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The upcoming global mechanism for reducing emissions from
deforestation and forest degradation in developing countries
should include and prioritize tropical peatlands. Forested tropical
peatlands in Southeast Asia are rapidly being converted into
production systems by introducing perennial crops for lucrative
agribusiness, such as oil-palm and pulpwood plantations, causing
large greenhouse gas (GHG) emissions. The Intergovernmental
Panel on Climate Change Guidelines for GHG Inventory on Agricul-
ture, Forestry, and Other Land Uses provide an adequate frame-
work for emissions inventories in these ecosystems; however,
specific emission factors are needed for more accurate and cost-
effective monitoring. The emissions are governed by complex bio-
physical processes, such as peat decomposition and compaction,
nutrient availability, soil water content, and water table level,
all of which are affected by management practices. We estimate
that total carbon loss from converting peat swamp forests into
oil palm is 59.4� 10.2 Mg of CO2 per hectare per year during
the first 25 y after land-use cover change, of which 61.6% arise
from the peat. Of the total amount (1,486� 183 Mg of CO2 per hec-
tare over 25 y), 25% are released immediately from land-clearing
fire. In order to maintain high palm-oil production, nitrogen inputs
through fertilizer are needed and the magnitude of the resulting
increased N2O emissions compared to CO2 losses remains unclear.

drainage ∣ respiration ∣ gain-loss approach ∣ stock-difference approach

Globally, peatlands cover an area of 400 million hectare, which
is equivalent to 3% of the Earth’s land area. These ecosys-

tems store a large fraction of terrestrial carbon, as much as 528 Pg
(Pg ¼ 1 × 1015 g), or one-third of global soil carbon (1, 2). This
quantity is equivalent to the amount of carbon that would be
emitted to the atmosphere from burning fossil fuels at the current
annual global rate (approximately 7 Pg in 2007) for the next 75 y.

One-third of the carbon stored in peatlands (191 Pg) is located
in the tropics (3, 4), of which 60% is in Southeast Asia with an
estimated area of 25 million hectare (Mha). The majority (84%)
of Southeast Asian peatlands are found in Indonesia (around
21 Mha), whereas Malaysia harbors 2–2.5 Mha. Thailand has
around 45,000 ha, and relatively small areas are found in
Vietnam, Brunei, and the Philippines (5).

Tropical peatlands are an important terrestrial carbon pool,
but they are highly vulnerable and have become a major source
of carbon emissions that requires policy changes to allow mitiga-
tion measures to take place. During the period of 2000–2005, the
deforestation rate in Indonesian peatlands was estimated around
0.1 Mha per annum (6). Adding to this, the area of peatlands
burnt during the big fire in 1997 was 2.12 Mha (7).

The main driver of tropical peatlands deforestation is the
development of oil-palm and pulpwood plantations (8). Indone-
sia and Malaysia, which currently account for 85% of the world’s
supply of crude palm oil, aim at supplying Chinese, Indian, and
European markets. If crude palm oil demand increases, there
could be much more pressure on the forested land in the region.
For example, in order to substitute 1% of fossil fuel use with
biofuels for electricity production, Europe would consume the
oil production of at least 2 Mha of oil-palm plantations (9).

It was estimated that converting a hectare of forest to palm-oil
production yields net present values (NPV) of $3,835–$9,630
to land owners (10, 11). The conversion is more profitable than
leaving the forests standing for carbon credits from voluntary
markets of $614–$994 per hectare although belowground carbon
in peatland is also considered. Unless post-2012 global climate
policies create significant financial incentives to overcome the eco-
nomic drivers of deforestation, reducing emissions from deforesta-
tion and forest degradation (REDD) will not be able to compete
financially with factors that expand oil-palm agriculture (12).

The Bali Action Plan paves the way for REDD implementa-
tion as a climate change mitigation measure (13). The Action
Plan invites countries to consider policy approaches and creates
the opportunity for positive incentives on issues relating to im-
proved forest management, including conservation, sustainable
management of forests, and enhancement of forest carbon stocks,
known as “REDD+.” Because the rules and modalities of
REDD+ are to be decided, it is now the right time to promote
the peatlands sector to be included in the new climate regime
under the REDD+ schemes.

In this review we explore existing data for these ecosystems and
suggest areas for scientific support in meeting the methodological
challenges to assess greenhouse gas (GHG) emissions from tropi-
cal peatlands. Identifying research gaps with respect to improved
management in these carbon-rich ecosystems merits significant
elaboration to support effective REDD+ implementation.

Current Status and Trends of Tropical Peatlands
Peatland Development. In 1981, “planned deforestation” in Indo-
nesia was legislated, involving 30 Mha of conversion forests (14).
In addition to plantation forests, most of the conversions were
allocated for agricultural land development, such as oil palm.
Furthermore, in early 2009, the government of Indonesia issued
a regulation that allows the development of oil-palm plantations
in peatlands with peat depth less than 3 m, which could poten-
tially trigger further deforestation and peatlands degradation.

In late May 2010, however, a letter of intent (LoI) between the
government of Indonesia and the government of Norway on co-
operation on REDD+ was signed. The Norwegian government
pledge of $1 billion will trigger (i) the development of REDD+
strategies to address key drivers forest and peatland-related emis-
sions, (ii) the establishment of an independent REDD+ agency
and an independent monitoring, reporting, and verification insti-
tution, and (iii) the financial mechanisms. Thus far, the LoI has
generated extensive debates across government agencies, private
sectors, and civil society regarding opportunity costs, institution
settings, and new regulatory framework.
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The tremendous expansion of oil-palm plantations in Indone-
sia and Malaysia shown in Fig. 1 (15) is partly driven by biofuels
markets. Palm oil is a versatile tropical agricultural product
because its production cost is the lowest and productivity is
the highest among major oil crops (16). The emergence of the
renewable energy market to meet climate change challenges
has been considered an economic opportunity for developing
countries. The expansion of oil palm increases demand for land,
which causes substantial social and environmental concerns with
regards to community rights, biodiversity in high-value conserva-
tion forests, and GHG emissions from removal of forest biomass
and peat decomposition (17, 18).

Since the early 1990s, the government of Indonesia has
subsidized the expansion of pulpwood plantations and the paper
industry. As a result, the pulp and paper sector has been growing
rapidly with a number of social and environmental consequences
(19). Unlike the oil-palm sector, which has been driven by com-
bination of land-use policy and rising commodity prices, the
ambitious pulpwood expansion was solely policy-driven. The ca-
pacity of Indonesian mills to produce pulp was on the order of
6 million tons per year in 2004. To meet this capacity, companies
relied heavily on mixed tropical hardwood harvested from natural
forests. In the same period Indonesia was the second largest ex-
porter of bleached pulp to China after Russia, amounting to
1.2 million tons (8). Assuming the domestic consumption of pulp
is to be the same order of magnitude, there is still a huge shortfall
in terms of supplying raw materials. If REDD measures are not
driven by strong policies and adequate incentives, it will be diffi-
cult to compete with the increasing demand for pulp and paper
and the overcapacity of pulp mills.

REDD Opportunities and Risks. The latest development in interna-
tional negotiations is that the REDD mechanism will go beyond
just emissions from deforestation and forest degradation and
will also support other activities including forest conservation,
sustainable management of forests, and enhancement of forest
carbon stocks. Thus, the mechanism in now referred to as
REDD+. Despite the uncertainties regarding the rules and mod-
alities for REDD+, there are emerging opportunities and chal-
lenges for countries harboring forests. In particular there are
opportunities for countries with carbon-rich peat swamp forests.

Indonesia, for example, has 40 Mha of forestland classified as
nonforested or degraded by the Ministry of Forestry (20). A large
portion of degraded lands which are characterized by mineral
soils may be allocated for sustainable pulpwood and oil-palm de-
velopment. Therefore, carbon-rich peatlands can be preserved

and targeted for rehabilitation as part of enhancement of sinks
activities under REDD+ mechanisms.

Only planting on degraded secondary forests and degraded
grasslands could be compatible with environmentally responsible
expansion of palm-oil production. There is, however, a financial
trade-off here because land owners often generate the capital
required for plantation establishment from the proceeds of
liquidating the native forests. REDD finance could be used to
overcome this barrier. Moreover, fire risks should be adequately
addressed in REDD+ activities. Fire protection, which usually
consumes public funds, could be internalized in the REDD me-
chanism.

In most cases, vegetation and land fires are lit intentionally to
remove vegetation residues or debris before introducing new
crops or plantations. Although extensive drought because of
large-scale climatic phenomena, like El Niño, is associated with
widespread fires, it has never been the cause of fires (21). Never-
theless, dry climate has amplified the effects of land-use cover
change (LUCC) and land management, causing carbon emission
during the 2006 El Niño that were estimated to be more than 30
times greater than emissions during the 2000 La Niña (22).
Although peat fires are episodic, the CO2 flux from smoldering
peat fires could be at least as large as the decomposition flux from
peatlands (23). Estimates for Southeast Asian emissions from
fires for the period 1997–2006 were between 1.4 and 4.3 Pg
per year (24). These scenario-based estimates were well within
the range of estimates using intensive measurements in plots
(25) that ranged between 3 and 9 Pg of CO2. A more recent
study for equatorial Asia (Malaysia, Indonesia, and Papua
New Guinea) using CO∶C data obtained from Moderate Resolu-
tion Imaging Spectroradiometer and Measurements of Pollution
in the Troposphere sensors, respectively (22), resulted in average
CO2 emissions from fires during 2000–2006 of 0.5 Pg yr−1.

The public funds made available by multilateral agencies
should be able to support countries to equip themselves with a
certain level of capacity to engage in REDD+ projects. These
opportunities are not necessarily unique to the forest sector
but can address concerns of the wider national development
agenda. However, through REDD+ activities, countries would
have the opportunity to improve forest governance, management
capabilities, biodiversity conservation, poverty alleviation, and
issues related to property rights.

There are also risks to the climate system if the expansion of
the REDD+ mechanism allows for expansion of plantation op-
erations on peatlands in the name of ecosystem rehabilitation.
For example, Indonesia’s strategy for emissions reductions places
emphasis on enhancing sinks through tree planting on degraded
forestland over reducing deforestation (26). Plantation forestry
on degraded peatlands is likely to sustain high emissions from
peat soils because of the drainage while providing only modest
offsets from biomass accumulations. The net effect of such a
scheme is likely to be negative on the atmosphere.

Land-Use Dynamics and GHG Emissions in Tropical Peatlands
In this section, we will first review the existing methods proposed
by the Intergovernmental Panel on Climate Change (IPCC) for
estimating GHG flux changes associated with LUCC in tropical
peatlands. Then we will examine which are the biotic and abiotic
factors regulating soil GHG fluxes and how changes of these reg-
ulators following LUCC may affect the fluxes. Finally, we will cal-
culate C losses from peat swamp forest conversion into oil-palm
plantation over a period of 25 y and look at how the changes in
N2O fluxes compare to C losses.

Methods for Assessing GHG Emissions from Peatlands. The IPCC
guidelines (27) propose two approaches to estimating carbon
stock changes in any pool. The “gain–loss” approach includes
all processes that bring about changes in a pool. Gains can be

Fig. 1. Trends of oil-palm plantation expansions and fruit production in In-
donesia and Malaysia. The different pattern in both expansion of the area
and production may indicate different types of management and site quality
or soil productivity.
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attributed to growth (i.e., biomass increases) and to transfers of
carbon from another pool. Losses can be attributed to transfers of
carbon from one pool to another or transfers out of the system.
The “stock-difference” method is an alternative approach, which
can be used where C stocks in relevant pools are measured at two
points in time to assess C stock changes and an average gain or
loss rate is determined over the time interval between mea-
surements.

In the case of conversion of peatlands forest to oil-palm or
Acacia sp. plantations, the stock-difference approach is likely
to be the most applicable approach to biomass carbon account-
ing. Published values for aboveground biomass in indigenous peat
forests vary widely (Table S1). Belowground biomass accounting
is generally based on the ratio of belowground biomass to above-
ground biomass. The few data that have been collected suggest
that root-to-shoot ratios in mature dense peat forests in the tro-
pics are very low—on the order of 0.01–0.06 (28). There are some
values for dead wood and litter in the scientific literature, but no
systematic survey has been done. These pools are small portions
of the carbon stocks in forests on peat soils but may make up a
greater portion of carbon stocks in tree cropping systems.

The main concern related to land-use change in these ecosys-
tems is associated with the soil organic matter. The 2006 IPCC
guidelines follow a stock-difference approach for both mineral
and organic soils, which is not appropriate for tropical peatlands
because it is impossible to estimate carbon stocks in these systems
with any reasonable level of certainty. The emissions factors for
drained managed forests on organic soils in the guidelines are
significantly lower than those reported for forests converted to
plantations or agriculture (29–31). Tropical peats differ from
temperate or boreal peats because they are derived from forest
vegetation and are very heterogeneous. The soil surface is often
very irregular with large hummocks and hollows (29). Tropical
peat soils also have logs and undecomposed branches within them.
The zones between the logs and branches are of very low bulk
density, often between 0.03 and 0.20 g cm−3, and there is no pre-
dictable pattern to variation in bulk density; for example, there is
no discernible trend with depth (30). Additionally, the mineral
contact beneath the peat is not always regular. Thus, calculating
both the volume and the carbon density of tropical peat is often
not possible without very intensive measurements at each site.
Such intensive measurements are impractical for national inven-
tories and for inventories that any REDD project may establish.

An accounting approach on the basis of the gain–loss method
that accounts for changes in inputs and outputs from peat soils
following conversion and associated with management is likely to
give a more precise estimate of the impact on the atmosphere and
is likely to be more practical to implement. The scientific litera-
ture has many serious gaps at the moment, and it is therefore
impossible to suggest default factors for the gain–loss method.
Nevertheless, generating reasonable default factors for peatlands
is not technically difficult. A concerted effort to generate good
numbers over a period of, say, 10 y should be sufficient to signif-
icantly enhance our ability to do proper accounting in these
ecosystems and facilitate their incorporation into a REDD me-
chanism.

Finally, the wetlands chapter of the guidelines provides for
estimation of non-CO2 GHGs. Because drainage of peatlands
generally lowers CH4 emissions (32, 33), additional anthropo-
genic emissions are assumed to be insignificant in drained peat-
lands and can be excluded from inventories. The default factor
for N2O emissions associated with drainage is double the factor
for temperate and boreal because mineralization rates are as-
sumed to be about 2 times greater in tropical climates than in
temperate climates. Because default values are not based on em-
pirical studies, these should be carried out to improve accounting
methods. Conversion of peat forests to intensive cropping or oil
palm involves significant inputs of N fertilizers. Likewise, Acacia

sp. adds significant amounts of N to these soils through N fixation,
which is likely to increase N2O emissions. The revised IPCC
guidelines (27) provide equations for estimating N2O emissions
from managed soils in a separate chapter dedicated to non-CO2

GHGs. These guidelines cover methods for estimating direct
N2O emissions from application of organic and synthetic N
fertilizers or crop residues, including from N-fixing crops, and
drainage and management of organic soils.

Our recommendation for assessing C loss from LUCC in tro-
pical peatlands is to combine the gain–loss and the stock-differ-
ence approaches. Loss from the peat can be estimated by using
the gain–loss approach, whereas the loss from the biomass can
be assessed by using the stock-difference approach. The first ap-
proach requires information on C inputs from litterfall, root mor-
tality, and exudation and C outputs from peat decomposition
(also called soil heterotrophic respiration), CH4 fluxes, and
soluble and physical removal. The second approach requires es-
timates of aboveground C stocks prior to and following conver-
sion. Changes in N2O fluxes should also be accounted for,
especially for those LUCCwhere N inputs to the soil are expected
to increase.

Within the REDD mechanism, factors for both methods will
be required to operationalize C accounting at project and na-
tional levels. In the following sections, we will review the available
literature and assess the adequacy of the existing data to provide
inputs to the IPCC equations.

Regulating Factors of Soil GHG Flux Changes from Peatlands.Agricul-
tural development on tropical peatlands requires drainage, which
initiates a process of subsidence. Subsidence may be divided into
two phases, with an initial rapid consolidation followed by slow
oxidation and shrinkage (31). Subsidence of peat soils is related
to the depth of the water table. Subsidence increases with depth
up to 50 cm below the surface, after which it remains constant
(34). In addition to the CO2 emissions, these changes affect
CH4 and N2O fluxes (35). Because most of these peat systems
are ombrotrophic, and thus tend to be nutrient-limited, nutrient
additions are likely to significantly increase both oxidation of
soil organic matter, leading to increased CO2 emissions, and N2O
emissions in the case of N fertilizer. These effects could be per-
sistent and affect rehabilitation efforts.

Carbon dioxide (CO2). The estimated contribution of peat oxida-
tion to the subsidence rate varies greatly, from 40% to 73%
(34). Several authors have attempted to relate peat decomposi-
tion or peat subsidence rates to the depth of drainage (34, 36, 37).
The approach in these studies has been problematic because most
compile data from several studies and attempt to infer emissions
due to drainage as if that were the only mechanism operating in
the comparisons. Most of the studies used for these analyses were
conceived with objectives other than quantifying this relationship.
Regressions are produced without taking into account other
confounding factors (differences in nutrient availability, fertilizer
application, nature of the peat, land use, ecosystem productivity,
etc.). Additionally, these studies mistakenly present relationships
between peat drainage depth and soil respiration across all land
uses as validation of the regression models and use this to infer
CO2 emissions from peat decomposition.

There are two components in soil respiration, viz. hetero-
trophic respiration of soil microorganisms and autotrophic re-
spiration of roots and mycorrhizae (38). Only the former
contributes to peat C loss, and the autotrophic component should
never be considered to be negligible, especially in tree planta-
tions. Heterotrophic and autotrophic activity belowground may
not respond equally to changes in soil water content and may re-
spond in context-dependent ways. In a peat swamp forest in cen-
tral Kalimantan, CO2 emissions were relatively steady regardless
of the water table position in hummocks, formed mainly from
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living and dead roots and decaying debris (39). In nearby vegeta-
tion-free hollows, CO2 emission rates were progressively lower
as the water table rose towards the peat surface. Thus, there
was likely a relationship between heterotrophic respiration and
water table depth in the hollows, but the effect may have been
overcome in the hummocks because the presence of roots oxyge-
nated the soil and allowed heterotrophic decomposition to con-
tinue apace.

Models on total soil respiration will overestimate CO2 emis-
sions from peat decomposition. Indeed, the use of one of these
proposed relationships for an oil-palm plantation with mean
water table drainage levels of 50 cm (34) returns a soil hetero-
trophic respiration rate of 12.3 Mg of C per hectare per year,
equal to the average total soil respiration rate in oil-palm planta-
tions on peatlands (Table 2).

Soil fluxes of CO2 in tropical peatlands are often interactively
influenced by multiple factors. Given the growing acceptance of
this relationship in the climate change community and nascent
efforts to reduce emissions by reflooding drained peatlands, it
is imperative to develop empirical evidence for the relationship
between water table depth and CO2 emissions from peat decom-
position or to devise rehabilitation strategies that tackle the true
underlying drivers of peatland emissions.

Assessment of peat heterotrophic respiration rates from peat
subsidence is another interesting approach. However, there are
still very high uncertainties associated with the parameters in-
volved (contribution of decomposition to subsidence, organic
matter decomposition rate, relationship between water level and
subsidence rate, C content of peat layers and spatial variation in
peat bulk density, etc.), which makes these estimates unreliable.

Methane (CH4). Primary factors that may impact the CH4 flux
following LUCC in peatlands are soil temperature, moisture,
compaction and NH4

þ or NO3
− contents in the case of fertilized

systems. Raised soil temperatures following LUCC may stimulate
both processes of methanogenesis and methanotrophy, although
methanotrophy seems to be less sensitive to temperature than
methanogenesis and is more dependent on CH4 availability
(40, 41). Decreased water table levels after drainage may decrease
methanogenesis, increase methanotrophy, and consequently de-
crease the net CH4 emission to the atmosphere. Consequences
of peat compaction on CH4 fluxes would be opposite to those
from decreased water table levels. Finally, inhibitory effects of
N fertilizers on CH4 oxidation have been reported in mineral
soils. This inhibitory effect seems to be dependent on the nature
of the N fertilizer and was reported to be short-term (40).

Nitrous oxide (N2O). Denitrification and nitrification are the main
processes that produce N2O. Similarly to soil respiration, varia-
tions in soil water content strongly affect soil emissions of N2O.
The effect of soil water content on soil N2O effluxes has been de-
scribed as a monotonic curve with maximum emissions around
field capacity, which is often around 60% of water-filled pore
space (WFPS). At higher water contents, N2O is primarily re-
duced into N2 (42). So far, no relationship has been demonstrated
between the water table level and N2O emissions in tropical peat-
lands. It is likely that flooded conditions would enable denitrifica-
tion to reduce N2O into N2 (43), resulting in lower N2O emissions.
Drainage may therefore increase emissions, particularly in ferti-
lized systems or systems with N-fixing trees. In peat soils with
low pH values, denitrification of N2O into N2 at high soil water
content may be partially inhibited (44). Hence, the response in
N2O emissions to reduced WFPS values or decreased water table
levels may vary according to intrinsic properties of the peat.

Next steps. When the concern is the impact of LUCC on the
climate, the big story in peatlands is likely to be the soil C.

Research needs to focus on soil heterotrophic respiration and
not total soil respiration. It is reasonable to expect that the re-
sponse of the two processes will vary with respect to LUCC
and management. Measurement of changes in soil heterotrophic
respiration after LUCC and in response to fertilizer, in particular,
is necessary and urgent. Drainage of peatlands generally lowers
CH4 emissions (32, 33), and in the next section we will analyze
how the decrease in soil CH4 compares to the other C flux
changes in the peat C budget. We will also review the literature
on soil N2O flux changes following LUCC in tropical peatlands
and see how these changes compare with C flux changes.

Carbon and N2O Dynamics in Changing Land Use of Peatlands. C losses
from LUCC. Here we present our assessment on C loss from peat
swamp forest conversion into oil-palm plantation over a period of
25 y (Table 3), calculated by combining the gain–loss (for asses-
sing C losses from the peat) and the stock-difference (for asses-
sing C loss from the vegetation) approaches, as explained in
Methods for Assessing GHG Emissions from Peatlands. Average
C stocks and fluxes before (peat swamp forest) and after conver-
sion (oil-palm plantation) are presented in Tables 1 and 2. Data
sources and calculation methods are presented in the correspond-
ing Tables S1 and S2.

Prior to conversion, in the undisturbed peat forest, anaerobic
conditions and nutrient limitations in the soil limit decomposition
of the organic matter, and the balance between C inputs and
outputs leads to peat accumulation (Table 2). After conversion,
peat C loss in the oil-palm plantation was calculated as the bal-
ance between main soil C outputs (heterotrophic soil respiration
and dissolved and particulate organic C) and inputs (litterfall and
root mortality) (Table 2). This balance amounted to 5.2� 1.1 Mg
of C per hectare per year. Additionally, land clearing by fire was
assumed to be part of the land management system and calcu-
lated as a peat C stock loss (Table 1). Interruption of peat accu-
mulation by removing forest vegetation should be accounted
for and is nonnegligible. In the long run, peat loss will affect
the sustainability of peatlands ecosystems.

After clearing the forest, the land is prepared for cultivation,
and fire is often used. Peat C loss from these fires is significant
and amounts to 25% of total C loss associated with LUCC.
Therefore, REDD payment would promote zero-burning policies
and peatland managers could deploy technology to support fire
prevention.

Peat C loss associated with LUCC (249.9 Mg of C per hectare
over 25 y) is greater than C loss from the change in aboveground
biomass C stocks. However, peat losses will not cease after this
period and will persist as long as management promotes organic
matter oxidation. These figures demonstrate the potential for
high levels of avoided emissions by including tropical peat swamp
forests into the REDD mechanism and underlines the need for
developing improved methods for estimating C loss from peat
soils associated with LUCC.

The mean rate of peat C loss associated with oil-palm cultiva-
tion (5.2 Mg of C per hectare per year) is more than 7 times that
of peat C accumulation rate in the forest (Table 2), which demon-

Table 1. C stocks in the aboveground biomass of the trees in peat
swamp forests and oil-palm plantations on peat, and loss from the
peat after land-clearing fire

C pool
C stock, Mg of
C per hectare

Tree aboveground biomass in peat swamp forests 179.7 ± 38.2
Tree aboveground biomass in oil palm 24.2 ± 8.1
Peat loss from land-clearing fire 100.0 ± 50.0

Values are mean� standard error. Data sources and calculation methods
are presented in SI Text.
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strates how fast and intensively LUCC in tropical peatlands may
affect the C cycle.

Our estimate of heterotrophic soil respiration rate in oil palm
on peatland (9.3 Mg of C per hectare per year) is lower than that
calculated from the linear relationship (34) of 12.3 Mg of C per
hectare per year for mean water table levels of 50 cm. We would
like to underline that soil heterotrophic respiration is not a direct
measurement of peat C loss but has to be balanced with main C
inputs to the soil in order to assess peat C loss. As a consequence,
the relationships between heterotrophic soil respiration and
water table level (34, 37) cannot compare with our assessment
of peat C loss in the oil-palm plantation.

Soil CH4 fluxes are small compared to C release from soil
heterotrophic respiration (45). For instance, net annual CH4

uptakes in an oil-palm plantation on peat of 0.0002 Mg of C
per hectare per year were observed in Malaysia (46). Over
25 y, C inputs would represent 0.005 Mg of C per hectare. The
same study (46) assessed a very small decrease in soil CH4 flux
(0.0004 Mg of C per hectare per year) from peat swamp forest
(CH4 flux of 0.0002 Mg of C per hectare per year) conversion
to oil-palm plantation. Such a small C flux change (0.01 Mg of
C per hectare over 25 y) is negligible compared to the overall peat
C loss from LUCC (249.9 Mg of C per hectare over 25 y) and
justifies not be accounted for.

In conclusion, C loss over 25 y when peat swamp forest is
converted into oil palm (Table 3) is equivalent to 1,486.1 Mg
of CO2 per hectare over 25 y, corresponding to a C loss rate
of 16.2� 2.8 Mg of C per hectare per year or 59.4� 10.2 Mg
of CO2 per hectare per year. Such an assessment for peat swamp
forest conversion to Acacia sp. plantations is not feasible at the
moment because of the current lack of scientific studies. Never-
theless, we could expect similar C losses as those from oil-palm
plantations. Indeed, the change in biomass C stocks will be com-
parable. The C loss rate from Acacia sp. cultivation might also be
similar. The species Acacia crassicarpa is planted on a 6–7 y rota-

tion period, with a drainage depth of 80–100 cm, about 20 cm
deeper than that required for growing oil palm (47). Larger
CO2 losses from heterotrophic respiration might then be ex-
pected in Acacia sp. plantations as compared to oil-palm planta-
tions, but the larger C inputs from both litterfall and root
mortality of the Acacia sp. trees may lead to a similar peat C bud-
get. The main difference between the two conversions would be
in terms of fire risk, which is greater in Acacia sp. than in oil-palm
plantations (47).

N2O emissions from fertilized crops and plantation of N2-fixing trees.
Increased N2O emissions resulting from LUCC in peatlands are
likely to be a small part of the total GHG emission. Difference in
soil N2O emissions between oil-palm plantations on peatlands
fertilized at a rate of 100 kg of N per hectare per year and nearby
natural forest was observed (48). The difference was 0.5 kg of N
per hectare per year or 0.23 Mg of CO2 eq: per hectare per year
[applying the N2O global warming potential of 298 over a time
horizon of 100 y (49)], which is negligible compared with the total
C loss associated with conversion (59.4 Mg of CO2 per hectare
per year). A difference in N2O flux between intensively fertilized
pineapple fields grown on peatlands and nearby peat forest was
1.4 kg of N per hectare per year—i.e., 0.7 Mg of CO2 eq: per hec-
tare per year (50). Again, this rise in N2O emissions was negligible
compared with the total C loss of 59.4 Mg of CO2 per hectare per
year associated with peat swamp deforestation.

We are aware of only one study that found large differences in
N2O emissions between three highly fertilized crop fields and
peat forest (51). The authors found differences of 192.5, 34, and
114.5 kg of N per hectare per year, that is to say, 90.1, 15.9, and
53.6 Mg of CO2 eq: per hectare per year. In this case, the rise in
N2O emissions is comparable and even larger than total C loss
resulting from conversion of peat swamp forests into oil palm.
Mean N2O emissions measured in the crop fields (195, 36.5,
and 117 kg of N per hectare per year) are among the highest
of the literature (52) probably because of the unusually high rates
of fertilizer applications (832, 877, and 1,032 kg of N per hectare
per year). Fertilizer application rates in oil palm are on the order
of 100–300 kg of N per hectare per year (53, 54).

The increase in N2O emissions from the conversion of peat
swamp forest to Acacia sp. plantations could be larger than that
from the conversion to oil-palm plantation because of the deeper
drainage under Acacia sp.

Concluding Remarks
In the past decade, emissions from deforestation and peat
degradation due to drainage and fires in Southeast Asia, mainly
Indonesia, have been the single largest source of GHG emissions
from land use. Despite limited capacity to measure and monitor
peatland carbon dynamics, there is an awareness of the need to
include peat soils in the REDD+ mechanism. Strong political
support combined with sufficient capacity and stakeholders’ par-
ticipation should make REDD+ opportunities very attractive.
The REDD+ mechanism offers an opportunity not only to man-
age peatlands more sustainably, but also to settle a number of
agendas related to social and legal issues. It is timely to promote
the eligibility of reducing GHGs emissions from peatlands in the
new climate regime.

The framework for accounting CO2 and N2O emissions is
adequate. An approach on the basis of the C gain–loss method
that accounts for changes in inputs (litterfall, root mortality,
and exudation) and outputs (soil heterotrophic respiration, CH4

fluxes, and soluble and physical removal) from peat soils prior to
and following conversion is likely to give a more precise estimate
than a stock-difference approach. Appropriate emissions factors
are required to properly implement the equations, and these have
only partly been developed for peat soils. Generating reasonable
emissions factors for these activities is not technically difficult. A

Table 2. Average C fluxes in peat swamp forest and oil-palm
plantations on peat

Source
C flux, Mg of C per
hectare per year

Peat accumulation in the forest 0.75 ± 0.25
(1.5� 0.5 mmy−1)

Litterfall in oil palm 1.5 ± 0.1
Root mortality in oil palm 3.6 ± 1.1
Soil respiration in oil palm 12.7 ± 2.7
Root respiration in oil palm 3.4 ± 0.4
Heterotrophic respiration in oil palm 9.3 ± 2.7
Dissolved organic carbon + particulate organic

carbon
1.0 ± 0.5

Values are mean� standard error. Data sources and calculation methods
are presented in SI Text.

Table 3. C losses from peat forest conversion to oil-palm plantation
over a 25-y rotation

Source or process
Carbon losses, Mg of C
per hectare over 25 y

Ceasing of peat accumulation in the forest 18.8 ± 6.3
Burnt peat from land-clearing fire 100.0 ± 50.0
Change in biomass C stocks* 155.5 ± 39.2
Peat C loss in oil-palm plantation:

soil C outputs†—C inputs‡
131.1 ± 28.2

Total 405.3 ± 69.8

*Difference in aboveground C stocks in trees between the forest and the oil-
palm plantation.

†From heterotrophic soil respiration and soluble and physical removal
(10.3� 2.8 Mg of C per hectare per year).

‡From litterfall and root mortality (5.1� 1.1 Mg of C per hectare per year).
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concerted effort to generate good numbers should be sufficient to
significantly enhance our ability to do proper accounting in these
ecosystems, which should be one of the highest priority areas for
research.

Finally, research on the mechanisms of carbon cycle and how it
is affected by peatland management and ecosystem rehabilitation
measures is urgently needed. The current mechanistic under-
standing is insufficient to develop appropriate emissions mitiga-
tion recommendations. The approach of estimating changes on
emissions on the basis of single factors like drainage depth should

not be used for REDD+ projects or for management recommen-
dations. Research should focus on improving both water and
nutrient management to ensure that we have the best chance
to advance in this area rapidly.
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