 
obtained or how representative measurement locations were of peat 
surface conditions within individual plantations (e.g., microtopography, 
distance from trees, etc.). 
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From Table 4, it is apparent that the frequency of closed chamber measure-
ments has been low and sampling typically biased towards certain parts 
of the diurnal (Melling et al., 2005b) and seasonal (Agus et al., 2010) cycle. 
While a few studies have attempted to address seasonal variation in CO2 
emissions (Melling et al., 2005a; 2007a), the rest have been conducted 
on a short-term basis (Agus et al., 2010; Murayama & Bakar, 1996). Diurnal 
or interannual variability in CO2 exchange has not been systematically 
addressed. Murayama & Bakar (1996) provide two estimates of total peat 
surface CO2 emissions made using a closed chamber technique at separate 
OP plantations in Malaysia. In the original publication, the authors provide 
two hourly flux values of 1.14 and 1.69 kg CO2-C ha-1 hr-1, made at single 
locations within plantations of unknown age, OP planting density, and 
land use history. Simple multiplication by time and conversion of C to CO2 
confirms this as the method used to obtain the values of 36.6 and 54.3 Mg 
CO2 ha-1 yr-1 that were later cited by Alterra (2008), Fargione et al. (2008), 
and Murdiyarso et al. (2010). It is not clear at which point these values were 
extrapolated in this way, but it is evident that temporal upscaling from single 
point measurements is inappropriate, as any spatial or temporal (diurnal, 
seasonal, or interannual) variation in CO2 emissions is ignored, and any 
methodological bias will be significantly amplified (Denmead, 2008). Whilst 
the total soil respiration estimates derived from Murayama & Bakar (1996) 
are clearly not robust estimates of annual CO2 emissions, it is interesting 
to note that whilst Fargione et al. (2008) averaged both estimates with 
the 55 Mg CO2 ha-1 yr-1 estimate of Melling et al. (2005b) and the IPCC 
(2006) default value for agriculture, Murdiyarso et al. (2010) averaged only 
the lower value derived from Murayama & Bakar (1996) with Melling et al. 
(2005b). It is unclear why only this lower-end value was selected, but this 
provides an additional explanation for the lower CO2 emission estimate 
provided by Murdiyarso et al. (2010; Table 3).

The study by Melling et al. (2005b) has been widely cited in relation to OP 
plantation development on tropical peatland and has achieved notoriety 
due to the frequent misassumption that the closed chamber fluxes reported 
were representative of the net ecosystem CO2 exchange (Alterra, 2008; 
Yew et al., 2010). Melling et al. (2005b) report total peat CO2 emissions 
from peat swamp forest and OP and sago plantations in Sarawak, Malaysia. 
Coordinates provided in the paper and subsequent observations indicate 
that the forest site was affected by drainage during monitoring. For the OP 
plantation, Melling et al. (2005b) estimate undifferentiated CO2 emissions 
of 55 ± 11 Mg CO2 ha-1 yr-1 (the uncertainty range is based on the authors’ 
suggestion of a 20% measurement error, and is most likely an underestima-
tion). This estimate is based, however, on only three replicate measurements 
conducted once a month (i.e., 36 measurements in total), and the authors 
provide no information on how representative the sampling locations were 
of peat surface conditions within the plantation, or of the location of the 
plantation on the peat dome. Moreover, Melling et al. (2005b) report that 
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the site experienced high year-round rainfall with no distinct dry period, 
suggesting measurements were done in an unrepresentative year and at a 
mean drainage depth of 0.6 m, which is at the lower end of values reported 
for OP plantations on tropical peats (Hooijer et al., 2010). A further ques-
tionable aspect of the study by Melling et al. (2005b) is the use of two-point 
linear regression in estimating fluxes (i.e. each flux was based on concentra-
tions in two gas subsamples and the slope of the line between these two 
points). Clearly, if one or both gas samples were erroneous, this would 
significantly bias individual flux readings and the derived annual CO2 budget 
from the small data set collected in the study.

Only three of the closed chamber studies summarized in Table 4 claim 
to report on differentiated (peat only) CO2 emissions (Agus et al., 2010; 
Jauhiainen et al., in review; Melling et al., 2007a). In the case of Melling 
et al. (2007a), the estimate of 41 Mg CO2 ha-1 yr-1 emission from peat only 
respiration at an OP plantation (at unknown drainage depth) was estimated 
using the trenching approach. According to Couwenberg et al. (2010), 
consideration of the errors associated with the closed chamber technique 
and trenching approach used by Melling et al. (2007a) suggests that 
emissions may be around 50 Mg CO2 ha-1 yr-1. In the study by Agus et al. 
(2010), it appears that the authors used only 30 cm deep collars inserted 
into the peat, and for quantification of root respiration, using another set 
of collars, they introduced three roots inside the collar through the hole 
in the collar wall and repacked the peat prior to the start of monitoring 
period. Measurements taken from closed chambers above the collars 
reported as representing peat respiration only (in the range of 18.2 to 24.3 
Mg CO2 ha-1 yr-1) are in fact undifferentiated CO2 emissions (with an unknown 
contribution from root respiration from below the shallow collar edge), 
and values reported as representing total soil respiration are actually total 
soil respiration from the disturbed peat profile plus contributions from 
artificially introduced pieces of root material of unknown dimensions (Agus 
et al., 2010). Although the chambers containing root material provided 
higher emission numbers in comparison to the non-perforated collars, the 
effect may have been caused by the disturbed peat and root material in the 
repacked collar, enhancing both autotrophic and heterotrophic emissions. 
The representativeness of introduced roots can also be questioned because 
the original root volumes in the peat around the OP stems or inside the 
collar are not reported. In addition, the long incubation time (35 minutes) in 
a relatively small chamber volume may provide another potential explana-
tion. For these reasons, the estimates of Agus et al. (2010) should not be 
considered reliable estimates of total or differentiated peat CO2 emissions. 

Although its results were not obtained at an OP plantation, it is significant 
to highlight a recent study demonstrating good practice in estimating 
peat-only CO2 emissions using closed chamber techniques (Jauhiainen 
et al., in review). At an Acacia plantation in Sumatra’s Kampar Peninsula, 
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Jauhiainen et al. (in review) estimated average annual daytime CO2 
emissions to be 93.9 Mg CO2 ha-1 yr-1 at an average drainage depth of 0.8 m, 
or a minimum of 78 Mg CO2 ha-1 yr-1 when corrected for diurnal variations in 
CO2 emission. In contrast to the closed chamber studies reviewed previously, 
Jauhiainen et al. (in review) based their flux estimate on more than 2,300 
measurements made at fortnightly to monthly intervals over two years, at 
144 locations distributed over all peat dome zones. Measurements were 
made along transects of increasing peat thickness across a peat dome with 
a known land use history. The authors report measurements containing 
minimal contributions from root respiration, obtained using a combination of 
the trenching approach, and measurements made at varying distance from 
plantation trees (i.e., within and beyond the tree rooting zone) and before 
and after tree harvesting. Moreover, the CO2 emission estimates from this 
study were found to be in good agreement with subsidence-based carbon 
loss measurements reported by Hooijer et al. (2011) for the same plantation 
landscape (discussed in more detail below). Furthermore, the Hooijer et 
al. (2011) study also reports subsidence and carbon loss values from OP 
plantations on deep peat in Jambi, Sumatra, which are nearly identical to 
those in Acacia plantations. This confirms our assessment that there are no 
fundamental differences in peat decomposition carbon emissions among 
Acacia and OP plantations on peatland. They share similar water manage-
ment requirements, soil disturbance, and loss of natural canopy, although 
OP plantations are more heavily fertilized.

Table 4 (next page): Summary of available peat CO2 emission data measured using 

the (dark) closed chamber technique for OP plantations on peatlands, and for 

peatlands where surface CO2 emissions have been assumed to be representative 

of emissions from OP plantations in the studies reviewed in section 5.1. Total 

respiration values are the total emissions measured at the peat surface (root and 

peat respiration). Peat respiration values are CO2 emissions assumed to be from the 

peat only. References marked with * were used by Hooijer et al. (2010) to develop a 

linear relationship between mean drainage depth and annual CO2 emissions. Mean 

annual drainage depths are provided where values are indicated as being variable. 

Age of plantation, in years (where known) is shown. ND indicates data not available in 

original publications. All values originally presented in units of Mg C ha-1 yr-1 have been 

converted to Mg CO2 ha-1 yr-1 using a factor of 3.67. A positive drainage depth denotes 

a water table above the peat surface. PSF = peat swamp forest.
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REFERENCE
LAND USE 

(AGE) LOCATION

TOTAL 
RESPIRATION
Mg CO2 ha-1 yr-1

PEAT 
RESPIRATION
Mg CO2 ha-1 yr-1

DRAINAGE 
DEPTH (m) COMMENTS

Murayama 
& Bakar 
(1996)*

OP plantation 
(ND)

Central 
Selangor, 
Malaysia

36.6 ND ND
No replicate measurements. Annual values 
cited in later publications have been obtained 
by multiplication of the single point estimates 
provided. No information on plantation age or 
drainage conditions provided.OP plantation 

(ND)
Western Johor, 
Malaysia

54.3 ND ND

Jauhiainen 
et al. 
(2001)*

Agriculture
Kalimantan, 
Indonesia

26 ND 0.5

Three plots on the site with eight monitoring 
location replicates at each (24 replicates). 
Data collected during daytime with portable 
infrared gas analyzer (IRGA). Data collection 
made 1-3x/week during 27.10.–20.11.1999; 30.3.–
24.4.2000; 19.8.–10.9.2000; 9.3.–2.4.2001. Key 
characteristics provided; site developed ~20 yrs 
prior to monitoring, fire affected fallow peat 
without vegetation cover, no recent fertilization. 
Monitoring included water table depth and peat 
temperatures. Emission range and mean ± SE at 
10 cm wide water table depth classes provided. 
Appended data used in subsequent publication.

Inubushi et 
al. (2003)

Abandoned 
upland field 

Kalimantan, 
Indonesia

36.3 ± 4 ND 0.15 (Nov only) Measurements made at monthly intervals 
between November 1999 and January 
2001. Annual balance derived from monthly 
measurements. Three replicates made at each 
site per month. Data not obtained for OP 
plantations but assumed representative of OP by 
Reijnders & Huijbregts (2008). Drainage depth 
only reported for Nov. 2009.

Abandoned 
paddy field 56.5 ± 15.8 ND +0.021 (Nov 

only)

Secondary 
forest 44 ± 10.7 ND 0.1 (Nov only)

Melling 
et al. 
(2005b)*

Sago 
plantation 

Sarawak, 
Malaysia

40 ± 8 ND 0.27 (variable) Three measurements made once a month, 
between 11:00 and 13:00, at each site over one 
year. Two-point regression used to estimate 
fluxes. Annual balance obtained by upscaling 
from hourly to monthly to annual values. 
Uncertainty range assumed from author’s 
suggestion of 20% underestimation in flux 
measurements.

Drainage-
affected PSF 77 ± 15.4 ND 0.45 (variable)

OP plantation 
(five years) 55.1 ± 11 ND 0.6 (variable)

Ali et al. 
(2006)*

Settled 
agriculture

Jambi, 
Indonesia 77 ND 0.78 (variable)

Two plots and five replicate measurements. 
Water table depth and temperature data 
collected. C, N, bulk density, and pH values 
provided. Measurements by portable IRGA. 
Measurements obtained throughout the day. 
Demonstrate a clear diurnal temperature 
response of surface CO2 emission. Denotes mean 
CO2 efflux correlation with water table depth. 

Melling et 
al. (2007a)

OP plantation 
(five years)

Sarawak, 
Malaysia 56.5 40.9 Unknown

Trenching method used to differentiate peat 
and root respiration. Five-year-old oil palms on 
peat 5.55 m thick. C (44.7%), N (2%) and loss of 
ignition (99%). Measured at monthly intervals for 
a year. Three permanent replicates at field. CO2 
determined in the laboratory by IRGA (no other 
information on analytical procedures). Provides 
single values for the two emission types.

Agus et al. 
(2010)

OP plantation 
(one year)

Nanggroe Aceh 
Darussalam 
Province, 
Indonesia

40.9 ± 18 24.3 ± 9.7 Measurements made during October and 
November only, and between 07:00 and 10:00. 
Annual balance (and standard deviations) 
extrapolated from the mean of all measurements. 
Inappropriate closed chamber methodology. 
OP roots added to chamber covered area rather 
than being excluded.

OP plantation 
(five years) 27.3 ± 5.6 18.2 ± 11.1

OP plantation 
(10 years) 32.9 ± 20.7 19.3 ± 16.6

Jauhiainen 
et al. (in 
review)

Acacia 
plantation 
(eight to 10 
years)

Kampar 
Peninsula, 
Riau Province, 
Sumatra

102.5 ± 27.8 78 to 93.9 ± 17.2 0.8

More than 23,00 measurements obtained at 
max. monthly intervals between April 2007 and 
April 2009. Measurements made along eight 
transects across a peat dome of known land use 
history. Root respiration mostly excluded using a 
combination of trenching, and measurements at 
variable distances from plantation trees. Estimates 
of root respiration contribution to total peat 
emission at measurement locations provided. 
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5.3  Review of subsidence-based estimates
As with the closed chamber flux measurements discussed in section 5.2, 
most subsidence-based studies provide insufficient detail of site conditions; 
the numbers of replicates are also typically very low. From Table 2, it is 
evident that subsidence-based estimates of peat carbon loss have not been 
widely used in previous studies aiming to assess emissions from OP planta-
tions on tropical peats6. Of these studies, only Germer & Sauerborn (2008) 
and the IFPRI-MIRAGE model (Al-Riffai et al., 2010) include estimates based 
on subsidence monitoring in their analyses. Germer & Sauerborn (2008) 
estimated peat CO2 emissions on the basis of calculations provided by 
Wösten et al. (1997). Assuming a (projected) average annual subsidence rate 
of 2 cm yr-1, peat bulk density of 0.1 g cm-1, a peat carbon content of 60%, 
and 60% of subsidence ascribed to decomposition, Germer & Sauerborn 
(2008) estimate peat emissions to be 26.4 Mg CO2-eq ha-1 yr-1. They also 
use the bulk density value of 0.15 g cm-1 and peat carbon content of 45% 
provided by Brown et al. (1993) to estimate emissions of 29.7 Mg CO2-eq ha-1 
yr-1. These values were averaged with the IPCC (1997) and closed chamber 
flux estimates (described in sections above) to arrive at peat emissions of 
31.4 ± 14.1 Mg CO2-eq ha-1 yr-1.

The Wösten et al. (1997) study used by Germer & Sauerborn (2008) provides 
a linear relationship for estimating CO2 emissions from drained tropical 
peatlands. According to later publications (Couwenberg et al. 2010; Delft 
Hydraulics, 2006; Hooijer et al. 2010; Wösten et al., 2008), the Wösten et al. 
(1997), relationship estimates emissions of between 13 and 39 Mg CO2-eq  ha-1 
yr-1 for each additional 10 cm drainage depth depending on the peat bulk 
density value used in the model (0.05 to 0.15 g cm-3, respectively). It appears 
that Germer & Sauerborn (2008) misinterpreted Wösten et al. (1997) by 
using a projected value for subsidence (JRC, 2010), rather than the observed 
subsidence rate of 4.5 cm yr-1 on which the relationship cited by later publica-
tions is based (Couwenberg et al. 2010; Delft Hydraulics, 2006; Hooijer et al. 
2010; Wösten et al., 2008). Clearly, as OP cultivation requires repeat drainage, 
the use of the projected value is inappropriate (JRC, 2010). The Wösten et al. 
(1997) relationship assumes an oxidative component of 60% and a peat bulk 
carbon content (bulk density of 0.1 multiplied by 60% carbon content) of 0.06 
g C cm-3. Applying the 13 Mg CO2-eq ha-1 yr-1 estimate for each additional 0.1 
m drainage (Wösten et al., 2008) to typical OP plantation drainage depths 
of 0.6, 0.85 and 1 m, the linear relationship provided by Wösten et al. (1997) 
estimates peat emissions of 78, 110.5, and 130 Mg CO2-eq ha-1 yr-1, respectively.

In the JRC iLUC modeling comparison (JRC, 2010), peat CO2 emissions 
were estimated using a linear relationship between drainage depth and 
the average emissions of Couwenberg et al. (2010) and the IPCC (2006) 

6   �The studies by Gibbs et al. (2008) and Danielsen et al. (2009) cite Hooijer et al. (2006) as the 
basis for their peat carbon emissions. As these publications do not, however, provide annual 
CO2-eq emission values, they have been excluded from the present discussion.
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default for agriculture (JRC, 2010). This relationship, derived on the basis 
of a literature review, predicts that peat carbon emissions increase by 9 Mg 
CO2-eq ha-1 yr-1 for every 0.1 m of additional drainage depth for a range of 
land use types. Parameters used in the model are a peat carbon density of 
0.068g C cm-3 and 40% decomposition. Couwenberg et al. (2010) suggest 
that the linear function is valid up to and including drainage depths of 0.5 m, 
after which subsidence rates (and carbon losses) level off. From Figure 2 in 
Couwenberg et al. (2010), however, it appears that few data were available 
for drainage depths beyond 0.5 m. Moreover, more comprehensive field 
measurements indicate subsidence may not level off until drainage depths 
of up to 1 m (Hooijer et al., 2008; Hooijer et al., 2011). At 0.5 m drainage 
depth, 0.1 m lower than the minimum (0.6 m) drainage depth typically 
required for OP (JRC, 2010; Alterra, 2008), the Couwenberg et al. (2010) 
relationship predicts peat emissions of 45 Mg CO2-eq ha-1 yr-1. Assuming 
subsidence is linear up to drainage depths approaching 1 m, emissions at 
typical plantation drainage depths of 0.6 and 0.85 m would be 54 to 77 Mg 
CO2-eq ha-1 yr-1, respectively, and 90 Mg CO2-eq ha-1 yr-1 at drainage of 1 m.

The Couwenberg et al. (2010) model is based on the minimum peat 
decomposition value (40%) reported for tropical peatlands (Murdiyarso 
et al., 2010; Murayama & Bakar, 1996; Wösten et al., 1997) and a peat bulk 
carbon density of 0.068 g C cm-3. If instead decomposition is assumed to 
be 60% of subsidence, and assuming subsidence does level off at drainage 
depths beyond 0.5 m, recalculation using the Couwenberg et al. (2010) 
model predicts peat emissions of 67 Mg CO2-eq ha-1 yr-1. If the subsidence rate 
remains a linear function of drainage up to 1 m, then emissions of 81, 115 and 
135 Mg CO2-eq ha-1 yr-1 are predicted at 0.6, 0.85, and 1 m drainage depths, 
respectively. Additionally, the peat carbon density value of 0.068 g C cm-3 
used by Couwenberg et al. (2010) does not account for the increased peat 
bulk density of surface peat in OP plantations reported in some studies (JRC, 
2010). In a recent study, Ywih, Ahmed, Majid, & Jalloh (2010) indicate that the 
carbon density in OP plantations in Sarawak, Malaysia was relatively constant 
at approximately 0.134 g C cm-3 to depths of 0.5 m up to five years after land 
use conversion. Using this value in the Couwenberg et al. (2010) model, at 
a drainage depth of 0.5 m and using conservative decomposition values of 
40 to 60%, peat emissions are then estimated to be 89 to 133 Mg CO2-eq ha-1 
yr-1, respectively. Clearly, these values would be significantly higher if subsid-
ence continued beyond 0.5 m; however, calculations are restricted to 0.5 m 
because the values reported by Ywih et al. (2010) are for this depth only. 

An additional relationship between drainage depth and peat carbon loss 
is provided by Delft Hydraulics (2006) and Hooijer et al. (2010), who 
combined the subsidence-based estimate of Wösten et al. (1997) and 
Wösten & Ritzema (2001) with published estimates of peat CO2 emissions 
from a variety of drained peatlands. From this, they derived a linear relation-
ship predicting peat emissions of 9.1 Mg CO2-eq ha-1 yr-1 for each additional 
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10 cm drainage depth. On the basis of this relation, Delft Hydraulics (2006) 
and Hooijer et al. (2010) estimate emissions of 73, 86 and 100 Mg CO2-eq 

ha-1 yr-1 at OP plantation drainage depths of 0.8, 0.95 and 1.1 m, respectively. 
Appling this relationship to the typical OP plantation drainage depths of 0.6, 
0.85 and 1 m as above yields emissions estimates of 54.6 to 77.35 and 91 Mg 
CO2-eq ha-1 yr-1, respectively. Although of similar magnitude to the relationship 
provided by Couwenberg et al. (2010), Delft Hydraulics (2006) and Hooijer 
et al. (2010) suggested that this relationship required further refinement as 
more field data, particularly under different land uses and at different times 
since the start of drainage, became available. They also stated that while the 
linear relationship was considered the best estimate currently available for 
determining carbon loss at water table depths between 0.5 and 1 m, it could 
prove to be curved, although this would make little difference to estimates 
of peat carbon loss at typical plantation water tables around one metre 
below the surface. The Couwenberg et al. (2010) and earlier Delft Hydraulics 
(2006) and Hooijer et al. (2010) regressions were both forced through 
zero, although the more recent study by Hooijer et al. (2011) suggests that 
in deforested peat, zero subsidence may not be reached even under water 
saturated conditions. The study of gaseous CO2 emissions from peat by 
Jauhiainen et al. (in review) also supports this view. 

This recent study by Hooijer et al. (2011) provides comprehensive subsid-
ence-based estimates of peat carbon emissions from several OP and Acacia 
plantations in Sumatra. Based on over 200 subsidence measurements (more 
than were previously available for all peatlands in Southeast Asia combined), 
taken at various locations across individual plantations and peat domes 
combined with bulk density profiles, Hooijer et al. (2011) estimate that 
decomposition contributes at least 92% to monitored long-term subsidence 
rates, much higher than previous estimates. They report initial subsidence 
rates of 1.42 m during the first 5 years, followed by secondary subsidence 
rates averaging 5 to 5.4 cm yr-1 at mean drainage depths of 0.7 to 0.73 m 
for Acacia and OP plantations, respectively. These observed subsidence 
rates suggest that subsidence continues to increase beyond the 0.5 m 
drainage depth suggested by Couwenberg et al. (2010). For OP, however, 
these authors were unable to identify a relationship between subsidence 
rate and drainage depth, possibly because decomposition of drained peat 
in OP plantations may be operating at maximum rates regardless of water 
levels owing to high rates of nitrogen fertilizer application (ca. 0.5 Mg N 
ha-1 yr-1). Using data obtained from all (Acacia and OP) plantations, they 
estimated average peat carbon, the highest emissions, of 178 Mg CO2-eq ha-1 
yr-1, occurring during the first five years following drainage, followed by 
lower emissions of 70 Mg CO2-eq ha-1 yr-1 in subsequent years. Accounting 
for initially high rates, Hooijer et al. (2011) estimate average plantation 
emissions (for Acacia and OP plantations combined) of 100 and 86 Mg 
CO2-eq ha-1 yr-1 when annualized over 25 and 50 years periods, respectively. 
The average peat carbon emission estimate of at least 70 Mg CO2-eq ha-1 yr-1 
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for plantations that have been drained for more than five years is supported 
by closed chamber flux estimates of 78 to 94 Mg CO2 ha-1 yr-1 obtained for 
Acacia plantation at the same area (Jauhiainen et al., in review). Although 
not specific to the OP plantations monitored for subsidence, the findings 
from closed chamber measurements support the general validity and quality 
of the subsidence monitoring results of Hooijer et al. (2011). On the basis of 
the same analysis, Hooijer et al. (2011) also estimate additional carbon losses 
of 33 Mg CO2-eq ha-1 yr-1 from drainage-affected forests in the areas adjacent 
to the plantations monitored, over a zone of 2 km around perimeter canals.

The estimates of peat carbon emissions based on the review of subsidence 
monitoring presented above are summarised in Table 5, with annualized 
values in Table 3. The annualized values take into account the higher 
emissions during the first few years following drainage. Peat carbon 
emissions have been estimated for a range of plantation drainage depths, 
0.5 m [to account for the possibility that subsidence levels off at 0.5 m 
(Couwenberg, 2011)], optimal plantation drainage depths of 0.6 to 0.85 
m, and drainage of 1 m (on the assumption that subsidence rates reach a 
maximum at this drainage depth and level off thereafter). For comparison, 
emissions estimated for the mean drainage depth of 0.7 m reported in the 
study of Hooijer et al. (2011) have also been included. Assuming that subsid-
ence rates level off at 0.5 m (Couwenberg et al., 2010), and accounting for 
possible increased peat bulk density under OP, estimates of peat carbon 
emissions are in the range of 45 to 133 Mg CO2-eq ha-1 yr-1. The upper value 
is close to the maximum emission value of 135 Mg CO2-eq ha-1 yr-1 predicted 
at 1 m using a value of 60% for the peat decomposition contribution to 
subsidence in the Couwenberg et al. (2010) model. Using this same model 
and assuming that subsidence rates continue up to 1 m, but excluding 
potential increases in peat bulk density following conversion to OP because 
the model is only valid to a depth of 0.5 m, more typical plantation drainage 
depths of between 0.6 and 0.85 m result in peat carbon emissions in the 
range of 54 to 115 Mg CO2-eq ha-1 yr-1. The recent study of Hooijer et al. (2011) 
falls within this range. It is important to note that that study is the only one 
to provide data that enable calculation of annualised values for peat carbon 

emissions over various time scales, thereby accounting for higher rates of 
emission in the years immediately following drainage. Earlier studies had 
assumed constant emissions since plantation development.

Table 5 (next page): Summary of peat carbon emissions estimated for various 

drainage depths on the basis of subsidence monitoring. See the main text for 

descriptions of the calculations and values used. 
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REFERENCE DESCRIPTION

CO2 EMISSION (Mg CO2 ha-1 yr-1) AT DIFFERENT 
PLANTATION DRAINAGE DEPTHS (cm)

50 60 70 85 100

Wösten et al. 

(1997)

Relationship predicts emissions of 13 Mg 
CO2-eq ha-1 yr-1 for each additional 0.1 m 
drainage depth. Based on subsidence 
rate of 0.45 m yr-1, 60% decomposition, 
bulk C density of 0.06 g C m-3 .

65 78 91 110.5 130

Delft Hydraulics 

(2006) and 

Hooijer et al. 

(2010)

Relationship predicts emissions of 0.91 
Mg CO2-eq ha-1 yr-1 for each additional 0.1 
m drainage depth. Model is based on 
the subsidence model of Wösten et al. 
(1997) combined with closed chamber 
measurements.

45.5 54.6 64 77.4 91

Couwenberg et 

al. (2010)

Original model. Predicts emissions of 0.9 
Mg CO2-eq ha-1 from each additional 0,1 m 
drainage depth, assuming 40% decom-
position and a bulk carbon density of 
0.068 g C cm-3.

45 54 63 77 90

Decomposition contributes 60% of 
subsidence, bulk carbon density of 
0.068 g C cm-3.

67 81 94 115 135

Decomposition contributes 40%, bulk 
carbon density of 0.138 g C cm-3 in 
upper 0.5 m of peat profile; from Ywih 
et al. (2010), values only calculated for 
drainage of 0.5 m.

89 — — — —

Decomposition contributes 60%, bulk 
carbon density of 0.138 g C cm-3 in 
upper 0.5 m of peat profile; from Ywih 
et al.(2010), values only calculated for 
drainage of 0.5 m.

133 — — — —

Hooijer et al. 

(2011)*

Empirical estimate of CO2 loss due to 
drainage. Decomposition estimated to 
be 92% of subsidence. Carbon loss over 
first five years after plantation drainage 
is higher (178 Mg CO2-eq ha-1 yr-1). Values 
provided are emissions annualized over 
25 and 50 years (see also Table 3).

— —

86 

- 100 — —

Summary

Mean (standard deviation)

Median

Minimum

Maximum

74 (33)

66

45

133

67 (15)

67

54

81

81 (17)

86

63

100

95 (21)

94

77

115

111 (24)

111

90

135
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Table 6: Annualized values for peat carbon emissions from plantations over various 

time scales, accounting for higher rates of emission in the years immediately following 

drainage. Average water table depth 0.7 m; values derived from Hooijer et al. (2011).

NUMBER OF YEARS
CO2 EMISSION 

(Mg CO2-eq ha-1 yr-1)

5 178

10 121

20 106

25 100

30 95

40 90

50 86

5.4  Review of non-CO2 greenhouse gases (CH4 & N2O)
Similar to studies on peat CO2 emissions, there have been a limited number 
of studies reporting on fluxes of CH4 and N2O from OP plantations on 
tropical peats (Couwenberg et al., 2010). All have used the closed chamber 
methodology to estimate fluxes, and no eddy covariance measurements 
of CH4 or N2O have yet been reported for OP plantations on tropical peat. 
The following sections review the values used to estimate peat CH4 and 
N2O fluxes in the studies reviewed in section 5.1 and the limited number 
of available empirical studies made in OP plantations. Although there 
are other estimates of non-CO2 GHG fluxes in peat under other land use 
types (e.g. agricultural sites on peat), the focus here is on OP plantations, 
and these other studies are not considered below. See Couwenberg et al. 
(2010) for a comprehensive review of soil non-CO2 GHG fluxes from other 
land use categories.

5.4.1  METHANE (CH4)

Few of the studies reviewed in section 5.1 consider peat CH4 fluxes in 
their assessments of GHG emissions from OP plantations. Only Germer & 
Sauerborn (2008) consider the consumption of CH4 in the drained peat 
profile in their analysis, basing their estimate on the study of Melling et al. 
(2005a). The latter provides one of the few estimates of CH4 flux in an OP 
plantation on tropical peat. Annual peat CH4 fluxes were estimated to be 
-15.14 Mg C m-2 yr-1 and, similarly to their estimates of annual CO2 emissions 
at the same site (Melling et al., 2005b), the annual peat CH4 balance was 
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obtained using the closed chamber technique. Measurements were made 
over one year at the peat surface, using three replicate monthly measure-
ments made between 11:00 and 13:00, and using a linear regression between 
two points (Melling et al., 2005a). As with the CO2 emissions estimates of 
Melling et al. (2005b), it is not clear where measurements were made within 
the OP plantation, i.e. location on the peat dome, or indeed how representa-
tive the site is of OP plantations in Southeast Asia more generally.

Despite the obvious limitations in the experimental design of Melling et al. 
(2005a), it is generally accepted that peat CH4 fluxes in drained tropical 
peatlands are insignificant relative to losses of CO2, both in terms of the mass 
of carbon lost and overall possible climatic impact (Couwenberg et al., 2010; 
Murdiyarso et al., 2010). Moreover, modest CH4 consumption is often observed 
at drainage depths below 0.2 m (e.g. Jauhiainen et al., 2008, 2005). It should 
be noted however, that water surface CH4 emissions from the network of 
ditches and canals required to drain OP plantations may be significant, and 
such hot spots of CH4 emission have been observed in temperate and boreal 
peatlands (e.g. Hendricks et al., 2007; Teh et al., 2011). As CH4 emissions are 
likely to scale linearly with the density of the drainage network, this poten-
tially important source of CH4 remains to be quantified and should not be 
considered negligible (Alterra, 2008; Jauhiainen et al., 2010).

5.4.2  NITROUS OXIDE (N2O)

Only two of the studies reviewed in section 5.1 considered soil N2O fluxes 
in their analysis of GHG emissions from OP plantations on peat (Germer 
& Sauerborn, 2008; Wicke et al., 2008). In Germer & Sauerborn (2008), 
peat emissions were estimated to be 4.1 ± 5.5 kg N2O-N ha-1 yr-1 (1.2 ± 1.6 Mg 
CO2-eq ha–1 yr-1). This estimate was obtained by averaging values obtained 
for a histosol planted with corn in Florida (Terry, Tate & Duxbury, 1981) with 
N2O emissions measured at a cassava plantation on peat and a secondary 
peat swamp forest in Indonesia (Hadi et al., 2000). Interestingly, Germer & 
Sauerborn (2008) attempted to base their estimate on N2O emission from 
the drained peat alone, excluding N2O emissions resulting from nitrogen 
fertilizer applications. It is not clear why this was attempted, as emissions 
resulting from fertilization should be attributed to the anthropogenic modi-
fication of the peatland GHG balance. In the analysis of Wicke et al. (2008), 
peat N2O emissions were estimated to be 8 kg N2O-N ha-1 yr-1 (3.7 Mg CO2-eq 
ha–1 yr-1) using the IPCC (2006) default for agroforestry on tropical peats. 
According to Wetlands International (2009a), this default value should be 
revised to 3.4 (range: -0.5 to 13.4) kg N2O-N ha-1 yr-1 on the basis of currently 
available data, or 1.6 (range: -0.23 to 6.27) Mg CO2-eq ha–1 yr-1.

In the only study to report annual peat N2O balance from an OP plantation 
on tropical peatland, Melling et al. (2007) report annual emissions of 1.2 
kg N2O ha-1 yr-1 (0.56 Mg CO2-eq ha-1 yr-1 ) at an OP plantation fertilized by 
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two annual applications of 51.5 kg N ha-1 in the form of urea. Based on the 
(undifferentiated) CO2 measurements of Melling et al. (2005b), this equates 
to about one percent of peat surface CO2 emissions and is in the lower 
range of the revised values for agroforestry on tropical peatland (Wetlands 
International, 2009a). As with previous studies, Melling et al. (2005a, b) 
estimated annual balances on the basis of three replicate measurements 
made at monthly intervals over one year, with all measurements made 
between 11:00 and 13:00. As such, considering the spatially and temporally 
highly variable nature of N2O flux dynamics in response to environmental 
conditions, the results of this study cannot be considered a reliable estimate 
of annual peat N2O balance. Moreover, it is unlikely that emissions resulting 
from the two fertilization applications were adequately captured by monthly 
measurements, since there is likely a rapid post-fertilization emission pulse 
(Jauhiainen et al., in review).

5.5  �Emissions reductions with good land  
management practice

In addition to the general paucity of data on peat surface GHG emissions 
from OP plantations on tropical peatlands, limited research has focused on 
minimizing emissions through good agricultural practice. To date, the few 
publications that have touched on this topic have suggested optimized 
hydrological (i.e., drainage), management as a means of reducing emissions 
(Delft Hydraulics 2006; Hooijer et al. 2010) or establishment of hydrological 
buffer zones to minimise the impacts of drainage on forested peatland 
surrounding plantations (Hooijer et al., 2011). At the time of writing, and 
given the general lack of data on emissions from OP plantations in general, 
it is unsurprising that there appears to be no published information on GHG 
emissions from OP plantations that have adopted such mitigation strategies. 
Although Hooijer et al. (2011) suggest that optimizing plantation drainage 
depths at the minimum level required for OP cultivation (0.6 m) could 
potentially achieve peat CO2 emissions reductions of up to 20%, they also 
stress that this would only serve to delay the inevitable peat carbon loss that 
is associated with drainage (Hooijer et al., 2011). The effects of optimized 
water table management on CH4 and N2O dynamics remain unquantified 
based on data from OP plantations. Effective use of hydrological buffer 
zones could also be used to minimize peat CO2 emissions from forested 
areas surrounding plantations [estimated as 33 Mg CO2 ha-1 yr-1 for distances 
of up to 2 km from the forest-plantation boundary by Hooijer et al. (2011)].

The ecological restoration of OP plantations to peat swamp forest by 
revegetation and rewetting the drained peat may offer a further option for 
GHG emission reductions (Hooijer et al., 2011; Koh et al., 2011). Studies on the 
impacts of restoration on tropical peatland GHG balances, however, remain 
in their infancy (e.g. Jauhainen et al., 2008a; Page et al., 2009) and have 
not yet been conducted for OP plantations. Moreover, given the social and 
economic drivers of OP plantation expansion in SE Asia (Renewable Fuels 
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Agency, 2010), coupled with the current profitability of OP production over 
initiatives such as REDD+ (Butler, Koh & Ghazoul, 2009), it is unlikely that 
the restoration of existing OP plantations will become widespread in the 
near term.

The conclusion from the limited information currently available is that while 
optimized drainage management and hydrological buffer zones may be 
effective in reducing GHG emissions in the near-term, the only effective 
means of mitigating emissions from OP plantations on tropical peat is to 
minimize the area of tropical peatland converted for production (Hooijer 
et al., 2011; Paoli et al., 2011). In terms of existing OP plantations on peat, it 
must therefore be accepted that high rates of GHG emission from peatland 
drainage represent the inevitable cost of OP cultivation. According to 
Fargione et al. (2008), Germer & Sauerborn (2008), and Wicke et al. (2008), 
OP biofuel production could provide reduced emissions, but only if OP 
feedstocks are produced on degraded (non-peat) lands or anthropogenic 
grasslands. Given some of the current data limitations identified in this 
review, and wider concerns over indigenous land rights and biological 
diversity (Danielsen et al., 2009; Renewable Fuels Agency, 2010), caution 
should be exercised before any particular existing land use is preferentially 
targeted for OP expansion, although using OP to rehabilitate anthropogenic 
Imperata grasslands seems to have significant potential (Ecofys, 2009). 
Moreover, the term “degraded land” should be carefully defined, so as to 
exclude any degraded peatland areas as well as areas of logged-over forest, 
which may still retain high value for biodiversity support and provision of 
other ecosystem services.
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6  CONCLUSIONS AND RECOMMENDATIONS

6.1  Conclusions
This report has aimed to assess likely rates of GHG emission from tropical 
peatlands converted to OP plantations and to provide a best estimate and 
uncertainty profile. The review has focused primarily on CO2 emissions as 
this gas is widely considered to be the most significant part of the overall 
carbon and GHG balance from drained tropical peats (Couwenberg et al., 
2010; Jauhiainen et al., 2011; Murdiyarso et al., 2010). Previous assessments 
have based their estimates of CO2 emission on a variety of sources, including 
IPCC (1996, 2006) defaults, closed chamber flux estimates and subsidence 
monitoring. In terms of IPCC defaults, the results from available closed 
chamber and subsidence studies indicate that the use of these values (range 
of 3 to 14 Mg CO2 ha-1 yr-1) for managed forests (agroforestry) on tropical 
peats is inappropriately low (e.g. Wicke et al., 2008), as are estimates based 
on one-quarter of the value for agriculture on drained peats (e.g. Germer 
& Sauerborn, 2008). Previous analyses incorporating these values into 
estimates of peat CO2 emissions have significantly underestimated actual 
rates from OP plantations. Furthermore, although the IPCC (2006) default 
for agriculture on tropical peat is within the range predicted on the basis of 
subsidence monitoring (Table 2; Couwenberg et al., 2010; Delft Hydraulics, 
2006; Hooijer et al., 2010; Wösten et al., 1997), these values have limited 
empirical foundation (JRC, 2010), having been developed for Tier 1 GHG 
assessments (IPCC, 2006), and their continued application in estimating CO2 
emissions from OP plantations on tropical peatland should be discouraged 
in favour of more appropriate, empirically based values.

There have been a number of studies using closed chamber methods to 
assess peat CO2 emissions from OP plantations, but these have been limited 
in a number of aspects (section 5.2), and it remains uncertain how represen-
tative these values are for OP plantations across the Southeast Asian region. 
The 56 Mg CO2 ha-1 yr-1 estimate of Melling et al. (2005b), for example, was 
obtained at a site with a mean drainage depth at the lower end required for 
OP cultivation (0.6 m), and in an area (coastal Sarawak) that was experienc-
ing particularly high annual rainfall. 

Several recent studies have applied subsidence data in order to provide a 
robust means of estimating carbon losses arising from the decomposition 
of drained peats (Couwenberg et al., 2010; Hooijer et al., 2011; JRC, 2010; 
Wetlands International, 2009a). This approach has several advantages 
in that it is relatively cheap and methodologically less complex than the 
closed chamber method; it can, however, require a relatively long time 
series of data, and care must be taken to obtain accurate measures of peat 
bulk density and carbon concentration (section 5.2). On the basis of this 
review, mean (± SD) estimates based on subsidence monitoring are in the 
range of 67 ± 15 to 95 ± 21 Mg CO2-eq ha-1 yr-1 for water table depths in the 
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range of 60 – 85 cm, with (non-annualised) minimum and maximum values 
of 54 to 115 Mg CO2-eq ha-1 yr-1. Using this approach, peat carbon emissions 
annualized over 25 and 50 years are estimated to be 100 and 86 Mg CO2-eq 
ha-1 yr-1, respectively, taking into account very high emissions during the 
first 5 years following plantation drainage. It would appear, therefore, that 
the majority of previous studies aiming to assess GHG emissions from OP 
production systems on tropical peatlands have at best based their analyses 
on values below or towards the lower end of this range, and at worst have 
significantly underestimated CO2 emissions from drained peats. In terms 
of biofuel production, therefore, it is likely that the true magnitude of the 
biofuel carbon debt for OP feedstocks produced on tropical peatlands is 
more substantial than has been previously assumed (Fig. 11; Table 2).

In terms of non-CO2 GHG emissions (CH4 and N2O), there have been a 
very limited number of studies aiming to quantify annual emissions from 
peat. All support the general consensus that peat surface flux (emission 
or consumption) of CH4 is typically low following land use conversion to 
OP plantation, but no studies provide data for emissions from the planta-
tion drainage network, which has been noted as a point source for higher 
emissions (Jauhiainen, unpublished data). It is therefore unlikely that the 
true magnitude of or spatial and temporal dynamics of CH4 emissions in 
OP plantations have been adequately captured by the limited number 
and frequency of measurements available, and more studies are required. 
Similar to peat CH4 fluxes, the likely flux balance of N2O at OP plantations 
on tropical peatland remains uncertain. To date, there appears to have been 
only one study aiming to quantify emissions of N2O from OP (Melling et al., 
2007). As with studies of CH4 flux, the frequency and limited spatial context 
of these measurements are unlikely to have adequately captured the true 
magnitude and dynamics of peat N2O fluxes at plantations, particularly 
in the periods following fertilizer applications. The estimate provided by 
Melling et al. (2007) indicates that N2O emissions are a small component 
(about one percent) of the overall OP plantation GHG balance, but more 
measurements are required. Additionally, whilst N2O emissions were not 
considered by the majority of previous analyses of GHG emissions from 
OP production systems (section 5.4), given the potency of this GHG, 
and in the absence of more comprehensive datasets, it is recommended 
that future assessments incorporate the range of revised peat N2O flux 
balances (-0.5 to 13.4 kg N2O-N ha-1 yr-1) provided in the review by Wetlands 
International (2009a) as a means of better constraining uncertainties. As 
with more effective assessments of CO2 emissions, accurate measurements 
of both CH4 and N2O fluxes would benefit substantially from the continuous 
and long-term monitoring capabilities provided by the eddy covariance 
technique, or the use of other more advanced measurement techniques 
(Denmead, 2008; Wang et al., 2011). 
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6.2  Recommendations
From the review above, we suggest that the annualization-dependent results 
of Hooijer et al. (2011) represent the most robust currently available empirical 
estimate of peat CO2 emissions from OP plantations, the validity of the estimate 
being supported by the conclusions from the closed chamber measurement 
study of Jauhiainen et al. (in review). For a 50-year annualization of peat 
carbon emissions, Hooijer et al. (in press) give a value of 86 Mg CO2-eq ha-1 yr-1. 
For a 25 year annualization, the value would be 100 Mg CO2-eq ha-1 yr-1. In the 
context of modeling indirect land use change, modelers might be interested in 
using a 20- or 30-year annualization to match the land use change amortiza-
tion periods in European and Californian biofuel legislation – these would give 
106 Mg CO2-eq ha-1 yr-1 and 95 Mg CO2-eq ha-1 yr-1 respectively. These estimates 
explicitly account for higher peat carbon emissions observed in the early stages 
of drainage. In terms of an uncertainty range, we suggest that the likely peat 
carbon loss rate should be represented by the minimum and maximum values 
of 54 to 115 Mg CO2-eq ha-1 yr-1 for drainage depths of 0.6 to 0.85 m (Table 
5), respectively. The minimum value of 54 Mg CO2-eq ha-1 yr-1 is independently 
suggested by the linear relationships of Couwenberg et al. (2010), Delft 
Hydraulics (2006) and Hooijer et al. (2010). The upper value additionally 
accounts for potentially higher CO2 emissions due to the reported higher peat 
carbon density in OP plantations. This upper value is also close to the median 
value of 111 Mg CO2-eq ha-1 yr-1 predicted for drainage depths of 1.1 m. It should be 
noted that these values do not explicitly consider regional or local geographi-
cal variations (e.g., climate, location on the peat dome) or other factors (e.g., 
fertilization, land use history) promoting peat GHG emissions. The adoption of 
the best estimate and full uncertainty range suggested here will, however, lead 
to reduced uncertainty in future assessments conducted at the regional scale.

Given the increasing global demand for palm oil and existing land constraints 
in many parts of Southeast Asia, it appears likely that tropical peatlands will 
continue to be converted for OP production in the near future. The findings of 
this review suggest that GHG emissions from this rapidly expanding land use 
have been underestimated by previous assessments. The likely underestima-
tion of emissions from peat in previous assessments has implications for the 
results of the modeling of the land use impacts of biofuel policies, and hence 
potentially for the policies themselves. The underestimation or non-inclusion of 
peat emissions from oil palm expansion in most previous modeling of the iLUC 
impacts of biofuels was noted by JRC (2010). Based on this review, the value of 
57 Mg CO2 ha-1 yr-1 proposed by JRC (2010) is also an underestimate (although 
we note that these authors also propose an upwards revised value of 112 Mg 
CO2 ha-1 yr-1, which may be an overestimate). This underestimation of peat GHG 
emissions in the iLUC modelling literature may have contributed significantly to 
an underaccounting of the indirect land use change GHG emissions of biodiesel, 
and in particular of biodiesel made from palm oil. For instance, Al-Riffai et al. 
(2010) used two emission values — 5 and 40 Mg CO2-eq ha-1 yr-1, based on IPCC 
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(2006), and Wetlands International (2009a), averaged to 22.5 Mg CO2-eq ha-1 yr-1 
— to find that peat emissions contributed around 4 g CO2-eq MJ-1 to the carbon 
intensity of palm biodiesel, and perhaps under 1 g CO2-eq MJ-1 to the carbon 
intensity of other biodiesel. With the central value suggested here, those values 
would have been more like 19 and 5 g CO2-eq MJ-1, respectively. JRC (2010) 
noted that the estimate of 18% of OP expansion occurring at the expense of 
peat had also been set too low by Al-Riffai et al. (2010). In that case, correct-
ing up to 33% as suggested by JRC (2010) would create a compound effect 
and further increase the reported peat contribution to the biodiesel carbon 
intensities to 35 and 9 g CO2-eq MJ-1 for palm oil biodiesel and other biodiesel, an 
intensity increase of 31 and 8 g CO2-eq MJ-1, respectively. To place this in context, 
an increase in carbon intensity of 31 g CO2-eq MJ-1 would subtract 37% from the 
reportable carbon savings of palm oil biodiesel used in the European Union. 

More generally, it is already well established that the emissions from the 
destruction of Southeast Asian peat swamp forests are very substantial, and 
this review suggests that global emissions may be significantly higher than 
previously estimated. Wetlands International (2009b), based on Wetlands 
International (2009a), estimated global emissions from peatland (including 
fires) to be potentially in excess of 1.3 Gt yr-1, with about 550 Mt yr-1 of that 
coming from degrading peatland in Indonesia and Malaysia. Given that 
Wetlands International (2009b) assumed a value of 40 Mg CO2 ha-1 yr-1 for 
agroforestry, cropland, and grassland, it is suggested that the absolute level 
of peatland emissions from these countries and other tropical countries may 
have been underestimated substantially (noting that we have not explicitly 
reviewed emissions from other forest/agroforestry, grassland, and agriculture 
on degrading peat, but that these values may well have been subject to similar 
underestimation to the value for OP). That could put global emissions from 
degrading tropical peat in excess of 2 Gt yr-1, although a more comprehensive 
review of the literature for degrading peat with non-OP uses would be 
necessary before a revised figure could be firmly suggested. ICCT (in press), in 
a forthcoming study, finds that between 1990 and 2010, the area of OP on peat 
in Malaysia and Indonesia combined increased by about 1.9 Mha. Based on the 
25-year annualization, the annual emissions from this area would currently be 
about 200 Mt yr-1, perhaps one-tenth of total global peat emissions, and two-
fifths of the total for Indonesia and Malaysia. ICCT (in press) suggests that OP is 
likely to continue to expand rapidly onto peat in the next decade, in which case 
this rate of emissions could double by 2020. 

All of this serves to emphasise that governments concerned with preventing 
climate change should act as a matter of urgency to protect global peatlands, 
primarily by restricting agricultural expansion on peatland and also by consid-
ering opportunities to rewet and restore already degrading peatlands. Effective 
protection would have the side benefit of significantly reducing the iLUC 
emissions intensity of biodiesel, potentially making biodiesel support mandates 
more viable as GHG mitigation policies. 
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