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Abstract

The lowland peatlands of south-east Asia represent an immense reservoir of fossil
carbon and are reportedly responsible for 30% of the global carbon dioxide (CO,)
emissions from Land Use, Land Use Change and Forestry. This paper provides a review
and meta-analysis of available literature on greenhouse gas fluxes from tropical peat soils
in south-east Asia. As in other parts of the world, water level is the main control on
greenhouse gas fluxes from south-east Asian peat soils. Based on subsidence data we
calculate emissions of at least 900gCO, m *a "' (~250gCm Za ') for each 10cm of
additional drainage depth. This is a conservative estimate as the role of oxidation in
subsidence and the increased bulk density of the uppermost drained peat layers are yet
insufficiently quantified. The majority of published CO; flux measurements from south-
east Asian peat soils concerns undifferentiated respiration at floor level, providing
inadequate insight on the peat carbon balance. In contrast to previous assumptions,
regular peat oxidation after drainage might contribute more to the regional long-term
annual CO, emissions than peat fires. Methane fluxes are negligible at low water levels
and amount to up to 3mg CH;m >h ' at high water levels, which is low compared with
emissions from boreal and temperate peatlands. The latter emissions may be exceeded by
fluxes from rice paddies on tropical peat soil, however. N,O fluxes are erratic with
extremely high values upon application of fertilizer to wet peat soils. Current data on
CO, and CH, fluxes indicate that peatland rewetting in south-east Asia will lead to
substantial reductions of net greenhouse gas emissions. There is, however, an urgent
need for further quantitative research on carbon exchange to support the development of
consistent policies for climate change mitigation.
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Introduction

The peatlands of south-east Asia, covering approxi-
mately 250000 km? (Carbopeat, 2008), represent an
immense reservoir of fossil carbon (Jaenicke ef al., 2008)
that has largely accumulated over the past 13000 years
(Dommain et al., 2009). Their current large scale degra-
dation by drainage and associated peat fires has been
reported to be responsible for possibly up to 30% of the
global carbon dioxide (CO,) emissions from Land Use,
Land Use Change and Forestry (LULUCF; Hooijer et al.,
2006). The increased awareness of these CO, emissions
has created strong political support for reducing defor-
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estation and peatland degradation (REDD: Reducing
Emissions from Deforestation and Degradation,
UNEFCCC, 2007), specifically in Indonesia that is respon-
sible for the bulk of the emissions (Hooijer et al., 2006).
Indonesia has recently formulated a national policy with
implementation regulations, in which assistance is asked
for assessing greenhouse gas emissions from peatlands
and for capacity building with respect to carbon account-
ing, baseline assessment, emission monitoring and peat-
land management (IFCA, 2008). The Indonesian Ministry
of Forestry, with financial and technical support of
Australia, Germany, the United Kingdom and the World
Bank, is currently developing demonstration activities
for testing and triggering a global REDD carbon market.
Regrettably this political attention has not yet been
paralleled by the development and acceptance of ade-
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Fig. 1 Map of the region with the approximate position of the study sites. Data on peat subsidence stem from locations 4 (Lim, 1992;
Mutalib et al., 1992; DID & LAWOO, 1996; Wosten et al., 1997), 5 (Taylor & Ali, 2001), 8 (Wosten & Ritzema, 2001), 10 (CIMTROP in
Hooijer et al., 2008), 11 (Chin & Poo, 1992; Dradjad et al., 2003). Data on greenhouse gas emissions stem from locations 1 (Vien et al., 2008),
2 (Suzuki et al., 1999; Ueda et al., 2000), 3 (Murayama & Bakar, 1996b; Ismail et al., 2008), 4 (Kyuma et al., 1992; Murayama & Bakar, 1996b),
5 (Taylor & Ali, 2001; Ali ef al., 2006), 6 (Furukawa et al., 2005; Inubushi et al., 2005), 7 (Rumbang et al., 2008), 8 (Melling et al., 2005a, b, c,
2006, 2007a, b), 9 (Melling ef al., 2008), 10 (Jauhiainen et al., 2001, 2002, 2004, 2005, 2008a, b; Darung et al., 2005; Takakai et al., 2005, 2006;
Hirano et al., 2007a, b, 2009; Rumbang et al., 2008), 11 (Hadi et al., 2000, 2002, 2005; Inubushi et al., 2003, Inubushi & Hadi, 2007), 12 (Hadi

et al., 2000, 2001, 2005), 13 (Chimner & Ewel, 2004; Chimner, 2004).

quate guidelines to assess the emissions from peatlands
with the necessary accuracy.

To be tradable, under REDD or other mechanisms,
including the voluntary carbon market, greenhouse gas
emission reductions, e.g. from peatland rewetting and
fire prevention, will have to be ‘results based, demon-
strable, transparent and verifiable, and estimated con-
sistently over time’ (UNFCCC, 2007). Crucial factors
will be the use of rigorous and standardized methods
for baseline setting and monitoring of the emissions to
allow third party verification of the reductions.

This paper presents a review and meta-analysis of data
related to greenhouse gas fluxes from peat soils in south-
east Asia (Fig. 1) to arrive at drainage depth dependent
emission rates of degraded peatlands, addressing both
direct gas flux measurements as well as carbon losses
from subsidence and fire events. Supplementary publica-
tions were used to gain insight on the study sites and
methods. Finally, the paper identifies urgent research
questions for reliably assessing the radiative forcing of
natural and degraded peatlands in south-east Asia in the
framework of strategies to mitigate climate change.

Results

Published information on peat subsidence rates from
south-east Asian peatlands is scarce and detailed in-
formation on associated site characteristics such as
water level, peat type, vegetation, land use or even
location is generally lacking. Subsidence values of up
to several dozen centimetres per year have been re-

ported (Polak, 1933; Andriesse, 1988; Chin & Poo, 1992;
Mutalib et al., 1992; DID & LAWOO, 1996); Dradjad et al.
(2003) mention initial rates of subsidence of several
centimetres per month in shallowly drained peat soils.
These very high rates stem from immediately after
drainage, when the peat body is compressed mechani-
cally due to loss of supporting pore water pressure (loss
of buoyancy, Schothorst, 1977; Stephens et al., 1984;
Kennedy & Price, 2005). Leaving aside these initial high
rates, Fig. 2 shows subsidence rates of tropical peat soils
in relation to mean annual water level below surface.
The effect of land use appears limited. Ongoing studies
in Acacia plantations on Kampar peninsula (Sumatra;
Hooijer, 2008) suggest a similar relationship between
subsidence rate and water level.

We analysed the collected data on greenhouse gas
fluxes from tropical peatlands of south-east Asia (CH,,
CO,, N;O) in their relationship to water level, pH, C/N
ratio, soil temperature, vegetation cover and land use.
Besides a small number of micrometeorological studies,
the bulk of the published gas fluxes were measured
using closed-chambers that were placed airtight on the
soil. Studies differed with respect to the size and shape
of chambers and the gas measurement methods (mixed
headspace or not, through-flow or not), the number
and frequency of gas concentration measurements
made to derive fluxes and the time of day measure-
ments were performed. An assessment of the impact of
the different methods would require more controlled
conditions (cf. Pumpanen et al., 2004; Denmead, 2008)
and was not attempted.

© 2009 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2009.02016.x
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Fig. 2 Rate of subsidence in relation to mean annual water level
below surface. Horizontal bars indicate standard deviation in
water table (where available). Open circles denote unused,
drained forested sites, these were not taken into account in the
regression that applies to water levels < 50cm below surface
only (slope = —0.09, 7* = 0.95). Land use: ((1) agriculture, from
Taylor & Ali (2001), on ‘old” and ‘recently’ cleared fields (n = 2),
Tie & Kueh (1979), date of drainage unknown (1 = 1) and DID &
LAWOO (1996), recorded 13-18 years after drainage (n =1); ( ® )
oil palm, from DID & LAWOO (1996), recorded 13-16 or 18-21
years after drainage (n = 23), () degraded open land in the Ex
Mega Rice Project area, from CIMTROP in Hooijer et al. (2008),
recorded ~ 10-12 years after drainage (n=15), ( ©) drained
forested plots, from CIMTROP in Hooijer et al. (2008), recorded
~ 10-12 years after drainage (n = 2) and Taylor & Ali (2001), date
of impact unknown (n = 1).

Whereas many individual studies reveal dependen-
cies on above mentioned site conditions, these are for
the most part lost in the noise of the collected data.
Nevertheless, net methane fluxes from tropical peat
soils show a clear relationship to water level (Fig. 3).
Values are generally low and often distinctly negative
(a negative sign denotes net uptake from the atmosphere
by the ecosystem) for water levels below —20cm. At
higher water levels negative values are rarer and values
tend to be higher and more variable. High emissions to
the atmosphere of 3.5-14mgCHy;m 'h™! are reported
from paddy fields, however without indication of water
levels (Hadi et al., 2002, 2005). Furukawa et al. (2005)
report emissions (mainly through the rice plant) of up to
35mg CH, m'h~! from paddies on peaty alluvium. In
a waterlogged, previously drained and now abandoned
freshwater swamp Ueda et al. (2000), in a series of 20
measurements with a mean of 0.5mgCHy,m 'h™',
found one aberrant value of 12.5mgCH, mth7}
which they attributed to ebullition. A similar outlier of
16.8mg CH;m ™' h™' was recorded in a cassava field by
Takakai ef al. (2005). Besides high emissions from paddy
fields, no differentiation between different land use
types could be made. Estimates of annual net methane
fluxes vary between —0.37 and 5.87 g CH, mta! for
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Fig. 3 Top: hourly methane fluxes from tropical peat soil in
relation to water level. Negative values denote net uptake from
the atmosphere by the soil. Bottom: same for (A) boreal and (1)
temperate sites (data from: Jungkunst & Fiedler, 2007 and
references therein; Augustin et al., 1996; Huttunen et al., 2003).
Note the fivefold difference in scale.

forested sites, between 0.025 and 3.4g (outlier of
12g)CHym 'a™' for agriculture sites and between
3.62 and 49.52 g CH, m~'a~! for rice paddies (Inubushi
et al., 2003; Furukawa et al., 2005; Hadi et al., 2005;
Jauhiainen et al., 2005, 2008a; Melling et al., 2005a, c;
Takakai et al., 2005; Hirano et al., 2009).

Only a handful of published micrometeorological
(eddy covariance) CO, flux measurements are available
from just five peatland sites in south-east Asia, covering
a limited geographic area. Suzuki et al. (1999) found a
net flux between August 1995 and July 1996 of
ca. —1900gCO, m ?a ' (-522 and —532gCm 'a ') in
two sites in a primary and secondary peatswamp forest
at To-Daeng and nearby Bacho Swamp (Narathiwat,
Thailand). In near-natural but selectively logged
peatswamp forest in the upper Sebangau catchment
(Central Kalimantan, Indonesia), ~ 3km from the river
a net emission to the atmosphere of ~ 370gCO, m Za™!
(~100gCm2a"") was measured between May 2004
and May 2005 (Hirano et al., 2007b). In a selectively
logged secondary forest on drained peat in Block C of
the Ex-Mega Rice Project (EMRP) area (Central Kali-
mantan) Hirano et al. (2007a, 2009) measured net emis-
sions of 2178, 1386, 1085 and 1617gCO, m 2a™" (594,
378, 296, 441 gCrrF2 a~ 1) in 2002, 2003, 2004 and 2005,

© 2009 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2009.02016.x
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respectively. Between May 2004 and May 2005, within
500m from this selectively logged site, Hirano et al.
(2007b) found a net emission of ~ 2900gCO, m *a”!
(~ SOOgCrrf2 a ) in a deforested, abandoned area
previously affected by fires. At ~ 1.1km distance in
the same deforested, abandoned area, Jauhiainen et al.
(2008a) recorded similar values of 2969 gCO, m Za™!
(SD 235) for burnt, bare peat patches at mean annual
water levels of —33cm and, after rewetting,
2809gCO,m 2a~! (SD 278) at mean annual water
levels of —21 cm, using a closed dark chamber method.
The vast majority of the published CO, flux data from
south-east Asian peatlands stems from such dark cham-
ber measurements of total (soil) respiration. These mea-
surements cover not only heterotrophic decomposition
of soil organic matter, but also autotrophic emissions
from the living low vegetation as well as rhizosphere
respiration. Rhizosphere respiration encompasses auto-
trophic activity of plant roots as well as heterotrophic
activity in the rhizosphere, including decomposition of
root exudates and recently dead root material (Wiant,
1967; Hanson et al., 2000; Kuzyakov, 2006). Total soil
respiration tends to be lower at high water tables, with
forested systems showing higher values than open
fields (Fig. 4).

Net nitrous oxide fluxes from soils in primary
and secondary forests vary between —63 and
916 ng N,O m2h!, with 90% of the measured values
below 125 ugNZOmfth. With the exception of five
measurements from disturbed forest sites in Central
Kalimantan (Indonesia; Hadi et al., 2005; Takakai et al.,
2006), emissions above 150 pg N,O m2h~! are restricted
to agricultural lands. Fluxes from fertilized agricultural
sites vary between —16 and 19000 ug N,Om *h™!, with
90% of the measured values below 2000 ng N,O m2h7 %
fluxes from abandoned sites are between —63 and
190 ugNL,Om ?h ™!, with 90% below 50 ugN,Om 2h™".
The highest emissions occur during the rainy season.
Although no clear overall correlations with main
site parameters (water level, C/N ratio, pH, soil tempera-
ture) could be found in the collected data, individual
studies suggest that nitrous oxide fluxes are controlled
mainly by land use and soil temperature and moisture
conditions (Hadi et al., 2000; Takakai et al., 2006; Melling
et al., 2007b).

Discussion

Peat subsidence is the result of several processes. In the
initial stage after drainage (primary subsidence sensu
Everett, 1983), settling or compaction occurs due to loss
of supporting pore water pressure (Kennedy & Price,
2005). This initial or primary subsidence depends on
type and depth of peat and the drainage level (Sege-
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Fig. 4 Total (soil) respiration in relation to water level and land
use: (O) agricultural fields; (A) deforested, unused; (x) agro-
forestry fields; (O ) forested plots (includes primary, secondary,
selectively logged). Note that the graphs represent total (soil)
respiration not net CO, fluxes (see text). The large amount of soil
respiration data from Hirano et al. (2009) and Jauhiainen et al. (2008a)
is not included in the graphs, but falls within the same range.

berg, 1960) and can result in drastic losses in surface
height in the first years after drainage (Okey, 1918;
Allison, 1946; Eggelsmann, 1960, 1978; van der Molen
& Smits, 1962) as they are also found in drained tropical
peatlands (Polak, 1933; Andriesse, 1988; Chin & Poo,
1992; Mutalib et al., 1992; DID & LAWOO, 1996; Dradjad
et al., 2003). Withdrawal of water furthermore leads to
shrinkage and oxidation of the now aerobic upper peat
layer. In addition, wind and water erosion, leaching of
soluble organic matter and fire contribute to the loss of
matter and height (Eggelsmann, 1978; Everett, 1983).
During the phase of secondary subsidence (Everett,
1983), shrinkage and oxidation are (in absence of fires)
the dominant processes and show a linear dependency
on drainage depth (Stephens & Speir, 1970; Schothorst,
1977; Eggelsmann, 1978; DID & LAWOO, 1996). When
ditches are not maintained and periodically deepened
to sustain desired water levels, progressive subsidence
leads to increasingly thinner aerobic layers, resulting in
reduced rates of subsidence (Snowden, 1986; Wosten
et al., 1997). Oxidation first removes easily decomposa-
ble material (Eggelsmann, 1960; Mundel, 1976, Wosten

© 2009 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2009.02016.x
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et al.,, 1997) and also therefore oxidative losses de-
cline with time. Tillage, fertilization and root exudates
counteract this effect, resulting in continued high oxi-
dative losses in managed agricultural peatlands
(Eggelsmann, 1960; cf. Schothorst, 1977).

The observed subsidence of tropical peat soils shows
the expected linear dependency on water level, at least
for drainage less than 50 cm below the surface (Fig. 2).
Subsidence increases by 0.9cma ' for each 10cm of
additional drainage depth. A similar value (1.1cma™")
is found in the Kampar study of Hooijer (2008), albeit
only for water levels below —20cm. Such a threshold
water level is also present in peat subsidence studies
from other parts of the world where every 10cm of
additional drainage leads to an increase in peat sub-
sidence of 0.64 and 0.34cma™! (Florida and Indiana,
USA, respectively; Stephens & Speir, 1970), 0.43cma "
(Balaton, Hungary; Eggelsmann, 1978) and 0.34cma !
(Zegvelderbroek, the Netherlands; Schothorst, 1977,
1982). The limited number of observations from deeper
drained tropical peatlands seems to suggest that sub-
sidence levels off and remains at ~ 4.5cma”" at drai-
nage depths below —50 cm (Fig. 2). In the Kampar study
of Hooijer (2008), however, subsidence continues to
increase up to a drainage depth of 100 cm before level-
ling off. A similar pattern of stabilizing (and ultimately
decreasing) losses below a threshold water level is
observed in annual peat oxidation rates (CO, emissions)
of temperate European peatlands (Fig. 5). It can be
ascribed to moisture stress and changes in microbial
communities (Mékiranta et al., 2009).

The relative role of shrinkage in subsidence can be
assessed by the increase it causes in dry bulk density of
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Fig. 5 Netannual CO, fluxes in kg CO, m2a~! from temperate
European peatlands in relation to mean annual water level.
Negative values denote net uptake from the atmosphere by the
ecosystem. The regression applies to water levels < 40cm
below surface only (slope = —0.086, * = 0.75). Data from Mundel
(1976), Miiller et al. (1997), Drosler (2005), Bortoluzzi et al. (2006),
Flessa et al. (1997), Jacobs et al. (2003, 2007), Hendriks et al. (2007),
Veenendaal et al. (2007).

the peat (van der Molen & Smits, 1962; Schothorst, 1977,
1982; Wosten et al., 1997; Dradjad et al., 2003; Ewing &
Vepraskas, 2006); the remainder of the total secondary
subsidence is then ascribed to oxidation. As shrinkage
and oxidation progressively affect increasingly deeper
soil layers, depth profiles of bulk density can be used to
estimate the role of shrinkage (space for time substitu-
tion). In a study on peat subsidence in western Johore
(Peninsular Malaysia), DID & LAWOO (1996) used a
bulk density profile of Salmah et al. (1992) and found
that 61% of secondary subsidence could be attributed to
oxidation (average of 11 calculations ranging from 54%
to 73%; data from one pineapple and 10 oil palm plots);
Wosten ef al. (1997) rounded this average to 60%. These
estimates fall within the (wide) range of 35-100% found
in studies from other parts of the world (cf. van der
Molen & Smits, 1962; Schothorst, 1977, 1982; Deverel &
Rojstaczer, 1996; Schipper & McLeod, 2002; Ewing &
Vepraskas, 2006; Grgnlund et al., 2008). If we assume
that the (dark) closed chamber gas flux measurements
from the burnt, bare peat patches in Block C of the Ex
Mega Rice Project area (Jauhiainen et al., 2008a) repre-
sent emissions from peat decomposition only (i.e. ex-
clude rhizosphere respiration and litter decomposition)
and that subsidence at this site relates to mean annual
water level as deduced from Fig. 2, then, with an
assumed volumetric carbon content of 0.068gCcm >
wet peat (cf. Dommain et al., 2009), oxidative losses are
in this case responsible for 40-60% of subsidence.

Subsidence can be measured by remote sensing
(USGS, 2003) and provides a good basis for estimating
CO, emissions from peatland degradation if the oxida-
tive component is known. Assuming an oxidative
component of secondary subsidence of 40%, which is
at the lower end of the range presented above, CO,
emissions from drained tropical peat soils amount to
900gCO,m 2a~! (~250gCm 2a") for each 10 cm of
additional drainage up to a depth of 50 cm. They may
prove to be substantially larger, however. Using the
60% value, Wosten et al. (1997) estimate that emis-
sions range from 1330 to 3970gCO,m *a ' (~ 360 to
~1100gCm 2a™") for each 10cm of additional drai-
nage depth, depending on assumed bulk density of the
peat. Emissions from temperate European peatlands
(Fig. 5) show a similar dependency on water level
of ~900gCO,m *a ' for each additional 10cm
of drainage, but become positive only at water levels
more than ~ 10cm below the surface and level off at
a drainage depth of ~ 40cm. To arrive at more accu-
rate and reliable estimates for tropical peatlands,
more concerted subsidence studies are needed that
include determination of water levels and volumetric
ash and carbon content in combination with gas flux
measurements.

© 2009 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2009.02016.x
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The CO, data from temperate Europe (Fig. 5) repre-
sent fluxes measured over at least 12 months using
reliable techniques to arrive at net fluxes between
the (nonforested) ecosystem and the atmosphere. From
the methodological descriptions, often quite meagre,
none of the gas chamber measurements from tropical
peatlands can be judged to offer data with similar relia-
bility. With the possible exception of some of the mea-
surements of Jauhiainen et al. (2008a; see above) and
Melling et al. (2007a), none of the soil respiration studies
from tropical peat soils convincingly manages to exclude
rhizosphere respiration. Rhizosphere respiration is part of
short-term carbon cycling and has no significant effect on
carbon stocks (Kuzyakov, 2006). As rhizosphere respira-
tion may be responsible for <10 to >90% of total soil
respiration (Happell & Chanton, 1993; Hanson et al., 2000;
Crow & Wieder, 2005; Kuzyakov & Larionova, 2005), total
soil respiration measurements are inadequate for deter-
mining the net CO, fluxes that contribute to global
warming. Consequently, comparison of total soil CO,
emissions with fluxes of other greenhouse gases in terms
of global warming potential (GWP) (Furukawa et al.,
2005; Melling et al., 2005a; Inubushi & Hadi, 2007; Hirano
et al., 2009; Jauhiainen et al., 2008a) is inappropriate and
should be avoided.

Soil respiration is largely confined to the upper layers
of tropical peat soils (Murayama & Bakar, 1996a; Hirano
et al., 2009; Vien et al., 2008) and, apart from autotrophic
root respiration, mainly determined by decomposition of
labile soil carbon (Murayama & Bakar, 1996a, b) provided
by litter (Chimner & Ewel, 2005; Jauhiainen et al., 2005;
Yule & Gomez, 2009) and fresh root material (Chimner &
Ewel, 2004). In (near-) natural tropical peatswamp forests
measured soil respiration is at times higher than in
degraded or agricultural sites (Melling ef al., 2005b;
Jauhiainen et al., 2008a). This is due to the higher primary
production of the former (cf. Whittaker & Likens, 1973)
and to pneumatophores and prop roots stimulating aero-
bic decomposition (Kitaya et al., 2002; Chimner, 2004) of a
larger amount of fresh material (Chimner & Ewel, 2004;
Jauhiainen et al., 2008a) by larger populations of bacteria
and fungi (Hadi et al., 2001). On the other hand, higher
soil temperatures (Melling et al., 2005b; Ali et al., 2006;
Ludang et al., 2007) and pH (Murayama & Bakar, 1996a, b;
Rumbang et al., 2008) enhance decomposition in open,
agricultural sites.

Micrometeorological (eddy covariance) measure-
ments offer reliable estimates of total net ecosystem
CO, exchange with the (local) atmosphere. Relating
these to changes in soil carbon is impossible, however,
without simultaneous assessment of changes in bio-
mass and litter stocks (cf. Lohila et al., 2007) and emis-
sions of methane and dissolved and particulate carbon.
This applies to disturbed and recovering forests, as well

as old-growth forests (cf. Luyssaert et al., 2008; Lewis
et al., 2009) and plantations. Closed chamber methods
can be used to measure the respective contributions of
surface vegetation, rhizosphere respiration, litter de-
composition and peat degradation, but particularly in
forested sites (includes agroforestry) these require more
sophisticated set-ups (Hanson et al., 2000; Kuzyakov &
Larionova, 2005; Kuzyakov, 2006) than used in the
available studies from tropical peatlands. Melling et al.
(2007a) attempt to exclude rhizosphere respiration by
‘trenching’, i.e. inserting a cylinder into the peat sever-
ing roots well before flux measurements (Alm et al.,
2007; Makiranta et al., 2008) and — without indication
of drainage depth - arrive at heterotrophic soil
flux rates from a 5 year old oil palm plantation of
34004100gCO,m 2a~'  (930-1120gCm 2a~'). The
measurement method (chamber design and sampling
method) used by Melling et al. (2007a) tends to under-
estimate CO, fluxes by 15-20% (Melling et al., 2005b) or
more (Norman et al., 1997), however. Moreover, trenching
results in increased soil moisture (Hanson et al., 2000;
Maékiranta et al., 2008) and reduces the stimulating “prim-
ing effect’ labile organic substances (root exudates, recent
dead root material) have on decomposition of the recalci-
trant peat (Mékiranta et al., 2008; cf. Hanson et al., 2000;
Kuzyakov et al., 2000; Kuzyakov, 2006). On the other
hand, trenching prevents addition of slow cycling below
ground litter, but this flux seems limited in oil palm
plantations (Melling et al., 2007a). In conclusion, the actual
flux from the 5-year-old oil palm plantation may amount
to >5000gCO, m2a~! In open, unforested sites, a
combination of transparent and dark closed chambers
and a rigorous measurement scheme allows for reliable
measurements of CO, emissions from heterotrophic
soil respiration (Drosler, 2005). Possible biases and pitfalls
associated with methods chosen (chamber design,
method of flux derivation, measurement frequency and
time of day) and resulting uncertainties deserve more
explicit attention in studies on CO, fluxes from tropical
peatlands.

Methane emissions are restricted to high water levels
when methanogenesis occurs under anaerobic condi-
tions close to the surface and re-oxidation of methane is
limited (Segers, 1998; Fig. 3). In comparison to tempe-
rate and boreal peatlands, methane emissions from
tropical peatlands are low (Fig. 3). Pneumatophores in
tropical peatswamps suppress methane production and
stimulate methane re-oxidation by oxygen transport
into the root zone. On the other hand root decay
and root exudation will promote methane production
(Segers, 1998). Furthermore, pneumatophores and prop
roots are known to serve as methane mediators to the
atmosphere in other types of forested swamps (Pulliam,
1992; Kreuzwieser et al., 2003; Purvaja et al., 2004) and
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are likely to do the same in peatswamps where also
tree-aerenchyma-mediated methane emissions (Rusch
& Rennenberg, 1998) should not be ruled out. But also
in agricultural sites, where pneumatophores are absent,
methane emissions are low, even at high water levels
when re-oxidation will be limited (cf. Jauhiainen et al.,
2001, 2004; Inubushi et al., 2003; Furukawa et al., 2005;
Melling et al., 2005c). Under such anaerobic conditions
methane may be oxidized by sulphate (Kirk, 2004), but
sulphates will only be present in larger concentrations
close to the often pyrite-rich mineral subsoil of tropical
peatlands (Neuzil et al., 1993; Haraguchi et al., 2005) or
in areas flooded by contaminated water (Miyajima &
Wada, 1999; Ueda et al., 2000; Hadi et al., 2001, 2005).
More likely low methane emissions from tropical
peatlands relate to the poor substrate quality of the
peats (high polyphenol content, e.g. lignin; Polak, 1975;
Calvert et al., 1991; Durig & Calvert, 1991; Yonebayashi
et al., 1992; Esterle & Ferm, 1994; Brady, 1997). Labile
components are quickly depleted from the near-surface
layers by aerobic decomposition (Brady, 1997; Chimner
& Ewel, 2005; Yule, 2008) and lateral discharge (Yule &
Gomez, 2009), and methanogenesis from the remaining
more recalcitrant material is low (Miyajima et al., 1997;
Jackson et al., 2008). Part of the leached organic com-
pounds may be transported down the peat profile
(cf. Waddington & Roulet, 1997), where it can serve as
substrate for methanogenesis (Charman et al., 1994).
Indeed, in bogs of north America and Europe dissolved
methane and CO, in deeper peat layers have been
found to be only about half the age of the surrounding
peat matrix (Charman et al., 1994, 1999; Chanton et al.,
1995, 2008; Clymo & Bryant, 2008). The young age of
this methane (and CO,) is explained by methanogenesis
through reduction of CO, (Hornibrook et al., 1997;
Miyajima et al., 1997; Chasar et al., 2000; Nakagawa
et al., 2002; Clymo & Bryant, 2008; Steinmann et al.,
2008) provided by fermentation of old peat and younger
dissolved carbon (Charman et al., 1994; cf. Nakagawa
et al., 2002; Chanton ef al., 2008). As young CO, and CH,4
are brought in directly from upper layers as well, the
dissolved gases will be of younger age than the dis-
solved organic compounds at the same depth (Clymo &
Bryant, 2008).

The fact that the low methane emissions from tropical
peatswamps are mostly derived from young sources
supports the idea of limited decay of deeper peat
(Chanton et al., 1995), as surmised from the linear
age—depth relationships (cf. Dommain et al., 2009;
cf. Gorham et al., 2003). Peat accumulation in the tropics
is attributed to low decomposability of the material
(Chimner & Ewel, 2005; Yule, 2008; Yule & Gomez,
2009) and anaerobic decomposition of old, recalcitrant
material indeed may prove to be negligible.

Methane emissions from rice paddies on tropical peat
soil can be substantial. Furukawa et al. (2005) report low
emissions from peatland paddy sites at lower water
levels and extremely high emissions up to
35mg CHy m2h™! from peaty alluvial soils at high
water levels. Similarly, Hadi ef al. (2005) found emis-
sions of up to 14 mg CHym >h ™" in rice paddies on peat
soil. Rice provides easily degradable material as a
source for the production of methane that is then
transported to the atmosphere through its aerenchyma
(Neue, 1993). The methane emitted from peatland rice
paddies predominantly stems from acetate fermenta-
tion and is of modern age (Nakagawa et al., 2002).
Particularly when rice straw was added, dissolved
organic carbon was higher in drained tropical peatlands
used for sago cultivation, resulting in increased
methane production and accumulation of methane in
deeper soil layers (Inubushi et al., 1998). Similar high
concentrations of methane in the soil were observed in
tropical peatlands used for sago and oil palm cultiva-
tion by Melling et al. (2005c), who ascribed these to
higher soil temperature (Ludang et al., 2007) and rate of
decomposition. The accumulated methane may contri-
bute substantially to emission rates when these subsur-
face soil layers are opened to the atmosphere, for
example through land use (Inubushi et al., 1998) or by
ebullition (cf. Ueda et al., 2000). In Minnesota peatlands
Glaser et al. (2004) observed localized and episodic large
methane ebullition events when a drop in barometric
pressure during periods of low water level decreased
the pressure on methane pockets confined by dense
wood layers. Similar processes may also take place in
the woody tropical peats. Their localized extent and
episodic nature make these large ebullition events hard
to detect by closed chamber measurements (Glaser et al.,
2004; cf. Comas ef al., 2007; Denmead, 2008). Using the
eddy covariance technique in a Finnish fen, Rinne ef al.
(2007) also observed highest methane fluxes during dry
periods, although values were modest compared with
the findings of Glaser et al. (2004) and Comas ef al.
(2007). Small-scale ebullition may be responsible for
spikes in methane emission observed when soil moist-
ure drops in drained tropical peat soils (cf. Furukawa
et al., 2005; Takakai et al., 2005).

Whereas they display comparable erratic behaviour,
nitrous oxide emissions (up to 19000 ugN,Om *h ™)
and particularly consumption values (up to
—63 ugN,Om 2h™") of tropical peatland sites are large
compared with values from temperate and boreal Europe
(cf. Velthof et al., 1996; Augustin et al., 1998; Flessa et al.,
1998; Miinchmeyer, 2001; Maljanen ef al., 2004; Regina
et al., 2004; Von Arnold et al., 2005a,b), where peak
emission values reach ~ 5000 pgN,Om 2h~" (Velthof
et al., 1996; Augustin et al., 1998) and peak net uptake is
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Table 1 Annual nitrous oxide fluxes from peatlands in tropical south-east Asia and in temperate Europe

Land use

gN,Om ?a"! mean (range)

Tropical south-east Asia

Paddy, n=5

Temperate Europe*

Drained agricultural land (fertilized), n =8
Drained, open vegetation (abandoned, not fertilized), n =5
Forested (drained and undrained peatswamp, agro-forestry), n =9

Drained agricultural land (fens/fertilized), n = 80
Forested (drained and undrained), n =14
(Semi-) natural (incl. rewetted), n =23

14.28 (1.12-40.7)
0.11 (-0.17-0.63)
0.54 (—0.08-2.10)
0.10 (—0.06-0.32)

0.97 (—0.05-8.86)
0.57 (0.04-2.69)
0.10 (—0.01-0.27)

Negative values denote net uptake by the ecosystem.

*Data from Augustin & Merbach (1998); Augustin et al. (1998); Augustin (2003); Brumme et al. (1999); Drosler (2005); Flessa et al.
(1997); Hendriks et al. (2007); Jacobs et al. (2003); Miiller (1999); Tauchnitz et al. (2008); Velthof et al. (1996); Von Arnold et al. (2005a, b);

Wild et al. (2001).

ca. —8ugNO m2h™! (Miinchmeyer, 2001). Factors
regulating N>O consumption by the soil are not yet
well understood and need further study (Chapuis-Lar-
dy et al., 2007). Emissions of N,O from tropical peat soil
depend on soil moisture and land use (Hadi et al., 2000;
Takakai et al., 2006; Melling et al., 2007b). The highest
observed N,O emissions were from drained and ferti-
lized agricultural peat soils (Takakai et al., 2006) and
occurred when water filled pore space was between
~ 60% and ~ 90%, pointing at denitrification as the
main underlying process. As fertilizer was applied in
form of NH," -N, nitrification must also play an impor-
tant role, either as direct source of N,O, or by providing
the necessary NOj for denitrification (Takakai et al.,
2006; Hashidoko et al., 2008; cf. Inubushi et al., 2003;
Furukawa et al., 2005). Next to denitrifying bacteria
(with a high potential for N,O production; Hashidoko
et al., 2008), also fungi may play a major role in N,O
production in tropical peat soils (Yanai et al., 2007). The
role of plants in mediating N,O emissions (cf. Rusch &
Rennenberg, 1998; Kreuzwieser et al., 2003) needs to be
assessed. In light of the complex dependencies and
resulting erratic behaviour of N,O fluxes, measurement
frequency needs to be high, particularly during the
rainy season (Melling et al., 2007b), to arrive at robust
emission estimates. Takakai et al. (2006), based on
year-round monthly measurements and linear interpo-
lations, arrive at emissions from fertilized agricultural
lands of 3.3-40.7 g N,O m2a~! (with a global warming
potential  equivalent to  980-1210gCO, m *a /;
cf. Forster et al., 2007), which are very high compared
with emissions from agricultural peatlands of tempe-
rate Europe (Table 1), by far exceed the IPPC default
value of 2.5gN,O m~2a~! (IPCC, 2006) and emphasize
the need for further studies and proper land use guide-
lines. On the basis of the limited set of available data,
primary, secondary and drained tropical peatswamp
forests are indiscernible from agroforestry sites on peat

with respect to N,O emissions. Annual emissions —
based on linear interpolations — from forested tropical
sites are comparable to those from forested temperate
European sites (Table 1).

Carbon balance

The net carbon uptake of an undrained south-east
Asian primary peatswamp forest as measured using
the eddy covariance technique (532 ngfzafl, Suzuki
et al., 1999) is an order of magnitude higher than the
long-term carbon accumulation rates of tropical
peatswamps as determined with palaeoecological tech-
niques (Dommain et al., 2009). This discrepancy points
to additional sequestration or considerable unac-
counted loss of carbon from the eddy covariance plots.
A net increase in standing biomass may explain part of
the difference. Export of dissolved gaseous carbon will
be limited (cf. Hornibrook et al., 1997; Glaser et al., 2004;
Clymo & Bryant, 2008; Steinmann et al., 2008) and
hardly affect the balance. Similarly, the amount of
carbon lost through methane emissions is small. In
contrast, export of dissolved organic carbon (DOC)
may constitute a substantial part of the peatland carbon
balance, as seen in boreal peatlands (Roulet et al., 2007;
Nilsson et al., 2008). Tropical peatland waters can have
very high DOC concentrations (Miyamoto et al., 2009;
Yule & Gomez, 2009) and, together with lower amounts
of particulate organic carbon (POC) (cf. Yoshioka et al.,
2002), this carbon is exported in substantial amounts
(Tachibana et al., 2006; Alkhatib et al., 2007; Baum et al.,
2007; Rixen et al., 2008; cf. Hope et al., 1994; Harrison
et al., 2005) and rapidly decomposed (cf. Hedges et al.,
1997; Raymond & Bauer, 2001). In order to get a clearer
picture of carbon losses from tropical peatlands in
relation to drainage and land use, more research on
the loss of carbon through blackwater streams is
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Table 2 Carbon emissions from peat fires and related parameters

Burnt peat
depth (cm) Year

Bulk density (g cm™®)  Carbon content

Emission Fire

(kgCm ™2 type Reference

37 (25-60) 1988, 1994

51 (20-150) 1997 0.100* 0.57*
55 (25-85) 1997 0.160 (0.100-0.220)
21 (3.5-44.5) 2002 0.160 (0.100-0.220)
27 (15-30) 2002

12 (0-32) 2001, 2002 0.155 (0.060-0.220)
Mean
34 0.144 0.54

0.54 (0.53-0.56)
0.54 (0.53-0.56)

0.50 (0.46-0.54)

DID & LAWOO (1996)

Page et al. (2000, 2002)

Limin et al. (2004)

Limin et al. (2004)

Usup et al. (2004)

Saharjo & Munoz (2005);
Saharjo & Nurhayati
(2005); Saharjo (2007)

C
29.1(11.4-855 W
47.5 (13.3-104) W
18.6 (6.3-37.1) \u
W
E

9.0 (0-27.4)

26.1

Data are mean values (range in parentheses).
*Data from Neuzil (1997).

+Own calculations based on weight loss data.

C, clearance fire; W, wildfire; E, experimental fire.

needed. The high rate of decomposition in drained
peatlands may lead to higher production of DOC that
is transported out of the system through drainage
canals (Holden et al., 2004) together with increased
POC loads from soil erosion.

In recent decades, human induced fires in south-east
Asian peatlands have resulted in huge amounts of peat
carbon released to the atmosphere, with single fire
events resulting in losses up to well over 1 m of peat
(Page et al., 2000, 2002; Limin et al., 2004). Based on
available measurement data, the mean rate of fire-
related peat loss amounts to 34 cm per fire event (Table
2; cf. Heil, 2007). This is considerably lower than the
average peat loss of 51 cm measured in the EMRP area
in Central Kalimantan (Indonesia) during the severe
1997/1998 El Nifo drought (Table 2; Page et al., 2000,
2002). Page et al. (2002) arrive at an average loss of
29.1kg Cm ™2 for the 1997 peatland fires (Table 2). Using
a higher volumetric carbon density of 0.070 g cm 2 (bulk
density of 0.13 gcm > x carbon content of 0.54; Shimada
et al., 2001), Heil et al. (2007) arrive at a slightly higher
estimate of 349kgCm > for the same event. Above
estimates of volumetric carbon density are derived from
dry bulk density and carbon content assessments over
total peat depth. Because of compaction, bulk density in
the upper layers of drained peatlands may be consider-
ably higher (cf. Melling et al., 2005b, 2006; Saharjo &
Nurhayati, 2005; Ali et al., 2006; Kool et al., 2006; Kurnain
et al., 2006; Takakai et al., 2006; Saharjo, 2007; Ywih et al.,
2009). Departing from a volumetric carbon content of
0.086 gcm73, Limin et al. (2004) report fire-related emis-
sions in the EMRP area of 47.5 and 18.6 kng_z,
respectively, for the El Nifio years 1997 and 2002 (Table
2). The limited number of available measurements
(Table 2) implies emissions of ~ 261<ng72 from a

typical fire event. Compared with emissions from oxi-
dative peat loss of 0.9kgCm 2a~"! for each 10cm of
additional drainage depth, peat fire emissions are con-
siderably larger, exceeding Holocene carbon accumula-
tion rates by two orders of magnitude (cf. Dommain
et al., 2009).

While monitoring of peatland fires in south-east Asia
is ongoing (Fuller & Fulk, 2001; Bechteler & Siegert,
2004; Siegert et al., 2004; Hayasaka, 2007; Langner et al.,
2007; Miettinen, 2007; Phua ef al., 2007; Mastura, 2008;
Putra et al., 2008; Tansey et al., 2008; Langner & Siegert,
2009), data on the actual volume of peat losses are
scarce and adequate estimates of the relevant carbon
content are lacking. Studies into both parameters are
urgently needed to arrive at better estimates of carbon
losses from these tropical peatland fires. If we assume a
total area of ~ 19 x 10” m? of peat soil burnt during the
1997 fires in south-east Asia (Heil et al., 2007), with each
m” emitting 26kgC (Table 2), peat carbon emissions
from the 1997 fires would have amounted to
~ 494TgC. This value corresponds well with the
~ 486 Tg peat carbon emissions (67% of total emissions
of 726 Tg) of van der Werf et al. (2008), who used CO
measurements from the MOPITT satellite to optimize
bottom-up estimates based on burnt area. Above values
are only slightly higher than the lower estimate of 380-
460 Tg peat carbon of Page et al. (2002). Based on van
der Werf et al. (2008), average annual fire-related peat
carbon emissions for the 2000-2006 period amount to
~ 86 Tg C (67% of total emissions of 128 Tg), which is in
line with the 91.5TgC of Heil (2007). These estimates
are three to four times smaller than the lower estimate
of Hooijer et al. (2006), who arrived at mean annual
emissions from fires for the 1997-2006 period of
~ 385TgC, with ~ 340TgC from peat (cf. Page et al.,
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2002) — or, recalculating for the 2000-2006 period, at
~ 270 Tg of peat carbon.

Whereas yearly balances of oil palm plantations on
tropical peat soil may suggest no or only small carbon
losses (Melling et al., 2007a), more comprehensive long-
er term lifecycle analyses all arrive at clear carbon
debits (Germer & Sauerborn, 2007; Pastowski et al.,
2007; Fargione et al., 2008; Reijnders & Huijbregts,
2008; Wicke et al., 2008; Danielsen et al., 2009). The
CO, emissions from peat degradation assumed in these
studies range from 1.8 kg CO, m 2a! (Germer & Sauer-
born, 2007), to 3.7-5.5kg CO, m 2a ' (Reijnders & Huij-
bregts, 2008), 3.9kg CO,m *a ™' (Wicke et al., 2008) and
5.5-7.3kgCO, m 2a~' (Fargione et al., 2008). The mea-
surements of Melling et al. (2007a) indicate emission
values from oxidizing peat of 5kg CO, m~2a~! or more.

Conclusions

Subsidence in south-east Asian peatlands shows a clear
linear dependency on water level, increasing by
09cma' for each 10cm of additional drainage depth.
Whereas subsidence seems to level off to remain at
~45cma ' at mean annual water levels deeper than
50 cm, recent evidence suggests there is further increase
in subsidence until drainage depths of ~ 1m are at-
tained. With a conservative estimate of 40% for the
oxidative component in subsidence, CO, emissions
amount to at least 900 g CO, m2a ' (=9tCOha 'a™)
for each 10cm of additional drainage depth (up to a
depth of 50-100cm). Hooijer ef al. (2006) use a similar
relationship of 910 g CO, m 2a~! and arrive at total an-
nual emissions from peat oxidation in degrading south-
east Asian peatlands of ~ 600 MtCO, (170 Tg C). Should
emissions cease to increase with drainage depths below
50cm, these total emissions would still amount to
~ 475MtCO, (130TgC). More concerted studies into
subsidence to arrive at better emission estimates are
particularly opportune, as subsidence assessments by
remote sensing may be a rapid and cheap method for
monitoring CO, emissions from drained peatlands.
Based on the limited amount of direct measurements,
34cm of peat is lost in an average tropical peat fire,
which corresponds to 26 kg C m 2. This is more than 20
times as much as the annual oxidative loss from 50 cm
deep drained peat soil and exceeds average Holocene
accumulation rates by 350 to over 1000 times (cf. Dom-
main et al., 2009). Applying this peat loss estimate to the
total area of peat soil burnt during the 1997 fires in
south-east Asia (~ 19000km?; Heil et al., 2007), peat
carbon emissions from this event would have amounted
to ~494TgC, which corresponds well with the
~ 486 Tg of van der Werf et al. (2008), and is near the
lower estimate of Page et al. (2002). Van der Werf et al.

(2008) and Heil (2007) estimate annual fire-related peat
carbon emissions for the 2000—2006 period to amount to
~90TgC, which is considerably lower than the
often cited estimate of Hooijer et al. (2006) of
~ 385TgC. In contrast to hitherto assumed (Hooijer
et al., 2006), regular peat oxidation after drainage on
the longer run seems to contribute more to annual CO,
emissions from south-east Asia than peat fires.

The database on CO, emissions from drainage and
fire in tropical peatlands is still poor. Most drainage-
related emission data stem from dark chamber mea-
surements that are inadequate for determining net CO,
fluxes to the atmosphere. Hardly any publication suffi-
ciently considers and discusses biases, pitfalls and un-
certainties associated with the flux measurement
method chosen (chamber design, method of flux deri-
vation, measurement frequency and time of day). Con-
sidering its diurnal and seasonal patterns, measurement
of CO, fluxes must be frequent and intensive. To arrive
at reliable net CO, fluxes between forested ecosystems
and the atmosphere, rhizosphere respiration must be
excluded and changes in litter and biomass stocks must
be assessed. Assessing carbon stock changes further-
more involves quantifying fluxes of methane and dis-
solved and particulate carbon.

Total soil respiration fluxes from dark chamber mea-
surements do not represent net-emissions and addres-
sing them in terms of global warming potential is
misleading and has led, for example, to the erroneous
conclusion that oil palm plantations on drained peat are
to be preferred over natural peatswamps in terms of
radiative forcing (MPOC, 2006; Corley, 2007). The few
passable gas measurements suggest that peat oxidation
losses from drained peatlands, including oil palm plan-
tations, reach similar values as those derived from
subsidence measurements, ie. ~ 5kgCO, m 2a!
(=50tCO,ha'a™') or more. This implies that the
emission factor of biofuel derived from oil palm grown
on tropical peat soil amounts to at least ~ 400gCO,-
eq M]_1 (Wicke et al., 2008; cf. Couwenberg, 2007),
which by far exceeds emission factors of common fossil
fuels (cf. IPCC, 2006).

Peat losses not only lead to the emission of carbon,
but also to the irrevocable loss of palaeo-archives.
During the 25 year rotation period of an oil palm
plantation on coastal peat soil more than 1750 years of
stored information is lost. A typical fire in the EMRP
area destroys at least 500 years and in extreme cases
several millennia of palaeo-information. The informa-
tion lost is particularly valuable as it covers the devel-
opment of peatswamps in relation to Late Holocene
climate variability, particularly El Nifio activity, and
thus provides necessary baseline information for cli-
mate mitigation projects under the REDD umbrella.
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Methane emissions from south-east Asian peatlands
show a clear relationship to water level. Values are
generally low (and often negative) for water levels
below —20cm and higher and more variable when
water levels are above this threshold. Whereas plant-
mediated methane emissions need to be quantified and
the possibility of periodic large scale ebullition must be
assessed, in all likelihood methane emissions from
tropical peatswamps are small due to the recalcitrance
of the peat.

Whereas they display comparable erratic behaviour,
nitrous oxide emissions from fertilized tropical agricul-
tural peat soils are high, sometimes even extremely high,
compared with those from agricultural peatlands of tem-
perate Europe. Emissions from degraded, unfertilized,
abandoned sites as well as from primary and secondary
forest sites are low. More thorough measurement schemes
are needed, particularly in light of the extreme emission
spikes measured by Takakai et al. (2006).

Assessment of the global warming potential of tropi-
cal peat soils, i.e. the radiative forcing of CO,, methane
and nitrous oxide combined, as used in climate change
policies (cf. Forster et al., 2007), depends on robust
estimates of net annual emissions. With respect to land
use on tropical peat soils, such robust estimates are not
yet available for CO,, the most important anthropo-
genic greenhouse gas (Forster et al., 2007), nor for N,O.

Their predominant dependence on water level shows
that rewetting of drained tropical peat soils will lead to
large reductions of CO, emissions, also when condi-
tions of net carbon sequestration are not reached. In
contrast to temperate and boreal peatlands, the risk of
substantial increase in methane emissions is low. The
high N,O emissions during the rainy season are re-
stricted to heavily fertilized drained sites and it is
highly improbable that rewetting will induce N,O
emissions that negate the CO, emission reductions.
There is, however, an urgent need for further quantita-
tive research on greenhouse gas exchange to support
the development of consistent policies for climate
change mitigation.

Acknowledgement

This study was facilitated by a grant of the Wetlands Inter-
national Central Kalimantan Peatlands Project.

References

Ali M, Taylor D, Inubushi K (2006) Effects of environmental
variations on CO, efflux from tropical peatland in eastern
Sumatra. Wetlands, 26, 612-618.

Alkhatib M, Jennerjahn TC, Samiaji ] (2007) Biogeochemistry of
the Dumai River estuary, Sumatra, Indonesia, a tropical black-
water river. Limnology and Oceanography, 52, 2410-2417.

Allison RV (1946) The significance of water conservation in the
agricultural development of south Florida. Proceedings of the
Florida State Horticultural Society, 59, 8-16.

Alm J, Shurpali NJ, Tuittila E-S, Laurila T, Maljanen M, Saarnio S,
Minkkinen K (2007) Methods for determining emission factors
for use of peat and peatlands — flux measurements and
modelling. Boreal Environment Research, 12, 85-100.

Andriesse JP (1988) Nature and Management of Tropical Peat Soils.
FAO Soils Bulletin 59. FAO, Rome.

Augustin ] (2003) Gaseous emissions from constructed wetlands
and (re)flooded meadows. Publicationes Instituti Geographici
Universitatis Tartuensis, 94, 3-8.

Augustin ], Merbach W (1998) Greenhouse gas emissions from
fen mires in Northern Germany: quantification and regulation.
In: Beitrige aus der Hallenser Pflanzenernihrungsforschung
(eds Merbach W, Wittenmayer L), pp. 97-110. Grauer, Beuren.

Augustin J, Merbach W, Schmidt W, Reining E (1996) Effect of
changing temperature and water table on trace gas emission
from minerotrophic mires. Angewandte Botanik, 70, 45-51.

Augustin J, Merbach W, Steffens L, Snelinski B (1998) Nitrous
oxide fluxes of disturbed minerotrophic peatlands. Agribiolo-
gical Research, 51, 47-57.

Baum A, Rixen T, Samiaji ] (2007) Relevance of peat draining
rivers in central Sumatra for the riverine input of dissolved
organic carbon into the ocean. Estuarine, Coastal and Shelf
Science, 73, 563-570.

Bechteler A, Siegert F (2004) Recurrent fires in the tropical
peatlands of Central Kalimantan, Indonesia. In: Wise Use of
Peatlands — Proceedings of the 12th International Peat Congress,
6-11 June 2004, Tampere, Volume 1 Oral Presentations (ed. Pdiva-
nen J), pp. 607-613. International Peat Society, Jyvaskyla.

Bortoluzzi E, Epron D, Siegenthaler A, Gilbert A, Butler A (2006)
Carbon balance of a European mountain bog at contrasting
stages of regeneration. New Phytologist, 172, 708-718.

Brady MA (1997) Effect of vegetation changes on organic matter
dynamics in three coastal peat deposits in Sumatra, Indonesia.
In: Biodiversity and Sustainability of Tropical Peatlands (eds Rieley
JO, Page SE), pp. 113-134. Samara Publishing, Cardigan.

Brumme R, Borker W, Finke S (1999) Hierarchical control on
nitrous oxide emissions in forest ecosystems. Global Biogeo-
chemical Cycles, 13, 1137-1148.

Calvert GD, Durig JR, Esterle JS (1991) Controls on the chemical
variability of peat types in a domed peat deposit, Baram River
area, Sarawak, Malaysia. International Journal of Coal Geology,
17, 171-188.

Carbopeat. (2008) Tropical Peatlands & Carbon Storage. Carbopeat
Information Leaflets, 4 pp. Available at http://www.geog.le.
ac.uk/carbopeat/media/pdf/wglflyer.pdf (accessed May 2009).

Chanton JP, Bauer JE, Glaser PH et al. (1995) Radiocarbon
evidence for the substrate supporting methane formation
within northern Minnesota peatlands. Geochimica et Cosmochi-
mica Acta, 59, 3663-3668.

Chanton JP, Glaser PH, Chasar LS et al. (2008) Radiocarbon
evidence for the importance of surface vegetation on fermen-
tation and methanogenesis in contrasting types of boreal

© 2009 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2009.02016.x


http://www.peatnet.siu.edu/Assets/D.pdf
http://www.peatnet.siu.edu/Assets/D.pdf

12 J. COUWENBERG et al.

peatlands.  Global ~ Biogeochemical ~ Cycles, 22, GB4022,
doi: 10.1029/2008GB003274.

Chapuis-Lardy L, Wrage N, Metay A, Chotte J-L, Bernoux M
(2007) Soils, a sink for N,O? A review. Global Change Biology,
13, 1-17.

Charman DJ, Aravena R, Bryant CL, Harkness DD (1999) Carbon
isotopes in peat, DOC, CO,, and CH, in a Holocene peatland
on Dartmoor, southwest England. Geology, 6, 539-542.

Charman DJ, Aravena R, Warner B (1994) Carbon dynamics in a
forested peatland in north-eastern Ontario, Canada. Journal of
Ecology, 82, 55-62.

Chasar LS, Chanton JP, Glaser PH, Siegel DI (2000) Methane
concentration and stable isotope distribution as evidence of
rhizospheric processes: comparison of a fen and bog in the
Glacial Lake Agassiz peatland complex. Annals of Botany, 86,
655-663.

Chimner RA (2004) Soil respiration rates of tropical peatlands in
Micronesia and Hawaii. Wetlands, 24, 51-56.

Chimner RA, Ewel KC (2004) Differences in carbon fluxes
between forested and cultivated micronesian tropical peat-
lands. Wetlands Ecology and Management, 12, 419-427.

Chimner RA, Ewel KC (2005) A tropical freshwater wetland: II.
Production, decomposition, and peat formation. Wetlands
Ecology and Management, 13, 671-684.

Chin KK, Poo HL (1992) The Malaysian experience of water
management in tropical peat. In: Proceedings of the International
Symposium on Tropical Peatland, 6-10 May 1991, Kuching, Sar-
awak, Malaysia (eds Aminuddin BY, Tan SL, Aziz B, Samy ],
Salmah Z, Siti Petimah H, Choo ST), pp. 218-227. Malaysian
Agricultural Research and Development Institute, Kuala
Lumpur.

Clymo RS, Bryant CL (2008) Diffusion and mass flow of dis-
solved carbon dioxide, methane, and dissolved organic carbon
in a 7-m deep raised bog. Geochimica et Cosmochimica Acta, 27,
2048-2066.

Comas X, Slater L, Reeve A (2007) In situ monitoring of free-
phase gas accumulation and release in peatlands using ground
penetrating radar (GPR). Geophysical Research Letters, 34,
L06402, doi: 10.1029/2006g1029014.

Corley H (2007) Re-think biofuel policies. Global Oils and Fats
Business Magazine, 4, 13-15.

Couwenberg ] (2007) Biomass energy crops on peatlands: on
emissions and perversions. IMCG Newsletter, 2007/3, 12-14.
Crow SE, Wieder K (2005) Sources of CO, emission from a
northern peatland: root respiration, exudation, and decompo-

sition. Ecology, 86, 1825-1834.

Danielsen F, Beukema H, Burgess ND et al. (2009) Biofuel plantations
on forested lands: double jeopardy for biodiversity and climate.
Conservation Biology, 23, 348-358.

Darung U, Morishita T, Takakai F, Dohong S, Limin SH, Hatano R
(2005) The effect of forest fire and agriculture on CO, emission
from tropical peatlands, Central Kalimantan, Indonesia.
In: Proceedings of the International Workshop on Human Dimen-
sion of Tropical Peatland under Global Environmental Changes, 8-9
December, 2004, Bogor, Indonesia (eds Iswandi A, Wijaya HC,
Guhardja S, Segah H, Iwakuma T, Osaki M), pp. 112-119.
Bogor Agricultural University/Hokkaido University, Bogor/
Hokkaido.

Denmead OT (2008) Approaches to measuring fluxes of methane
and nitrous oxide between landscapes and the atmosphere.
Plant Soil, 309, 5-24.

Deverel SJ, Rojstaczer S (1996) Subsidence of agricultural lands
in the Sacramento-San Joaquin Delta, California: role of aqu-
eous and gaseous carbon fluxes. Water Resources Research, 32,
2359-2367.

DID and LAWOO. (1996) Western Jahore integrated Agricultural
Development Project. Peat Soil Management Study. Department of
Irrigation and Drainage, Kuala Lumpur and Land and Water
Research Group, Wageningen.

Dommain R, Couwenberg J, Joosten H (2009) Holocene peat and
carbon sequestration rates and palaeo- and modern CO,
emissions from SE-Asian peatswamps. In: The role and impor-
tance of peatlands in the global carbon cycle: past, present, and
future. Conference held in Prague, The Czech Republic, September
25-29, 2009. Conference abstract number 21. Available at:
http: //www.peatnet.siu.edu/Assets/D.pdf (accessed Novem-
ber 2009).

Dradjad M, Soekodarmodjo S, Shodiq Hidayat M, Nitisapto M
(2003) Subsidence of peat soils the tidal swamplands of
Barambai, South Kalimantan. Jurnal Ilmu Tanah dan Lingkun-
gan, 4, 32-40.

Drosler M (2005) Trace gas exchange and climatic relevance of bog
ecosystems, southern Germany. PhD thesis, Technische Universi-
tat Miinchen, Miinchen, 182 pp.

Durig JR, Calvert GD (1991) Particle size fraction and downhole
trends of a tropical domed peat deposit as determined by
pyrolsis GC/FT-IR/FID and pyrolysis GC/MS. Journal of
Analytical and Applied Pyrolysis, 18, 293-324.

Eggelsmann R (1960) Uber die Hohenénderungen der Mooro-
berflache infolge von Sackung und Humusverzehr sowie in
Abhingigkeit von Aziditdt, “Atmung” und andere Einfliissen.
Mitteilungen tiber die Arbeiten der staatlichen Moor-Versuchssta-
tion in Bremen, 8, 99-132.

Eggelsmann R (1978) Oxidativer Torfverzehr in Niedermoor in
Abhingigkeit vom Klima und mégliche Schutzmafinahmen.
Telma, 8, 75-81.

Esterle ], Ferm JC (1994) Spatial variability in modern tropical peat
deposits from Sarawak, Malaysia and Sumatra, Indonesia: ana-
logues for coal. International Journal of Coal Geology, 26, 1-41.

Everett KR (1983) Histosols. In: Pedogenesis and Soil Taxonomy I1.
The Soil Orders (eds Wilding LP, Smeck NE, Hall GF), pp. 1-53.
Elsevier, Amsterdam.

Ewing JM, Vepraskas MJ (2006) Estimating primary and second-
ary subsidence in an organic soil 15, 20, and 30 years after
drainage. Wetlands, 26, 119-130.

Fargione ], Hill J, Tilman D, Polasky S, Hawthorne P (2008)
Land clearing and the biofuel carbon debt. Science, 319, 1235-
1238.

Flessa H, Wild U, Klemisch M, Pfadenhauer J (1997) C- und
N-Stofffliisse auf Torfstichsimulationsflichen im Donaumoos.
Zeitschrift fiir Kulturtechnik und Landentwicklung, 38, 11-17.

Flessa H, Wild U, Klemisch M, Pfadenhauer J (1998) Nitrous
oxide and methane fluxes from organic soils under agricul-
ture. European Journal of Soil Science, 49, 327-335.

Forster P, Ramaswamy V, Artaxo P et al. (2007) Changes in
atmospheric constituents and in radiative forcing. In: Climate

© 2009 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2009.02016.x


http://www.peatnet.siu.edu/Assets/D.pdf
http://www.peatnet.siu.edu/Assets/D.pdf
http://www.peatnet.siu.edu/Assets/D.pdf

GREENHOUSE GAS FLUXES FROM TROPICAL PEATLANDS 13

Change 2007: The Physical Science Basis. Contribution of
Working Group I to the Fourth Assessment Report of the Inter-
govern-mental Panel on Climate Change (eds Solomon S, Qin D,
Manning M, Chen Z, Marquis M, Averyt KB, Tignor M, Miller
HI), pp. 129-234. Cambridge University Press, Cambridge,
New York, NY.

Fuller DO, Fulk M (2001) Burned area in Kalimantan, Indonesia
mapped with NOAA-AVHRR and Landsat TM imagery.
International Journal of Remote Sensing, 22, 691-697.

Furukawa Y, Inubushi K, Ali M, Itang AM, Tsuruta H (2005)
Effect of changing groundwater levels caused by land-use
changes on greenhouse gas fluxes from tropical peat lands.
Nutrient Cycling in Agroecosystems, 71, 81-91.

Germer ], Sauerborn J (2007) Estimation of the impact of oil palm
plantation establishment on greenhouse gas balance. Environ-
ment, Development and Sustainability, 10, 697-716.

Glaser PH, Chanton JP, Morin P et al. (2004) Surface deforma-
tions as indicators of deep ebullition fluxes in a large
northern peatland. Global Biogeochemical Cycles, 18, GB1003,
doi: 10.1029/2003GB002069.

Gorham E, Janssens JA, Glaser PH (2003) Rates of peat accumu-
lation during the postglacial period in 32 sites from Alaska to
Newfoundland, with special emphasis on northern Minneso-
ta. Canadian Journal of Botany, 81, 429-438.

Grgnlund A, Hauge A, Hovde A, Rasse DP (2008) Carbon loss
estimates from cultivated peat soils in Norway: a comparison of
three methods. Nutrient Cycling in Agroecosystems, 81, 157-167.

Hadi A, Haradi M, Inubushi K, Purnomo E, Razie F, Tsuruta H
(2001) Effects of land-use change in tropical peat soil on the
microbial population and emission of greenhouse gases.
Microbes and Environments, 16, 79-86.

Hadi A, Inubushi K, Furukawa Y, Purnomo E, Rasmadi M,
Tsuruta H (2005) Greenhouse gas emissions from tropical
peatlands of Kalimantan, Indonesia. Nutrient Cycling in Agro-
ecosystems, 71, 73-80.

Hadi A, Inubushi K, Purnomo E, Furukawa Y, Tsuruta H (2002)
Emission of CHy and CO, from tropical peatland and factors
affecting them. In: Proceedings of the 17th World Congress on
Soil Sciences 2002 (WCSS), 14-21 August 2002, Bangkok, Thai-
land, Paper No. 876. Soil and Fertilizer Society of Thailand,
Bangkok.

Hadi A, Inubushi K, Purnomo E, Razie F, Yamakawa K, Tsuruta
H (2000) Effect of land-use changes on nitrous oxide (N,O)
emission from tropical peatlands. Chemosphere — Global Change
Science, 2, 347-358.

Hanson PJ, Edwards NT, Garten CT, Andrews JA (2000) Separating
root and soil microbial contributions to soil respiration: a review
of methods and observations. Biogeochemistry, 48, 115-146.

Happell JD, Chanton JP (1993) Carbon remineralization in a
North Florida swamp forest: effects of water level on the
pathways and rates of organic matter decomposition. Global
Biogeochemical Cycles, 7, 475-490.

Haraguchi A, Akioka M, Shimada S (2005) Does pyrite oxidation
contribute to the acidification of tropical peat? A case study in
a peatswamp forest in Central Kalimantan, Indonesia. Nutrient
Cycling in Agroecosystems, 71, 101-108.

Harrison JA, Caraco N, Seitzinger SP (2005) Global patterns and
sources of dissolved organic matter export to the coastal zone:

results from a spatially explicit, global model. Global Biogeo-
chemical Cycles, 19, GB4504, doi: 10.1029/2005GB002480.

Hashidoko Y, Takakai F, Toma Y, Darung U, Melling L, Tahara S,
Hatano R (2008) Emergence and behaviors of acid-tolerant
Janthinobacterium sp. that evolves N,O from deforested tropical
peatland. Soil Biology and Biochemistry, 40, 116-125.

Hayasaka H (2007) Recent large-scale fires in boreal and tropical
forests. Journal of Disaster Research, 2, 265-275.

Hedges ]I, Keil RG, Benner R (1997) What happens to terrestrial
organic matter in the ocean? Organic Geochemistry, 27, 195-212.

Heil A (2007) Indonesian forest and peat fires: emissions, air
quality, and human health. PhD Thesis Max-Planck-Institute
for Meteorology, Hamburg, Germany. Berichte zur Erdsystem-
forschung, 34, 1-142.

Heil A, Langmann B, Aldrian E (2007) Indonesian peat and
vegetation fire emissions: study on factors influencing large-
scale smoke haze pollution using a regional atmospheric
chemistry model. Mitigation and Adaptation Strategies for Global
Change, 12, 113-133.

Hendriks DMD, van Huissteden J, Dolma AJ, van der Molen MK
(2007) The full greenhouse gas balance of an abandoned peat
meadow. Biogeosciences, 4, 411-424.

Hirano T, Jauhiainen J, Inoue T, Takahashi H (2009) Controls
on the carbon balance of tropical peatlands. Ecosystems, 12,
873-887.

Hirano T, Segah H, Harada T, Limin S, June T, Hirata R, Osaki M
(2007a) Carbon dioxide balance of a tropical peatswamp forest
in Kalimantan, Indonesia. Global Change Biology, 13, 412-425.

Hirano T, Segah H, Limin S, Takahashi H, Osaki M (2007b)
Comparison of CO, balance among three disturbed ecosys-
tems in tropical peatlands. In: Proceedings Asia Flux Workshop
2007, 19-22 October 2007, Aspire Park Taoyuan, Taiwan, p. 28.
National Institute for Environmental Studies, Tsukuba.

Holden ], Chapman PJ, Labadz JC (2004) Artificial drainage of
peatlands: hydrological and hydrochemical process and wet-
land restoration. Progress in Physical Geography, 28, 95-123.

Hooijer A. (ed.) (2008) Introduction to the SBMS Project and
Preliminary Results to Date. Kampar Peninsula Science Based
Management Support Project. Summary Interim Report, April-
December 2007. Delft Hydraulics, Delft.

Hooijer A, Haasnoot M, van der Vat M, Vernimmen R (2008)
Master plan for the conservation and development of the ex-mega
rice project area in Central Kalimantan, cluster 3: hydrology and
peatland water management. Technical report: Peatland subsi-
dence scenarios for the EMRP area. Euroconsult MottMacDo-
nald/Deltares, Jakarta/Delft, 75 pp.

Hooijer A, Silvius M, Wosten H, Page S (2006) PEAT-CO2 —
assessment of CO, emissions from drained peatlands in SE Asia.
Delft Hydraulics report Q3943, 36 pp.

Hope D, Billett MF, Cresser MS (1994) A review of the export of
carbon in river water: fluxes and processes. Environmental
Pollution, 84, 301-324.

Hornibrook ERC, Longstaff FJ, Fyfe WS (1997) Spatial distribu-
tion of microbial methane production pathways in temperate
zone wetland soils: stable carbon and hydrogen isotope evi-
dence. Geochimica et Cosmochimica Acta, 61, 745-753.

Huttunen JT, Nykdnen H, Turunen J, Martikainen PJ (2003)
Methane emissions from natural peatlands in the northern boreal

© 2009 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2009.02016.x


GB1003,
10.1029/2003GB002069

14 J. COUWENBERG etal.

zone in Finland, Fennoscandia. Atmospheric Environment, 37,
147-151.

IFCA (2008) REDDI Reducing Emissions from Deforestation and
Forest Degradation in Indonesia. Indonesia Forest Climate
Alliance, Jakarta. Available at http://redd.pbwiki.com/f/
REDDI+SUmmarry-+for+Policy+Makers.pdf (accessed May 2009).

Inubushi K, Furukawa Y, Hadi A, Purnomo E, Tsuruta H (2003)
Seasonal changes of CO,, CH, and N,O fluxes in relation to
land-use change in tropical peatlands located in coastal area of
South Kalimantan. Chemosphere, 52, 603—608.

Inubushi K, Hadi A (2007) Effect of land-use management
on greenhouse gas emissions from tropical peatlands.
In: Carbon-Climate—Human Interaction on Tropical Peatland. Pro-
ceedings of the International Symposium and Workshop on Tropical
Peatland, Yogyakarta, 27-29 August 2007 (eds Rieley JO, Banks
CJ, Radjagukguk B.) Available at http://www.geog.le.ac.uk/
carbopeat/yogyacontents.html (accessed May 2009).

Inubushi K, Hadi A, Okazaki M, Yonebayashi K (1998) Effect of
converting wetland forest to sago palm plantations on
methane gas flux and organic carbon dynamics in tropical
peat soil. Hydrological Processes, 12, 2073-2080.

Inubushi K, Otake S, Furukawa Y, Shibasaki N, Ali M, Itang AM,
Tsuruta H (2005) Factors influencing methane emissions from
peat soils: comparison of tropical and temperate wetlands.
Nutrient Cycling in Agroecosystems, 71, 93-99.

IPCC. (2006) IPCC Guidelines for National Greenhouse Gas Inven-
tories, Prepared by the National Greenhouse Gas Inventories Pro-
gramme (eds Eggleston HS, Buendia L, Miwa K, Ngara T,
Tanabe K), IGES, Japan. Available at http://www.ipcc-nggip.
iges.or.jp/public/2006gl/vol4.html (accessed May 2009).

Ismail AB, Zulkefli M, Salma I, Jamaludin J, Mohamad Hanif M]J
(2008) Selection of land clearing technique and crop type as
preliminary steps in restoring carbon reserve in tropical peat-
land under agriculture. In: After Wise Use — The Future of
Peatlands. Proceedings 13th International Peat Congress Tullamore,
Ireland, 8-12 June 2008 (eds Feehan J, Farrell CA),
pp- 209-211. IPS, Jyvaskyla.

Jackson CR, Liew KC, Yule CM (2008) Structural and functional
changes with depth in microbial communities in a tropical
Malaysian peatswamp forest. Microbial Ecology, 17, 231-241.

Jacobs CJM, Jacobs AFG, Bosveld FC et al. (2007) Variability of
annual CO, exchange from Dutch grasslands. Biogeosciences, 4,
803-816.

Jacobs CM]J, Moors EJ, van der Bolt FJE (2003) Invioed van Water-
beheer op Gekoppelde Broeikasgasemissies in het Veenweidegebied bij
ROC Zegveld. Alterra-Rapport 840. Alterra, Wageningen.

Jaenicke J, Rieley JO, Mott C, Kimman P, Siegert F (2008)
Determination of the amount of carbon stored in Indonesian
peatlands. Geoderma, 147, 151-158.

Jauhiainen J, Heikkinen J, Martikainen PJ, Vasander H (2001)
CO, and CH, fluxes in pristine peat swamp forest and peat-
land converted to agriculture in Central Kalimantan, Indone-
sia. International Peat Journal, 11, 43—49.

Jauhiainen J, Limin S, Silvennoinen H, Vasander H (2008a) Carbon
dioxide and methane fluxes in drained tropical peat before and
after hydrological restoration. Ecology, 89, 3503-3514.

Jauhiainen J, Silvennoinen H, Limin S, Vasander H (2008b) Effect
of hydrological restoration on degraded tropical peat carbon

fluxes. In: After Wise Use — The Future of Peatlands. Proceedings
13th International Peat Congress Tullamore, Ireland, 8-12 June
2008 (eds Feehan ], Farrell CA), pp. 215-217. IPS, Jyvaskyla.

Jauhiainen J, Takahashi H, Heikkinen JEP, Martikainen PJ, Va-
sander H (2005) Carbon fluxes from a tropical peat swamp
forest floor. Global Change Biology, 11, 1788-1797.

Jauhiainen J, Vasander H, Heikkinen ], Martikainen PJ (2002)
Carbon fluxes in pristine and developed Central Kalimantan
peatlands. In: Peatlands for People: Natural Resource Functions
and Sustainable Management. Proceedings of the International
Symposium on Tropical Peatlands, Jakarta, 22-23 August 2001
(eds Rieley JO, Page SE), pp. 207-213. BPPT, Jakarta.

Jauhiainen ], Vasander H, Jaya A, Inoue T, Heikkinen ], Marti-
kainen P (2004) Carbon balance in managed tropical peat
in Central Kalimantan, Indonesia. In: Proceedings of the
12th International Peat Congress, Tampere (ed. Pdivdnen J),
pp. 653-659. IPS, Jyvaskyla.

Jungkunst HE, Fiedler S (2007) Latitudinal differentiated water
table control of carbon dioxide, methane and nitrous oxide
fluxes from hydromorphic soils: feedbacks to climate change.
Global Change Biology, 13, 1-16.

Kennedy GW, Price JS (2005) A conceptual model on volume-
change controls on the hydrology of cutover peats. Journal of
Hydrology, 302, 13-27.

Kirk G (2004) The Biogeochemistry of Submerged Soils. Wiley,
Chichester.

Kitaya Y, Yabuki K, Kiyota M, Tani A, Hirano T, Aiga I (2002) Gas
exchange and oxygen concentration in pneumatophores and
prop roots of four mangrove species. Trees, 16, 155-158.

Kool DM, Buurman P, Hoekman DH (2006) Oxidation and
compaction of a collapsed peat dome in Central Kalimantan.
Geoderma, 137, 217-225.

Kreuzwieser ], Buchholz ], Rennenberg H (2003) Emission of
methane and nitrous oxide by Australian mangrove ecosys-
tems. Plant Biology, 5, 423—431.

Kurnain A, Notohadikusumo T, Radjagukguk B (2006) Impact of
development and cultivation on hydro-physical properties of
tropical peat soils. Tropics, 15, 383-389.

Kuzyakov Y (2006) Sources of CO, efflux from soil and review
of partitioning methods. Soil Biology and Biochemistry, 38,
425-448.

Kuzyakov Y, Friedel JK, Stahr K (2000) Review of mechanisms
and quantification of priming effects. Soil Biology and Biochem-
istry, 32, 1485-1498.

Kuzyakov Y, Larionova AA (2005) Root and rhizomicrobial
respiration: a review of approaches to estimate respiration
by autotrophic and heterotrophic organisms in soil. Journal of
Plant Nutrition and Soil Science, 168, 503-520.

Kyuma K, Kaneko N, Zahari AB, Ambak K (1992) Swamp forest
and tropical peat in Johore, Malaysia. In: Proceedings of the
International Symposium on Tropical Peatland, 6-10 May 1991,
Kuching, Sarawak, Malaysia (eds Aminuddin BY, Tan SL, Aziz
B, Samy ], Salmah Z, Siti Petimah H, Choo ST), pp. 300-306.
Malaysian Agricultural Research and Development Institute,
Kuala Lumpur.

Langner A, Miettinen J, Siegert F (2007) Land cover change 2002-
2005 in Borneo and the role of fire derived from MODIS
imagery. Global Change Biology, 13, 2329-2340.

© 2009 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2009.02016.x


http://redd.pbwiki.com/f/REDDI+SUmmarry+for+Policy+Makers.pdf
http://redd.pbwiki.com/f/REDDI+SUmmarry+for+Policy+Makers.pdf
http://www.geog.le.ac.uk/carbopeat/yogyacontents.html
http://www.geog.le.ac.uk/carbopeat/yogyacontents.html
http://www.ipcc-nggip.iges.or.jp/public/2006gl/vol4.html
http://www.ipcc-nggip.iges.or.jp/public/2006gl/vol4.html

GREENHOUSE GAS FLUXES FROM TROPICAL PEATLANDS 15

Langner A, Siegert F (2009) Spatiotemporal fire occurrence in
Borneo over a period of 10 years. Global Change Biology, 15,
48-62.

Lewis SL, Lopez-Gonzalez G, Sonké B et al. (2009) Increasing
carbon storage in intact African tropical forests. Nature, 457,
1003-1007.

Lim CH (1992) Reclamation of peatland for agricultural devel-
opment in West Johor. In: Tropical peat. Proceedings of the
International Symposium on Tropical Peatland, 6-10 May 1991,
Kuching, Sarawak, Malaysia (eds Aminuddin BY, Tan SL, Aziz
B, Samy ], Salmah Z, Siti Petimah H, Choo ST), pp. 177-189.
Malaysian Agricultural Research and Development Institute,
Kuala Lumpur.

Limin S, Jaya A, Siegert F, Rieley JO, Page SE, Boehm H-DV
(2004) Tropical peat and forest fire in 2002 in Central Kali-
mantan, its characteristics and the amount of carbon released.
In: Wise Use of Peatlands — Proceedings of the 12th International
Peat Congress, 611 June 2004, Tampere, Volume 1 Oral Presenta-
tions (ed Péivdnen ]), pp. 679-686. International Peat Society,
Jyvaskyla.

Lohila A, Laurila T, Aro L et al. (2007) Carbon dioxide ex-
change above a 30-year-old Scots pine plantation established
on organic-soil cropland. Boreal Environment Research, 12, 141—
157.

Ludang Y, Jaya A, Inoue T (2007) Microclimate conditions of the
developed peatland in Central Kalimantan. Journal of Applied
Sciences, 7, 2604-2609.

Luyssaert S, Schulze E-D, Borner A et al. (2008) Old-growth
forests as global carbon sinks. Nature, 455, 213-215.

Makiranta P, Laiho R, Fritze H, Hytonen J, Laine J, Minkkinen K
(2009) Indirect regulation of heterotrophic peat soil respi-
ration by water level via microbial community structure and
temperature sensitivity. Soil Biology and Biochemistry, 41, 695—
703.

Miékiranta P, Minkkinen K, Hytonen J, Laine J (2008) Factors
causing temporal and spatial variation in heterotrophic and
rhizospheric components of soil respiration in afforested or-
ganic soil croplands in Finland. Soil Biology and Biochemistry,
40, 1592-1600.

Maljanen M, Komulainen V-M, Hytonen J, Martikainen PJ, Laine
J (2004) Carbon dioxide, nitrous oxide and methane dynamics
in boreal organic agricultural soils with different soil charac-
teristics. Soil Biology and Biochemistry, 36, 1801-1808.

Mastura M (2008) Greenhouse gas emissions from a land use change
activity during a haze episode in Southeast Asia. Jurnal e-Bangi, 3.
Available at http://eprints.ukm.my/79/ (accessed May 2009).

Melling L, Goh K], Beauvais C, Hatano R (2007a) Carbon flow
and budget in a young mature oil palm agroecosystem on
deep tropical peat. In: Carbon-Climate—Human Interaction on
Tropical Peatland. Proceedings of the International Symposium and
Workshop on Tropical Peatland, Yogyakarta, 27-29 August 2007
(eds Rieley JO, Banks CJ, Radjagukguk B). Available at http://
www.geog.le.ac.uk/carbopeat/yogyacontents.html (accessed
May 2009).

Melling L, Goh K], Hatano R (2006) Short-term effect of urea on
CH, flux under the oil palm (Elaeis guineensis) on tropical
peatland in Sarawak, Malaysia. Soil Science and Plant Nutrition,
52, 788-792.

Melling L, Goh K], Hatano R, Uyo L], Sayok A, Nik AR (2008)
Characteristics of natural tropical peatland and their
influence on C flux in Loagan Bunut National Park, Sara-
wak, Malaysia. In: After Wise Use — The Future of Peatlands.
Proceedings 13th International Peat Congress Tullamore, Ireland, 8—
12 June 2008 (eds Feehan ], Farrell CA), pp. 693-396. IPS,
Jyvaskyla.

Melling L, Hatano R, Goh K] (2005a) Global warming potential
from soils in tropical peatland of Sarawak, Malaysia. Phyton
(Austria), 45, 275-284.

Melling L, Hatano R, Goh KJ (2007b) Nitrous oxide emissions
from three ecosystems in tropical peatland of Sarawak,
Malaysia. Soil Science and Plant Nutrition, 53, 792-805.

Melling L, Hatano R, Joo Goh K (2005c) Methane fluxes from
three ecosystems in tropical peatland of Sarawak, Malaysia.
Soil Biology and Biochemistry, 37, 1445-1453.

Melling L, Hatano R, Joo Goh K (2005b) Soil CO, flux from three
ecosystems in tropical peatland of Sarawak, Malaysia. Tellus,
57B, 1-11.

Miettinen ] (2007) Burnt area mapping in insular Southeast Asia
using medium resolution satellite imagery. Dissertationes
Forestales 45, 45pp., Available at http://www.metla.fi/
dissertationes/df45.htm (accessed May 2009).

Miyajima T, Wada E (1999) Sulfate-induced isotopic variation in
biogenic methane from a tropical swamp without anaerobic
methane oxidation. Hydrobiologia, 382, 113-118.

Miyajima T, Wada E, Hanba YT, Vijarnsorn P (1997) Anaerobic
mineralization of indigenous organic matters and methano-
genesis in tropical wetland soils. Geochimica et Cosmochimica
Acta, 61, 3739-3751.

Miyamoto E, Matsuda S, Ando H, Kakuda K, Jong F-S, Watanabe
A (2009) Effect of sago palm (Metroxylon sagu Rottb.) cultiva-
tion on the chemical properties of soil and water in tropical
peat soil ecosystem. Nutrient Cycling in Agroecosystems, 85,
157-167.

MPOC (2006) Oil Palm ...
Council, Kelana Jaya.

Miiller N (1999) Einfluf} biotischer und abiotischer Parameter auf
die CH,4-C-Emissionen in einem degradierenden Hochmoor.
Decheniana, 152, 47-64.

Miiller N, Bauche M, Lamersdorf N (1997) Zeitliche und raum-
liche Variabilitit der CO,-C-Emissionen in einem ombrotro-
phen Hochmoor des Hochharzes. Telma, 27, 131-146.

Miinchmeyer U (2001) Zur N-Umsetzung in degradierten Nie-
dermoorbdden Nordostdeutschlands unter besonderer Ber-
ticksichtigung der N-Mineralisierung und des Austrages
gasformiger N-Verbindungen. Beitrige aus der Hallenser Pflan-
zenernidhrungsforschung, 5, 1-125.

Mundel G (1976) Untersuchungen zur Torfmineralisation in
Niedermooren. Archiv fiir Acker- und Pflanzenbau und Boden-
kunde, 20, 669-679.

Murayama S, Bakar ZA (1996a) Decomposition of tropical peat
soils 1. Decomposition kinetics of organic matter of peat soils.
Japan Agricultural Research Quarterly, 30, 145-151.

Murayama S, Bakar ZA (1996b) Decomposition of tropical
peat soils 2. Estimation of in situ decomposition by measure-
ment of CO, flux. Japan Agricultural Research Quarterly, 30,
153-158.

Tree of Life. Malaysian Palm Oil

© 2009 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2009.02016.x


http://eprints.ukm.my/79/
http://www.geog.le.ac.uk/carbopeat/yogyacontents.html
http://www.geog.le.ac.uk/carbopeat/yogyacontents.html
http://www.geog.le.ac.uk/carbopeat/yogyacontents.html
http://www.metla.fi/dissertationes/df45.htm
http://www.metla.fi/dissertationes/df45.htm

16 J. COUWENBERG et al.

Mutalib AA, Lim JS, Wong MH, Koonvai L (1992) Characteriza-
tion, distribution and utilization of peat in Malaysia. In:
Tropical peat. Proceedings of the International Symposium on
Tropical Peatland, 6-10 May 1991, Kuching, Sarawak, Malaysia
(eds Aminuddin BY, Tan SL, Aziz B, Samy J, Salmah Z, Siti
Petimah H, Choo ST), pp. 7-16. Malaysian Agricultural Re-
search and Development Institute, Kuala Lumpur.

Nakagawa F, Yoshida N, Sugimoto A, Wada W, Yoshioka T,
Ueda S, Vijarnsorn P (2002) Stable isotope and radio-
carbon compositions of methane emitted from tropical rice
paddies and swamps in Southern Thailand. Biogeochemistry,
61, 1-19.

Neue H (1993) Methane emission from rice fields: wetland rice
fields may make a major contribution to global warming.
BioScience, 43, 466-73.

Neuzil SG (1997) Onset and rate of peat and carbon accumula-
tion in four domed ombrogenous peat deposits, Indonesia. In:
Biodiversity and Sustainability of Tropical Peatlands (eds Rieley
JO, Page SE), pp. 55-72. Samara Publishing, Cardigan.

Neuzil SG, Supardi, Cecil CB, Kane ]S, Soedjono K (1993)
Inorganic geochemistry of domed peat in Indonesia and its
implication for the origin of mineral matter in coal. In: Modern
and Ancient Coal-Forming Environments. Geological Society of
America Special Paper 286 (eds Cobb JC, Cecil CB), pp. 23—-44.
Geological Society of America, Boulder.

Nilsson M, Sagerfors J, Buffam I et al. (2008) Contemporary
carbon accumulation in a boreal oligotrophic minerogenic
mire — a significant sink after accounting for all C-fluxes.
Global Change Biology, 14, 2317-2332.

Norman JM, Kucharik CJ, Gower STet al. (1997) A comparison of
six methods for measuring soil-surface carbon dioxide fluxes.
Journal of Geophysical Research, 102, 28771-28777.

Okey CW (1918) The subsidence of muck and peat soils in
southern Louisiana and Florida. Transactions of the American
Society of Civil Engineers, 82, 394—432.

Page SE, Rieley JO, Bohm H-DV, Siegert F, Muhamad N (2000)
Impact of the 1997 fires on the peatlands of Central Kaliman-
tan, Indonesia. In: Sustaining our Peatlands. Proceedings of the
11th International Peat Congress, 06-12.08.2000, Quebec (eds
Rochefort L, Daigle J-Y), pp. 962-970. Canadian Society for
Peat and Peatlands, Edmonton.

Page SE, Siegert F, Rieley JO, Boehm H-DV, Jaya A, Limin S
(2002) The amount of carbon released from peat and forest
fires in Indonesia during 1997. Nature, 420, 61-65.

Pastowski A, Fischedick M, Arnold K et al. (2007) Sozial-okolo-
gische Bewertung der stationiren Energetischen Nutzung von Im-
portierten Biokraftstoffen am Beispiel von Palmol. Wuppertal
Institut fiir Klima, Umwelt, Energie, Wuppertal.

Phua M-H, Tsuyuki S, Lee ]S, Sasakawa H (2007) Detection of
burned peat swamp forest in a heterogeneous tropical land-
scape: a case study of the Klias Peninsula, Sabah, Malaysia.
Landscape and Urban Planning, 82, 103-116.

Polak B (1975) Character and occurrence of peat deposits in the
Malaysian tropics. In: Modern Quaternary Research in Southeast
Asia (eds Bartstra G-J, Casparie WA), pp. 71-81. Balkema,
Rotterdam.

Polak E (1933) Ueber Torf und Moor in Niederlandisch
Indien. Verhandelingen der Koninklijke Academie van Weten-

schappen te Amsterdam, Afdeeling Natuurkunde (tweede sectie), 3,
1-85.

Pulliam WM (1992) Methane emissions from cypress knees in a
southeastern floodplain swamp. Oecologia, 91, 126-128.

Pumpanen J, Kolari P, Ilvesniemi H et al. (2004) Comparison of
different chamber techniques for measuring soil CO, efflux.
Agricultural and Forest Meteorology, 123, 159-176.

Purvaja R, Ramesh R, Frenzel P (2004) Plant-mediated methane
emission from an Indian mangrove. Global Change Biology, 10,
1825-1834.

Putra EI, Hayasaka H, Takahashi H, Usup A (2008) Recent peat
fire activity in the Mega Rice Project area, Central Kalimantan,
Indonesia. Journal of Disaster Research, 3, 334-341.

Raymond PA, Bauer JE (2001) Riverine export of aged terrestrial
organic matter to the North Atlantic Ocean. Nature, 409,
497-500.

Regina K, Syvisalo E, Hannukal A, Esala M (2004) Fluxes of N,O
from farmed peat soils in Finland. European Journal of Soil
Science, 55, 591-599.

Reijnders L, Huijbregts MAJ (2008) Palm oil and the emission of
carbon-based greenhouse gases. Journal of Cleaner Production,
16, 477-482.

Rinne J, Riutta T, Pihlatie M ef al. (2007) Annual cycle of methane
emission from a boreal fen measured by the eddy covariance
technique. Tellus B, 59B, 449-457.

Rixen T, Baum A, Pohlmann T, Balzer W, Samiaji ], Jose C (2008)
The Siak, a tropical black water river in central Sumatra on the
verge of anoxia. Biogeochemistry, 90, 129-140.

Roulet NT, Lafleur PM, Richard PJH, Moore TR, Humphreys ER,
Bubier ] (2007) Contemporary carbon balance and late Holo-
cene carbon accumulation in a northern peatland. Global
Change Biology, 13, 397-411.

Rumbang N, Radjagukguk B, Projitno D (2008) Emission of CO,
from tropical peat soil under different land use types. In: After
Wise Use — The Future of Peatlands. Proceedings 13th International
Peat Congress Tullamore, Ireland, 8-12 June 2008 (eds Feehan ],
Farrell CA), pp. 113-116. IPS, Jyvaskyla.

Rusch R, Rennenberg H (1998) Black alder (Alnus glutinosa (L.)
Gaertn.) trees mediate methane and nitrous oxide emission
from the soil to the atmosphere. Plant and Soil, 201, 1-7.

Saharjo BH (2007) Shifting cultivation in peatlands. Mitigation
and Adaptation Strategies for Global Change, 12, 135-146.

Saharjo BH, Munoz CP (2005) Controlled burning in peat lands
owned by small farmers: a case study in land preparation.
Wetlands Ecology and Management, 13, 105-110.

Saharjo BH, Nurhayati AD (2005) Changes in chemical and
physical properties of hemic peat under fire-based shifting
cultivation. Tropics, 14, 263-269.

Salmah Z, Spoor G, Zahari AB, Welch DN (1992) Importance of
water management in peat soil at farm level. In: Proceedings of
the International Symposium on Tropical Peatland, 6-10 May 1991,
Kuching, Sarawak, Malaysia (eds Aminuddin BY, Tan SL, Aziz
B, Samy ], Salmah Z, Siti Petimah H, Choo ST), pp. 228-238.
Malaysian Agricultural Research and Development Institute,
Kuala Lumpur.

Schipper LA, McLeod M (2002) Subsidence rates and carbon loss
in peat soils following conversion to pasture in the Waikato
Region, New Zealand. Soil Use and Management, 18, 91-93.

© 2009 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2009.02016.x



GREENHOUSE GAS FLUXES FROM TROPICAL PEATLANDS 17

Schothorst CJ (1977) Subsidence of low moor peat soils in the
western Netherlands. Geoderma, 17, 265-291.

Schothorst CJ (1982) Drainage and behaviour of peat soils. In:
Proceedings of the Symposium on Peat Soils below Sea Level,
24-28 August 1981 (eds de Bakker H, van den Berg MW),
pp- 130-168. ILRI, Wageningen.

Segeberg H (1960) Moorsackungen durch Grundwasserabsen-
kung und deren Vorausberechnung mit Hilfe empirischer
Formeln. Zeitschrift fiir Kulturtechnik, 1, 144-161.

Segers R (1998) Methane production and methane consumption:
a review of processes underlying wetland methane fluxes.
Biogeochemistry, 41, 23-51.

Shimada S, Takahashi H, Haraguchi A, Kaneko M (2001) The
carbon content characteristics of tropical peats in Central
Kalimantan, Indonesia: estimating their spatial variability in
density. Biogeochemistry, 53, 249-267.

Siegert F, Zhukov B, Oertel D, Limin S, Page SE, Rieley JO (2004)
Peat fires detected by the BIRD satellite. International Journal of
Remote Sensing, 25, 3221-3230.

Snowden JO (1986) Drainage induced land subsidence in
metropolitan New Orleans, Louisiana, USA. In: Proceedings of
the Third International Symposium on Land Subsidence held at
Venice, March 1984 (eds Johnson Al, Carbognin L, Ubertini L),
pp. 507-527. IAHS, Institute of Hydrology, Wallingford.

Steinmann P, Eilrich B, Leuenberger M, Burns SJ (2008) Stable
carbon isotope composition and concentrations of CO, and
CHy in the deep catotelm of a peat bog. Geochimica et Cosmo-
chimica Acta, 72, 6015-6026.

Stephens JC, Allen LH, Chen E (1984) Organic soil subsidence.
In: Man Induced Land Subsidence (ed. Holzer TL), pp. 107-122.
Geological Society of America, Boulder.

Stephens JC, Speir WH (1970) Subsidence of organic soils in the
USA. In: Land Subsidence, Proceedings of the Tokyo Symposium,
September 1969, pp. 523-534. IAHS/UNESCO, Paris, France.

Suzuki S, Ishida T, Nagano T, Waijaroen S (1999) Influences of
deforestation on carbon balance in a natural tropical peat swamp
forest in Thailand. Environmental Control in Biology, 37, 115-128.

Tachibana H, Igbal R, Kobayashi M et al. (2006) Chemical
characteristics of water at the upper reaches of the Sebangau
River, Central Kalimantan, Indonesia. Tropics, 15, 411-415.

Takakai F, Morishita T, Hashidoko Y et al. (2006) Effects of
agricultural land-use change and forest fire on N,O emission
from tropical peatlands, Central Kalimantan, Indonesia. Soil
Science and Plant Nutrition, 52, 662—-674.

Takakai F, Morishita T, Kuramochi K, Darung U, Dohong S,
Limin SH, Hatano R (2005) The effect of forest fire and
agriculture on CH4 and N,O emission from tropical peatlands,
Central Kalimantan, Indonesia. In: Proceedings of the Interna-
tional Workshop on Human Dimension of Tropical Peatland under
Global Environmental Changes, December 8-9, 2004, Bogor, Indo-
nesia (eds Iswandi A, Wijaya HC, Guhardja S, Segah H,
Iwakuma T, Osaki M), pp. 101-111. Bogor Agricultural
University/Hokkaido University, Bogor/Hokkaido.

Tansey K, Beston ], Hoscilo A, Page SE, Paredes Hernandez CU
(2008) Relationship between MODIS fire hot spot count and
burned area in a degraded tropical peat swamp forest in
Central Kalimantan, Indonesia. Journal of Geophysical Research,
113, D23112, doi: 10.1029/2008]D010717.

Tauchnitz N, Brumme R, Bernsdorf S, Meissner R (2008) Nitrous
oxide and methane fluxes of a pristine slope mire in the German
National Park Harz Mountains. Plant and Soil, 303, 131-138.

Taylor D, Ali M (2001) Biogeochemical responses to land cover
changes in coastal peatland catchments: spatial and temporal fluxes
in greenhouse gas emissions and peat subsidence, Jambi Province,
Sumatra. SARCS/UNOP Final Report: GLO/92/G31-C-ENV-
PS609, 27 pp.

Tie YL, Kueh HS (1979) A review of lowland organic soils of Sarawak.
Technical Paper No. 4, Soils Branch, Department of Agricul-
ture, Sarawak, 34 pp.

Ueda S, Go C-SU, Yoshioka T et al. (2000) Dynamics of dissolved
O,, CO,, CHy4, and N;O in a tropical coastal swamp in south-
ern Thailand. Biogeochemistry, 49, 191-215.

UNFCCC (2007) Report of the Conference of the Parties on its
thirteenth session, held in Bali from 3 to 15 December 2007.
Decisions adopted by the Conference of the Parties. Available at
http://unfccc.int/resource/docs /2007 /cop13/eng/06a01.pdf
(accessed May 2009).

USGS (2003) Measuring human-induced land subsidence from space.
Fact sheet 069-03, 4 pp.

Usup A, Hashimoto Y, Takahashi H, Hayasaka H (2004) Com-
bustion and thermal characteristics of peat fire in tropical
peatland in Central Kalimantan, Indonesia. Tropics, 14, 1-19.

van der Molen WH, Smits H (1962) Die Sackung in einem Moor-
gebiet in Nordgriechenland. In: Bericht iiber den 8. Internationalen
Kongre fiir universelle Moor- und Torfforschung (eds Baden W,
Grospietsch T, Lachmann H, Operschal E, Stober O), pp. 69-72.
Internationale Gesellschaft fiir Moor-Forschung, Vaduz.

van der Werf GR, Dempewolf ], Trigg SN et al. (2008) Climate
regulation of fire emissions and deforestation in equatorial
Asia. Proceedings of National Academy of Sciences USA, 105,
20350-20355.

Veenendaal EM, Kolle O, Leffelaar PA et al. (2007) CO, exchange
and carbon balance in two grassland sites on eutrophic
drained peat soils. Biogeosciences, 4, 1027-1040.

Velthof GL, Brader AB, Oenema O (1996) Seasonal variation in
nitrous oxide losses from managed grasslands in the Nether-
lands. Plant and Soil, 181, 263-274.

Vien DM, Phuong NM, Jauhiainen J, Guong VT (2008) Carbon
dioxide emission from peatland in relation to hydrology, peat
moisture, humification at the Vodoi National Park, Vietnam.
In: Carbon—Climate—Human Interaction on Tropical Peatland. Pro-
ceedings of the International Symposium and Workshop on Tropical
Peatland, Yogyakarta, 27-29 August 2007 (eds Rieley JO, Banks
CJ, Radjagukguk B.) Available at http://www.geog.le.ac.uk/
carbopeat/yogyacontents.html (accessed May 2009).

von Amold K, Nilsson M, Hanell B, Weslien P, Klemedtsson L
(2005a) Fluxes of CO,, CH4 and N,O from drained organic
soils in deciduous forests. Soil Biology and Biochemistry, 37,
1059-1071.

Von Arnold K, Weslien P, Nilsson M, Svensson BH, Klemedtsson
L (2005b) Fluxes of CO,, CH; and N,O from drained conifer-
ous forests on organic soils. Forest Ecology and Management,
210, 239-254.

Waddington JM, Roulet NT (1997) Groundwater flow and dis-
solved carbon movement in a boreal peatland. Journal of
Hydrology, 191, 122-138.

© 2009 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2009.02016.x


http://unfccc.int/resource/docs/2007/cop13/eng/06a01.pdf
http://unfccc.int/resource/docs/2007/cop13/eng/06a01.pdf
http://www.geog.le.ac.uk/carbopeat/yogyacontents.html
http://www.geog.le.ac.uk/carbopeat/yogyacontents.html

18 J. COUWENBERG et al.

Whittaker RH, Likens GE (1973) Primary production: the bio-
sphere and man. Human Ecology, 1, 357-369.

Wiant HV (1967) Has the contribution of litter decay to forest
soil respiration been overestimated? Journal of Forestry, 65,
408-409.

Wicke B, Dornburg V, Junginger M, Faaij M (2008) Different palm
oil production systems for energy purposes and their green-
house gas implications. Biomass and Bioenergy, 32, 1322-1337.

Wild U, Kamp T, Lenz A, Heinz S, Pfadenhauer J (2001) Cultiva-
tion of Typha spp. in constructed wetlands for peatland re-
storation. Ecological Engineering, 17, 49-54.

Wosten JHM, Ismail AB, van Wijk ALM (1997) Peat subsidence
and its practical implications: a case study in Malaysia. Geo-
derma, 78, 25-36.

Wosten JHM, Ritzema HP (2001) Land and water management
options for peatland development in Sarawak, Malaysia. Inter-
national Peat Journal, 11, 59-66.

Yanai Y, Toyota K, Morishita T ef al. (2007) Fungal N,O produc-
tion in an arable peat soil in Central Kalimantan, Indonesia.
Soil Science & Plant Nutrition, 53, 806-811.

Yonebayashi K, Okazaki M, Kyuma K, Takai Y, Zahari AB, Jiraval
P, Pisoot V (1992) Chemical decomposition of tropical peat.
In: Proceedings of the International Symposium on Tropical Peatland,
6-10 May 1991, Kuching, Sarawak, Malaysia (eds Aminuddin BY,
Tan SL, Aziz B, Samy J, Salmah Z, Siti Petimah H, Choo ST), pp.
158-168. Malaysian Agricultural Research and Development
Institute, Kuala Lumpur.

Yoshioka T, Ueda S, Miyajima T et al. (2002) Biogeochemical
properties of a tropical swamp forest ecosystem in southern
Thailand. Limnology, 3, 51-59.

Yule CM (2008) Loss of biodiversity and ecosystem functioning
in Indo-Malayan peatswamp forests. Biodiversity and Conserva-
tion, doi: 10.1007/s10531-008-9510-5.

Yule CM, Gomez LN (2009) Leaf litter decomposition in a
tropical peatswamp forest in Peninsular Malaysia. Wetlands
Ecology and Management, 17, 231-241.

Ywih CH, Ahmed OH, Majid NMA, Jalloh MB (2009) Effects of
converting secondary forest on tropical peat soil to oil palm
plantation on carbon storage. American Journal of Agricultural
and Biological Sciences, 4, 123-130.

© 2009 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2009.02016.x


10.1007/s10531-008-9510-5

