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Introduction

Synthesis
1.1 Introduction
A general consensus exists that the Earth’s peatlands are a critical component in the global carbon cycle as they
act as both long-term sinks for atmospheric carbon dioxide (CO2) and significant sources for methane (CH4)
(Gorham 1991, MacDonald et al. 2006, Matthews 2000, Yu 2011). Peat accumulation over many millennia has
built up peat deposits on all continents, which represent important terrestrial reservoirs for carbon. Most of this
carbon is stored in high-latitude peatlands in a reservoir that covers 3.5 million km2 and comprises ca. 455
petagram (Pg) C (Gorham 1991). The buildup of this northern peatland carbon reservoir produced a global net
climatic cooling effect over the Holocene period as CO2 uptake by peat accumulation exceeded the release of
CH4 from peat decomposition (Frolking et al. 2006, Frolking & Roulet 2007). Moreover, earth system models
reveal that peatlands were influencing the global atmospheric CO2 concentration throughout the Holocene
(Wang et al. 2009, Kleinen et al. 2010). Polar ice-core records show that the atmospheric concentration of CO2
rose from 260 part per million by volume (ppmv) by 8000 years ago to a pre-industrial level of 280 ppmv
(Indermühle et al. 1999, Monnin et al. 2001), mainly driven by CO2 outgassing from calcium carbonate
(CaCO3) compensation of the deep ocean (Broecker et al. 2001, Wang et al. 2009) and CaCO3 precipitation in
shallow marine waters (i.e. buildup of coral reefs, Ridgwell et al. 2003, Kleinen et al. 2010). Experiments with
the climate-carbon cycle model CLIMBER2-LPJ indicate that the atmospheric CO2 concentration over this
period would have risen further without the contemporaneous formation of peatlands (Kleinen et al. 2010).
However, all these model studies only incorporated data from northern peatlands, although 11% of the global
peatland area is located in the tropics (Page et al. 2011). The obvious reason for this incomplete consideration
is that the long-term carbon cycling of tropical peatlands is too poorly understood to provide reliable data sets.
Determining the long-term influence of tropical peatlands on atmospheric greenhouse gas concentrations and
the Earth’s radiative budget requires robust reconstructions of the cumulative growth of the carbon pool in
tropical peatlands as well as its past carbon balance. The reconstruction of past carbon balance itself depends
on well constrained estimates of long-term changes in peatland cover, rates of carbon uptake derived from peatcores, and measurements of natural methane release (e.g. Frolking & Roulet 2007). Quantifying the long-term
carbon dynamics of tropical peatlands will not only lead to a better understanding of the biospheric controls and
impacts on the Earth’s climate system during the Late Quaternary, but will indirectly provide critical data for
assessing the possible response of the tropical peat-carbon balance to future global climate change.
The largest known concentration of tropical peatlands are found in equatorial Southeast Asia, specifically on
Peninsular Malaysia, and the islands of Sumatra, Borneo, and New Guinea (Anderson 1983). The peatlands in
this region are estimated to extend over 248,000 km2, an area corresponding to 56% of all tropical peatlands
(Page et al. 2011). For comparison this area is equal to the size of western Germany. Page et al. (2011) estimated
that 68.5 Pg C, are stored in the peat soils of Southeast Asia a value equivalent to 11-14% of the global peatcarbon pool (Page et al. 2011). This mass of carbon is equivalent to ca. 32 ppm of atmospheric CO2 or 8% of
the current concentration of CO2 in the atmosphere – highlighting the global significance of the equatorial
peatlands of Southeast Asia in the carbon cycle. The major objectives of this doctoral thesis therefore are to
reconstruct the chronology, geographic distribution, and rate at which this tropical carbon reservoir developed
as well as the factors that governed its growth.
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EQUATORIAL
SOUTHEAST ASIA

Figure 1: Peatland distribution in equatorial Southeast Asia.

1.2 Study area
This thesis focuses on the Southeast Asian peatlands of Borneo, Sumatra, and Peninsular Malaysia, an area that
spans a distance of 2600 km from 95° E to 119° E and 1250 km from 6.5° N to 5° S (Fig. 1). This region holds
about 159,000 km2 of peatlands, which generally occur in the lowlands at elevations of less than 50 m and are
mostly domed landforms of the ombrotrophic raised bog type (Dommain et al. 2010). The island of Borneo
with an area of 725,500 km2 is the third largest island on Earth and is divided by Indonesia, Malaysia, and
Brunei Darussalam. The Indonesian part of Borneo, called Kalimantan covers 73% of the island, and is mainly
located in the southern and eastern part, whereas the Malaysian states of Sarawak and Sabah cover 26% located
in the northwestern to northern portion. The small country of Brunei is located between these two states and
covers only 0.8% of the island (Fig. 1, MacKinnon et al. 1996). Borneo contains approximately 79,000 km2 of
peatland with 60,500 km2 located in Kalimantan, 17,400 km2 in the Malaysian section and 1000 km2 in Brunei
(Anderson 1964, Mutalib et al. 1992, Wahyunto et al. 2004, Dommain et al. 2014). Sumatra covers 427,300
km2 making it the sixth largest island on Earth and is part of Indonesia. This island contains around 72,000 km2
of peatland, located mainly in the lowlands of the east coast (Wahyunto et al. 2003). In contrast, Peninsular
Malaysia has a peatland area of only about 8,400 km2 (Mutalib et al. 1992). Approximately 230 million people
live in this whole region.
This peatland region was chosen for study because it represents a coherent biogeographic setting in terms of its
geology, ecology, and climate. Peninsular Malaysia, Borneo, Sumatra together with Java, and Bali and the
surrounding smaller islands comprise the biogeographic region of Sundaland. This island archipelago is part of
the Eurasian continental plate as all islands represent high points on the shallow Sunda Shelf – the largest
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Figure 2: Tropical peat swamp forest. Phasic community 3 with Shorea albida and Pandanus andersonii
in the Mendaram peat dome (Brunei, Borneo). Photo taken by the author on Nov. 2. 2011.

continental shelf on Earth (Tija 1980). During the Pleistocene ice ages, the land area on the Sunda Shelf was
twice as large as it is today (Sathiamurthy & Voris 2006), because during these periods of lower sea level most
of the shelf was exposed providing a land connection between the islands and mainland Asia. This land mass
was termed “Sundaland” by Molengraaff (1921). The repeated land connection of the islands during full glacial
periods explains their pronounced floral and faunal similarity (Whitmore 1975). Because Sundaland has an
ever-wet (perhumid) climate the region’s natural vegetation is evergreen (i.e. aseasonal) tropical rainforest. On
Peninsular Malaysia the Kangar-Pattanii Line (at the border of Malaysia to Thailand) forms the northern
boundary of Sundaland with the biogeographic region of Indo-Burma and its seasonal rainforests (Corlett
2009). In the east the edge of the shelf platform coincides with the Wallace’s Line, representing the boundary
with the biogeographic region of Wallacea. Wallacea is distinguished by its significantly enriched in Australian
floral and faunal elements and characterized by a seasonal monsoon climate (Whitmore 1975, van Weltzen et
al. 2005).
Sundaland is one of the most species rich regions on Earth and is included among the currently 34 designated
biodiversity hotspots on the planet (Mittermeier et al. 2004). This exceptionally biodiverse region exhibits a
high degree of endemism. It contains around 25.000 plant species of which 15.000 are endemic and at least
2793 vertebrate species with 1085 endemics (Myers 2000, Mittermeier et al. 2004). Notably, this biodiversity
hotspot is the only one with a significant peatland area. That the region’s peatlands contribute to its high
biodiversity is not widely recognized. The peatlands are naturally covered by a peculiar type of tropical
rainforest, called peat swamp forest (Anderson 1983, Fig. 2). Although peat swamp forests are waterlogged,
ombrotrophic, nutrient-poor, and acidic environments their plant species richness is still remarkably high in
contrast to raised bogs from other regions. So far, 1300 vascular plant species, of which 720 are woody species,
have been found in the peat swamp forests of Southeast Asia (Giesen 2013). About fifty tree species of this flora
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seem to be solely restricted to this peatland habitat (W. Giesen pers. com.). For example, Anderson (1963) lists
242 trees species out of 387 gymnosperms and angiosperms, and also 31 pteridophytes for the peat swamp
forests of Sarawak and Brunei (northwest Borneo), and Simbolon & Mirmanto (2000) report 310 woody and
herbaceous plant species for the peat swamp forests of Central Kalimantan in southern Borneo. For Sumatra
144 different tree taxa from peat swamp forests could be identified to species level by Brady (1997). Evidently
the equatorial peat forests are much richer in species than northern peatlands such as the raised bogs of North
America that contain less than 20 vascular plant species with just two species of trees (Glaser 1992). The
diversity of tree species in one hectare of peat swamp forest ranges between ca. 60 to 140 species (Simbolon &
Mirmanto 2000). However, in northwest Borneo almost monospecific tree stands of the Dipterocarp Shorea
albida cover large portions of the peat dome plains (Anderson 1983, Fig. 2). The Dipterocarpaceae are one of
the largest plant families of tree in equatorial Southeast Asia along with the Anacardiaceae, Annonaceae,
Euphorbiaceae, Guttiferae, Lauraceae, Moraceae, Myrtaceae, Rubiaceae, and Sapotaceae that are also dominant
families in peat swamp forests in terms of species number (Anderson 1963). The faunal diversity of Sundaland’s
forested peatlands is noteworthy too. Significantly, two endemic great ape species, the Sumatran orang-utan
Pongo abelii and the Bornean orang-utan Pongo pygmaeus both occur in peat swamp forests, with the latter
species currently having its largest populations in the peat swamp forests of Southern Borneo (Morrogh-Bernard
et al. 2003). Moreover, the iconic but globally endangered Sumatran tiger Panthera tigris sumatrae inhabits the
last coastal peatlands of eastern Sumatra. Endemism is also high in the pools and rivulets of peat swamps in
Sundaland that contain at least 180 highly endemic fish species (Ng 1994). Only recently Kottelat et al. (2006)
described the fish species Paedocypris progenetica from peat swamps of Sumatra, which at less than 1 cm
length was the World’s smallest known vertebrate at the time of its description. Peat swamp forests are therefore
an important asset for global biodiversity conservation. Unfortunately, these unique ecosystems are currently
rapidly disappearing because of deforestation, degradation, conversion to oil palm plantations, and peat fires
and their near-term survival is in great peril (Miettinen et al. 2012).
Because the island archipelago straddles the equator where temperatures are constantly high at 26 to 27°C
throughout the year (Walter & Lieth 1960-1967) the surrounding shallow seas have high sea surface
temperatures that lead to persistent convection. This high convective activity results in annual rainfall of about
2000 to over 4000 mm on the islands and drives the Intertropical Convergence Zone (ITCZ) over Southeast
Asia (Walter & Lieth 1960-1967, Aldrian and Susanto 2003). Despite the high temperatures the large amounts
of monthly rainfall generate a positive moisture balance in large parts of the region that allows for the formation
of domed and rain-fed (ombrotrophic) peatlands. Associated with the seasonal shifts of the ITCZ are the two
regional monsoon systems that influence the climate – the wet northwest monsoon and the dry southeast
monsoon. From May to September the southeast monsoon prevails and can produce a dry season in southern
Borneo, southern Sumatra, Java and Bali between July and September if monthly rainfall drops below 100 mm
(Aldrian and Susanto 2003). This regional climatic pattern provides a likely explanation why ombrotrophic
peatlands are absent from Java and Bali. On interannual timescales rainfall variability is high in Southeast Asia
because this region is prone to frequently recurring El Niño events that cause widespread droughts (Hendon
2003). Deforestation and peatland-drainage have induced lower water tables that facilitate severe peat and forest
fires in Indonesia during modern El Niño drought events that released massive amounts of carbon to the
atmosphere (Page et al. 2002).
The exceptional biogeographic, ecologic, and climatologic conditions of the Southeast Asian peatland region
together with the size of its globally significant carbon pool should provoke deep scientific interest from various
fields. However, up to this time tropical peatlands have received considerably less scientific attention than
northern peatlands. The study of tropical peatlands only began about a century ago as their existence remained
largely unknown to the scientific world.
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1.3 Research history
The prevailing scientific dogma until around 1900 was that peat formation could not occur in the tropics,
because plant litter would decompose rapidly under the high tropical temperatures (Polak 1933). This notion
started to change with the publication of the benchmark treatise “Die Tropen-Sumpfflachmoor-Natur des
Produktiven Carbons” by Potonié & Koorders (1909), which initiated a still ongoing scientific debate
surrounding the question what mechanisms cause peat formation in the tropics. The Dutch botanist Sijfert
Koorders had described the occurrence of a peatland with over 7 meters of peat near the village of Siak on the
east coast of Sumatra, which he had traversed as a member of the IJzerman expedition of 1891 (IJzerman et al.
1895). Koorders noted how arduous it was for the party to wade through the muddy swamp forest, but
nevertheless made detailed descriptions of the forest vegetation, including morphological adaptations of trees
including stilt roots and pneumatophores similar to those found in mangrove forests. The German coal geologist
Henri Potonié was struck by Koorders’ descriptions used these Sumatran swamp forests as an analogue for the
coal forming forests of the Carboniferous. In their joint publication Potonié and Koorders (1909) proposed that
the Carboniferous coal forests must have formed under a tropical climate with similar conditions to that of the
modern tropical peat forests of Sumatra. They argued that both types of forest formed as flat fen landforms
(“Sumpfflachmoor”), a view that persisted for more than 20 years. Potonié and Koorders’ influential publication
stimulated the exploration and description of many tropical peatlands from Peninsular Malaysia, Borneo, Java,
the Philippines, Sri Lanka, and East Africa between around 1910 and 1930 (Polak 1933), which collectively
showed that peat formation was indeed possible in the tropical belt.
With the appearance of the seminal work “Ueber Torf und Moor in Niederländisch Indien” by the Dutch
paleobotanist Elisabeth Polak in 1933 a paradigm shift was initiated in the functional understanding of the
lowland peatlands of Southeast Asia. Polak (1933) unambiguously demonstrated the domed nature of coastal
forested peatlands in western Indonesia (Sumatra and Kalimantan) based on topographic leveling. She explicitly
recognized that these extensive peatlands are ombrogenous as indicated by their low pH (3–4), low ash content
(~1%), oligotrophic nutrient levels, and most importantly by their storage of rain water above the surrounding
terrain, in contrast to the original model of Potonié & Koorders (1909). Although Polak (1933) was the first to
recognize the analogy of the domed Indonesian peatlands to raised bogs in northwest Europe, she also noted
that tropical peat domes apparently formed solely from trees (Fig. 3), in contrast to European bogs in which the
major peat formers are Sphagnum mosses. The frequent occurrence of wood in the Indonesian peatlands created
considerable problems for E. Polak’s attempts to recover core samples with existing peat corers – a
methodological problem which all researchers still face and one which is specifically addressed in this thesis
(Box 1, paper III).
In the 1950s James A. R. Anderson began his important surveys to inventory and classify peat swamp forest of
Sarawak and Brunei (northwest Borneo). In his Ph.D. research he presented topographic surveys that revealed
the convex domed shape of these peat landforms (Anderson 1961a, 1964) expanding Polak’s observations from
Sumatra and Kalimantan to northwest Borneo. He also described the flora and peat swamp forest vegetation
types of this region, which he divided into six phasic communities (Anderson 1961a, 1963). These forest
communities cover the domed peatlands in concentric arrangement with phasic community (P.C. 1) covering
the dome margins, P.C. 2–4, dominated by Shorea albida, the dome plains (Fig. 2), and P.C. 5–6, as stunted
forests the wet dome centers in only a few well developed peatlands (Anderson 1961a, 1963, 1983). Anderson
and the German forester Eberhard Brünig also made the first observations and quantitative studies of natural
disturbance and patch dynamics in the extensive Shorea albida forests and recognized their susceptibility to
wind throw, lightning damage, and insect outbreaks (e.g. Anderson 1961b, 1964, Brünig, 1964). Moreover,
5
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Figure 3: Model of a tropical peat dome deposit illustrating the exclusive deposition of wood peat (figure
taken from Polak 1933).

Anderson (1964) proposed that the peat domes of Sarawak and Brunei developed on mangrove soils,
confirming an earlier interpretation of Webber (1954) based on diatom analysis of sediment underneath a coastal
freshwater swamp in Peninsular Malaysia. Notably, the first radiocarbon dates from Southeast Asian peatlands
were reported by Wilford (1960) that included a profile of the Marudi peat dome (Sarawak) with a basal
radiocarbon date of 4270 BP (before present) and a basal date of 1950 BP for the Lawas peat dome (Sarawak),
showing that these coastal peatlands were of Late Holocene origin. The series of 14C ages from Marudi indicated
declining rates of peat accumulation over time and Anderson (1964) suggested that this decrease was likely
related to the progressive succession of the phasic forest communities. This hypothesis was later confirmed by
a pollen diagram from the Marudi profile that revealed an basal mangrove swamp that was replaced above by
the sequence of phasic communities 1 to 6 had successively formed (Anderson and Muller 1975).
This study was followed by new reports for the first basal radiocarbon dates of ~4900 BP for coastal peatlands
in Peninsular Malaysia (Haseldonckx 1977), 2310 BP and 2380 BP for coastal peatlands in Kalimantan
(Notohadiprawiro 1981) and 4575 and 4780 BP for coastal peatlands in Sumatra (Diemont & van Reuler 1984,
Silvius et al. 1984). These basal dates were very similar to those reported by Wilford (1960) further indicating
a young age of coastal Southeast Asian peatlands.
At around the same time, Morley (1981) determined by pollen analysis that the Sebangau peatland of Central
Kalimantan, 100 km from the coast, did not form over mangrove deposits but instead over a minerotrophic
swamp rich in grasses. Sieffermann et al. (1987) showed that these peatlands of Central Kalimantan, in fact,
developed over sandy podzol plains 10-15 m above adjacent river levels, for which they adopted the term “high
peat”. Then Sieffermann et al. (1988) reported the first radiocarbon dates for the high peats, revealing their much
earlier origin during the Early Holocene (8260 BP) compared to that of the coastal peatlands. Perhaps more
importantly the authors also showed that the “high peat” area of Central Kalimantan had apparently stopped
accumulating several thousand years ago as inferred from 5000–6000 year old 14C ages at 1 m depth.
In the late 1980s to mid 1990s coal geologists made extensive studies in Malaysian and Indonesian peatlands
using the domed tropical peatlands as models for Carboniferous coal forming environments (e.g. Cameron et
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al. 1989, Cobb et al. 1993, Staub & Esterle 1994). At this time these former coal forming wetlands were partly
considered to have been domed, ombrotrophic peat swamps as opposed to Potonié & Koorders’ (1909) early
inference. One outcome of these analogue studies was the hypothesis of Gastaldo & Staub (1999) that leaf litter
lenses found in coal deposits of originally domed peat swamps must have been deposited in pools that had
formed from uprooted fallen trees, challenging the assumption of Polak (1933) and others that tropical peat
domes are only formed from woody material by so-called replacement-peat formation (Grosse-Brauckmann
2006, Fig. 3). Another important achievement of the research by coal geologists was the first publication on
carbon accumulation rates from Indonesian peatlands by Neuzil (1997). Based on her core records from four
peatlands, Neuzil (1997) made the following key observations: 1) the peatland studied in Central Kalimantan
had a lower long-term rate of carbon accumulation (61 g C m-2 yr-1) than that of a coastal peatland from
Kalimantan (86 g C m-2 yr-1) and two coastal sites from Sumatra (128 and 145 g C m-2 yr-1), and 2) collectively,
these tropical peatlands, on average, showed substantially higher rates of carbon accumulation than that of
northern peatlands, which have an average rate of 29 g C m-2 yr-1 (Gorham 1991). In her study, Neuzil (1997)
also recognized the role of Holocene sea-level changes for peat formation as she proposed two important
hypotheses: 1) coastal peatland formation was largely related to falling sea levels after highstand in sea-level
5000 years ago, and 2) inland peatlands possibly stopped accumulating peat due to this lowering of the sea
level. These hypotheses on the role of sea level were specifically tested in this thesis (paper I, II).
The catastrophic peat fires of the very strong 1982/83 and 1997/98 El Niño events provided a stimulus for
Anshari et al. (2001, 2004), Yulianto et al. (2004), and Hope et al. (2005) to reconstruct past fire activity for
Indonesian peatlands. These paleo-fire studies revealed the presence charcoal in all peat profiles, with the study
by Hope et al. (2005) also demonstrating the removal of surface peat by fire. The work by Anshari et al. (2001,
2004) on the Upper Kapuas peatlands (inland Borneo) also provided evidence for Pleistocene peat
accumulation based on basal radiocarbon dates of ~26,000–33,000 BP. A very detailed record of carbon
accumulation rates for the Sebangau peat dome of Central Kalimantan presented by Page et al. (2004) with a
basal age of ~23,000 BP also indicated a Pleistocene origin. Collectively, these records led to the suggestion
that tropical peatlands were involved in the global carbon cycle earlier than boreal and temperate peatlands
(Rieley et al. 2008). Moreover, Rieley at al. (2008) also extrapolated a surface carbon accumulation rate of 101
g C m-2 yr-1 from the Page et al. (2004) core to all peatlands of Kalimantan as well as of Indonesia, for which
they estimated a current carbon uptake of 6.86 teragram (Tg) C yr-1 and 20 Tg C yr-1, respectively. Their
assumptions are in stark contrast to the reports of Sieffermann et al. (1988) that in Central Kalimantan peat
accumulation had stopped several thousands of years ago. This contradiction is rigorously assessed in this
thesis, in order to clarify the current status of the Indonesian peatlands as a carbon sink.

1.4 Objectives of the study and research questions
The overarching goal of this doctoral thesis is to decipher the mechanisms that led to extensive peat formation
in equatorial Southeast Asia during the Late Quaternary (Latest Pleistocene and Holocene) and to quantify past
and present rates of carbon storage and release in this peatland region. Because both peat formation and the
cycling of carbon between peatlands and the atmosphere are driven by various mechanisms that differ
significantly in both space and time, the research approach of this thesis focuses on two different spatiotemporal scales.
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Carbon dynamics are analyzed:
1) at the regional scale (103–105 km2) of Sundaland over millennial timescales, and
2) at the local scale (101–102 m2) of a peatland site on annual to centennial timescales.
The major research questions are:
1) What factors govern the carbon balance of a tropical peatland site?
2) What regional drivers determined the initiation, expansion, and rates of carbon accumulation of peatlands
in equatorial Southeast Asia?
3) What was the impact of carbon uptake by Southeast Asian peatlands on Holocene atmospheric CO2
concentrations?

1.5 Peatland formation in Southeast Asia
The peatland distribution map of Figure 1 shows that most peatlands in Sundaland are located along the
extensive coastal lowlands. Only in Borneo and specifically in Kalimantan, do larger areas of peatlands occur
farther inland, although also these regions belong to the lowlands. This distributional pattern (i.e. varying
distances from the coastline) provides the primary means for classifying Southeast Asian peatlands into coastal
and inland types. The inland peatlands of Kalimantan are further divided into 1) inland Central Kalimantan, up
to 230 km from the coast, 2) the Kutai basin peatlands (East Kalimantan), up to 150 km from the coast, and 3)
the Upper Kapuas basin peatlands (West Kalimantan), up to 250 km from the coast (paper I, II, Table 1). Coastal
peatlands cover the coastal plains and deltas at elevations from 0 to 50 m above sea level (a.s.l.) with the largest
portions being located at elevations below 15 m. Inland peatlands extend over an elevation gradient of 5 to about
70 m a.s.l. with most peatlands located at approximately 25 to 50 m a.s.l. Because the elevational ranges of
coastal and inland peatlands are partly overlapping, elevation is not suitable to reliably differentiate peatland
types. Coastal peatlands extend at most 140 km from the current coastline, but were consistently formed over
clayey marine, mangrove, or alluvial substrates that were originally deposited at former land-sea interfaces
during periods when higher sea levels persisted on the Sunda Shelf between 6500 and 1000 years ago (paper I,
II). On Sumatra marine clay substrates were found underlying the Berbak peatland 45 km from the current
coast, (paper II), and also the Merang peatland 60 km from the coast (pers. observation), whereas on Borneo
marine clays were found underlying the Mendaram peatland 30 km inland from the present coastline (paper
III). In a few cases, former sandy beach ridges were directly colonized by peat swamp forests (e.g. Neuzil 1997,
pers. observation in Tanjung Puting, southern Borneo). In contrast, the peatlands of inland Central Kalimantan
developed on terrestrial sand soils of the giant podzol type as originally described by Sieffermann et al. (1987,
1988) and in 2010 discovered by the author east of Sieffermann’s study region between the Kahayan and Murui
Rivers (114.0-114.2° E, 1.5-2.1° S) 120-200 km inland from the coast of the Java Sea. In the low-lying Kutai
basin (5-25 m a.s.l.) of East Kalimantan peatlands form in an extensive floodplain of the Mahakam River and
its tributaries and are underlain by lacustrine and alluvial clay sediments (Diemont & Pons 1992, Hope et al.
2005, Giesen & Dommain 2012, this thesis: paper I, II). A similar situation exists in the Upper Kapuas basin, a
peatland region in the headwaters of the Kapuas River, which feeds several large floodplain lakes in the basin
and is the source for the major substrate sandy clay deposits (Anshari et al. 2004).
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Table 1: Characteristics of the major geographic peatland types of Southeast Asia.

The substrates underneath these peatlands thus provide another parameter for peatland classification indicating
different modes of origin. The coastal peatlands of Southeast Asia formed directly on former mangrove soils or
onto exposed marine substrates by primary mire formation (sensu Sjörs 1983) after the sea level rise had
significantly slowed down 7000 years ago (paper II), and in particular with falling sea levels over the past 5000
years (paper III). In contrast, the mode of origin in inland Central Kalimantan was paludification from rising
groundwater levels as a result of rapid postglacial sea-level rise until around 9000 years ago (paper II). The
mode of peat initiation in the Kutai and Upper Kapuas basins was via terrestrialization of floodplain lakes and
paludification of non-flooded terrain from rising river levels as a result of sea-level rise and in the case of the
Kutai basin also of the development of the Mahakam river delta (Hope et al. 2005, paper II). The latter two
regions are consequently characterized by a mosaic of domed ombrotrophic and flood-prone minerotrophic
peatlands interbedded with mineral matter.
Looking at the basal radiocarbon dates provides additional support for the designation of four geographic
peatland types, because these four types largely differ in terms of their major initiation phases. From the
compilation of all oldest basal radiocarbon dates available from peatlands of Southeast Asia and their systematic
re-calibration into calendar years before present (cal BP) the sequence of peatland initiation could be generated
(paper I). The original distinction between old inland Central Kalimantan peatlands and younger coastal
peatlands is confirmed by a set of 28 basal peat dates. Accordingly, the peatlands of Central Kalimantan formed
between 14,500 and 9000 cal BP and are separated by a clear temporal gap from the peat initiation phase of
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between 7700 to 200 cal BP of coastal peatlands. Most available basal dates from coastal peatlands fall within
the period 7000–4000 cal BP. It is noteworthy that there are no differences in basal age between the coastal
peatlands of Sumatra, Borneo and Peninsular Malaysia (paper I). The basal dates from peatlands of the Kutai
basin are of intermediate age compared to those of the former two types (8300–4900 cal BP, paper I, II).
Available peat initiation ages from the Upper Kapuas basin fall within the period 20,000 to 13,700 cal BP. The
Upper Kapuas basin is currently recognized as the oldest peatland region of equatorial Southeast Asia.
The significance of peat formation during the earlier Pleistocene ages raises many questions. One important
issue concerns the definition of a basal date. The old Pleistocene basal radiocarbon ages from the Upper Kapuas
(33,000–26,000 BP) and Central Kalimantan (23,000 BP) peat profiles date from before the Last Glacial
Maximum, i.e. from Marine Isotope Stage (MIS) III. However, in the individual cores, these MIS III dates are
succeeded within short depth intervals of 2–70 cm by radiocarbon dates of postglacial age (17,000–11,000 BP)
clearly indicating temporal gaps over up to 10,000 radiocarbon years. These gaps correspond largely to the
interval of the Last Glacial Maximum (LGM between 22,000–17,000 BP or 26,500–20,000 cal BP, Clark et al.
2009).
If the aim, as here, is to understand the general mechanisms for regional peat formation and the role of peatlands
as carbon sinks during the present interglacial then the age of re-initiation of peat accumulation should be taken
as a basal date. Such dates in conjunction with basal dates from other sites will then help to identify possible
regional drivers behind widespread peatland initiation, as is determined in this thesis through temporal
correlation of first peat initiation dates to periods of rapid postglacial sea-level rise and the resumption of the
Asian monsoon (paper I, II). Using the Pleistocene pre-LGM basal dates might lead to the erroneous assumption
that such old peatlands continually accumulated carbon since the time of their initial formation, which would
lead to a serious overestimation of cumulative carbon uptake when basal dates are used as proxies for past
peatland area (e.g. Yu 2011). An additional problem of these few, older peat profiles are the numerous age
inversions in the pre-LGM sections that show no consistent pattern in peat accumulation. Basal dates are
particularly prone to chronological errors as old soil carbon from mineral soils can easily contaminate a reputed
basal peat sample or younger material can be injected from above during early stages of peat formation, which
are generally marked by slow accumulation rates. Considering these uncertainties and the general scarcity of
these older basal dates a reliable estimate on the extent of the pre-LGM peat deposits cannot be provided and
their rates of carbon accumulation remain to be determined when more consistent age profiles become available.
However, whereas the presence of older peat deposits has given rise to the erroneous idea of the existence of
considerably older peatlands, the present peatlands of equatorial Southeast Asia all developed since the Last
Glacial Maximum, but with marked regional differences.

1.5.1 A new method for peatland area reconstruction
Peatland initiation and expansion is generally reconstructed from cumulative basal peat date frequencies as
performed in paper I of this thesis (see also Kuhry & Turunen 2006, MacDonald et al. 2006, Gorham et al. 2007,
Yu et al. 2010). In order to determine past changes in peatland area this method uses the cumulative frequency
of the oldest basal dates from individual peatlands as a direct equivalent for areal peatland expansion within a
region (e.g. Yu et al. 2010). However, this method is subject to various sources of error related to the uncertainty
to which true peatland extent in the past the available basal dates represent. First of all, basal dates are in most
studies usually not available from every peatland in the region of interest, so the total peatland area is not fully
represented in terms of initiation ages. Second, a single date may not represent the time when the full extent of
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a peatland was reached as peatlands tend to expand laterally over thousands of years (e.g. Glaser et al. 1981,
Korhola et al. 2010). In such case a single very old basal date leads to a serious overestimation of the age of the
current total area of a peatland. This problem is aggravated by the preferential sampling of the deepest and
typically oldest portions of peatlands (Kuhry & Turunen 2006). Third, and perhaps the largest source of error
is that this method considers each basal date as equivalent to the same unit of area. However, peatlands differ
enormously in size ranging from less than one hectare to over 5 million hectare in case of the World’s largest
contiguous peatland (the Vasyugan bog, Solomeshch 2005). Hence, basal dates do not take into account the
specific size of the peatland they represent. This problem is particularly serious when very large peatlands
formed long after much smaller peat deposits, a situation which applies to Southeast Asia where smaller inland
peatlands formed about 5000 to 10,000 years before the extensive coastal peatlands (paper III). Because only
the number of basal dates is taken as a proxy for area this approach overestimates peatland area for earlier time
periods.
The degree of overestimation in peatland area can be quantified by comparison of the basal dates approach with
a newly developed transfer function method presented in paper II of this thesis. This new method includes the
use of basal dates, but utilizes all available basal dates so that peatland expansion is much better constrained.
First, all available basal radiocarbon dates are assigned to peatland areas with homogenous depth, determined
from available peatland depth maps, to weight basal dates by the areas they represent. Second, a major
innovation of this modeling approach, basal ages are also assigned to peatland areas for which no basal
radiocarbon dates are available. The age modeling is done by dividing the peat depth of each peatland by the
mean rate of peat accumulation (the transfer function) representative for the region under consideration (i.e. the
four peatland types). In that way regional temporal differences in the initiation of peatlands related to different
landscape responses to postglacial sea-level rise can be taken into account (paper II). This method will probably
also lead to more reliable results for the expansion of northern peatlands over time, because some of the largest
peat basins such as the Hudson Bay Lowlands or the Red Lake peatland (North America) are still represented
by only a few basal dates but apparently developed much later (Glaser et al. 1981, 2004) than many smaller
peatlands (Gorham et al. 2007). These differences may have important implications for the reconstruction of
peatland impacts on atmospheric CO2 concentrations as the conventional approach (e.g. Yu 2011) will set these
impacts too early in time. Therefore it is strongly recommended to use basal dates only in conjunction with
weighing factors for peatland area, in particular when the past role of peatlands in the carbon cycle is assessed.

1.5.2 Factors controlling peatland expansion
Sea-level change over the Sunda Shelf was identified as the major control for peatland initiation and expansion
in Southeast Asia (paper I, II). Although sea-level change was a necessary boundary condition for peatland
initiation, an additional necessary condition was the development of a perhumid climate, characterized by low
rainfall seasonality and specifically by the absence of dry seasons. Postglacial sea-level rise had a twofold effect
on peatland formation. On the one hand it altered the hydrological gradients in the Southeast Asian island
archipelago and led to rising ground and surface water levels on the islands. On the other hand sea-level rise
also led to higher atmospheric moisture availability due to the associated expansion of marine water masses
over the shelf floor.
During the LGM (26,500–20,000 cal BP) massive volumes of water were locked in continental ice sheets and
mountain glaciers and the global sea-level consequently lowered by about 120 m (Clark et al. 2009), which
exposed most of the Sunda Shelf (Sathiamurthy & Voris 2006). The sea-level lowstand increased the hydraulic
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head difference between the present island land masses and the sea, thereby accelerating rates of drainage and
lowering regional water tables (paper II). Moreover, the doubling in the land area caused atmospheric moisture
deficits across most of Sundaland (Bird et al. 2005, DiNezio & Tierney 2013). These LGM boundary conditions
were highly adverse to the formation and preservation of peat as indicated by the gaps in Pleistocene peat
profiles from Central Kalimantan and Upper Kapuas (Anshari et al. 2001, 2004, Page et al. 2004).
Increasing summer insolation after 20,000 cal BP not only triggered melting of the northern hemisphere ice
sheets and thus global sea-level rise (Denton et al. 2010, Clark et al. 2012), but also increased the thermal landsea contrast that strengthened the summer monsoon in South Asia (Wang et al. 2001). During the deglaciation
first significant peatland initiation coincided with meltwater pulse 1a at 14,500 cal BP when the sea level rose
rapidly from -96 to -80 m within 300 years (Hanebuth et al. 2001). With the -80 m sea level a threshold for
peatland formation in inland Borneo seems to have been reached, which led to first widespread paludification
of interior lowlands with minimal topographic relief (paper I, II). This sea-level also allowed the monsoon
system to resume as more sea surface area became available for evaporation and convection (Kienast et al.
2003, Dykoski et al. 2005). Meltwater pulses, which were periods of rapid postglacial sea-level rise, are
recognized as the major phases for peatland initiation and expansion in inland Borneo (paper II). Of the over
13,000 km2 peatlands that had formed in inland Borneo between 20,000 and 7000 cal BP, over 7000 km2 have
originated during the five deglacial meltwater pulses when the rate of sea-level rise exceeded 10 mm yr-1.
Although these meltwater pulses collectively lasted less than 3000 years, 55% of the inland peatlands was
formed during this time span, compared to the 45% that formed during periods of slower sea-level rise over the
remaining 10,000 years. On the other hand the rapid sea-level rise caused a constant retreat of the shorelines
and thus prevented the formation of coastal peatlands until around 7000 cal BP (Table 1, paper I, II). At this time
the rise in sea level had slowed down to less than 2.4 mm yr-1 and continued to rise very slowly until ~5000 cal
BP.
The Sunda Shelf was after its rapid flooding not immediately in isostatic equilibrium , because the lithosphere
and mantle responded slowly to the additional water load. This additional load caused the inundated lithosphere
eventually to sink - a process called hydro-isostasy (Lambeck 2011). The hydro-isostatic adjustment led to a
sea-level fall by 5 meter since about 4500 cal BP, which was associated with the most extensive peatland
formation and expansion in the coastal regions of Southeast Asia (paper II). Around 90% of all coastal peatlands
originated on the freshly exposed land, which with falling sea-levels became available for primary mire
formation. In fact, a large proportion of coastal peatlands in western Indonesia formed only during the past 2500
years (paper II). The Mendaram peatland in Brunei, for example located 30 km from the modern coast,
originated at 2300 cal BP (paper III), supporting this interpretation of a generally late origin of coastal peatlands.
The results from the new transfer-function method show that the vast majority of equatorial peatlands of
Southeast Asia formed during the Late Holocene (paper II), in contrast to the method of basal date frequency,
which suggests greatest peat formation and expansion during the Mid Holocene (i.e. earlier than 4000 cal BP,
paper I).

1.6 Controls on the carbon balance of tropical peatlands
Peat formation in the tropics is a rather unusual phenomenon because the prevailing high temperatures should
be expected to drive rapid decomposition of litter and soil organic matter (e.g. Trumbore et al. 1996, Inglett et
al. 2012). Indeed, decomposition and nearly complete mineralization of freshly fallen litter occurs rapidly within
0.5 to 2 years in Southeast Asian Dipterocarp rainforests on mineral soil and humus layers are normally thin
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(e.g. Anderson et al. 1983). In this thesis the elevation of the peatland water-table has been identified as the
primary control on peat accumulation in the Southeast Asian tropics. In order to create peat accumulating
conditions permanent water-logging over the entire soil profile is required (paper IV). The importance of a high
water-table for carbon accumulation in tropical peatlands is highlighted by the rapid decomposition of peat as
soon as the water-table drops below the peat surface. A linear relationship between the amount of released CO2
from aerobic peat decomposition and the mean annual depth of the water-table has been derived, in which 900
g CO2 m-2 yr-1 (245 g C m-2 yr-1) are released with each additional 10 cm drop in the water-table (paper IV). This
relationship demonstrates the effectiveness of the high tropical temperatures in driving rapid soil carbon
turnover under aerobic conditions. As a result of the rapid losses in peat mass under lowered water levels,
drained Southeast Asian peatlands subside by about 4.5 cm per year at a mean annual water-table of -50 cm
(paper IV).
The direct relationship between water-table elevation and the rate of carbon accumulation can be confirmed for
all spatial scales considered in this thesis. On the scale of a single microsite paper III of this thesis demonstrates
that rates of carbon accumulation are highest when organic material is deposited in the permanently standing
water-bodies of tip-up pools in peat swamp forests in which the high accumulation rates of up to 960 g C m-2
yr-1 seem to be unrelated to the type of organic material being deposited (e.g. herbaceous vs. woody peat). In
contrast, carbon accumulation rates are an order of magnitude lower when peat is deposited under the floor of
a swamp forest where periodic water-table drawdowns below the peatland surface lead to rapid aerobic decay
of litter and dead belowground biomass.
On the scale of an entire domed peatland paper I of this thesis shows that the rate of carbon accumulation will
tend to increases when the internal water-table mound within a peat dome rises in response to an externally
induced rise in base-level (i.e. sea-level). Paper II of this thesis shows that carbon accumulation will cease when
the water-table mound of a peat dome falls below the peatland surface in response to a drop in the base-level
(i.e. sea-level). On the regional scale paper I and II of this thesis determined that the mean peat and carbon
accumulation rates of coastal peatlands in equatorial Southeast Asia were at their overall maximum when the
region’s climate experienced its most humid phase during the Holocene between 5000-4000 cal BP while the
sea-level was simultaneously at its absolute highstand. These regional-scale boundary conditions must have
resulted in nearly constant waterlogging up to the surface of most peatlands leading to efficient carbon storage.
Moreover, increased atmospheric moisture deficits during the period of higher El Niño frequency of the past
2000 years resulted in carbon losses from aerobic peat decomposition in about 25% (or over 4000 km2) of the
inland peatlands of Central Kalimantan (paper I, II).
All external and internal mechanisms that determine the topography of the water table (sensu Glaser et al. 2004)
will therefore have direct effects on the rate of carbon accumulation in tropical peatlands. Only in a few well
developed peat domes past rates of carbon accumulation were possibly controlled by changing ecosystem
productivity, when productive peat swamp forests were replaced by less productive semi-open stunted forests
of phasic community 6 (paper I). However, this original idea of Anderson (1964) is difficult to test because only
one peat dome remains today on Borneo that has all six phasic communities and this peat dome is located in a
very remote area. Otherwise differences in vegetation (i.e. forest types) appear to have little effect on carbon
accumulation rates because the coastal peatlands of Sumatra and Borneo have very similar rates of carbon
accumulation despite their different species assemblages (paper I, II). Moreover, the peat core record from
Brunei reported in paper III of this thesis, which represents the first tropical carbon accumulation record with a
detailed paleo-vegetation record, shows that the change from mixed swamp forest (phasic community 1) to
Shorea albida dominated swamp forests (P.C. 2-3) was not accompanied by changes in mean carbon
accumulation rates. The background rates of carbon accumulation remained very similar throughout these
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paleo-assemblages at around 36 g C m-2 yr-1 over this course of forest succession.

1.6.1 Anaerobic decay, methane release, and limits to peat bog growth
Methane emissions generally increase along the latitudinal pole-to-equator thermal gradient due to the
dominating control of temperature on anaerobic organic matter decay (Dunfield et al. 1993, Matthews 2000,
Christensen et al. 2003, Inglett et al. 2012). The strength of this control can be quantified by the Q10 temperature
coefficient, which describes the rate at which a chemical reaction increases with a temperature increase of 10°C.
The Q10 factor for methane production in oligotrophic peat ranges from 2–28 (Segers 1998). The effectiveness
of this temperature control is seen in an associated decline in peat-carbon accumulation rates from the temperate
to the subtropical zone (e.g. Gore 1983, Glaser et al. 2012). Moreover, Whiting & Chanton (1993) showed that
the increase in methane emissions from arctic to subtropical wetlands is also driven by the associated increase
in net ecosystem productivity and thus rising substrate availability for methanogenesis.
In Southeast Asian peatlands methane release is strongly controlled by the peatland water-table elevation.
Methane produced in deep peat strata will be oxidized before leaving the peat surface if the water-table is below
10–20 cm below the surface (paper IV). Methane release is highest when the water-table rises to within 10 cm
of the surface (i.e. when the peat surface is fully waterlogged or slightly flooded), similar to the methane
emission dynamics of northern peatlands (Christensen et al. 2003). The mean CH4 release from Southeast Asian
peatlands at a water table range of between –10 to +20 cm is 0.35 mg CH4 m-2 hr-1 with a maximum measured
emission of 3 mg CH4 m-2 hr-1 (paper IV). These hourly emissions can be scaled upward to estimate an annual
average release of 3 g CH4 m-2 yr-1 (30 kg CH4 ha-1 yr-1) and a maximum release of 26.3 g CH4 m-2 yr-1 (263 kg
CH4 ha-1 yr-1). Surprisingly, the average annual methane release of 3 g CH4 m-2 yr-1 is lower than the estimate
of 9 g CH4 m-2 yr-1 by northern, oligotrophic peatlands (Christensen et al. 1996, Blaine et al. 2014), although
methane emissions are substantially reduced during the winter months in northern regions. Rates of methane
emissions from Southeast Asian peatlands strongly deviate from the global temperature-driven emission trend.
Furthermore, the established relationship between methane emissions and net ecosystem productivity (Whiting
& Chanton 1993) would predict order of magnitude higher annual emissions of around 60–70 g CH4 m-2 yr-1
for Southeast Asia, because of the rainforest’s high net primary productivity (1300–1600 g C m-2 yr-1, Kho et
al. 2013). Obviously both temperature and ecosystem productivity are not the dominant controls for methane
emissions from forested peatlands in Southeast Asian.
Because methane emissions are indicative of anaerobic decomposition in completely waterlogged peatlands,
low emission rates indicate that the deposited organic material of peat swamp forests is highly resistant to
anaerobic decay. Indeed, it has been shown that woody and herbaceous litter in the oligotrophic peat swamp
forests have high lignin and tannin concentrations, that provide protection against herbivory (Bruenig 1990,
Yule & Gomez 2009). Although dead biomass is still rapidly decomposed under aerobic conditions due to the
constantly high temperatures and the availability of oxygen and moisture to detrivores and microbes, the poor
substrate quality inhibits anaerobic decay substantially (Paper I, IV). This inference is supported by the
discovery of well preserved leaves in a pool deposit that is over 1000 years old (paper III). Peat bog growth in
Southeast Asia is thus not limited vertically by cumulative anaerobic decay as suggested for some northern
peatlands (Clymo 1984, Clymo et al. 1998). Bog height is instead only limited by aerobic decay when a high
water-table cannot be maintained within a peat dome (paper II). This interpretation is seen in the shape of carbon
mass accumulation curves presented in paper II of this thesis. Mass accumulation curves of coastal peat domes
are linear, indicative of constant peat accretion with low rates of decay under anaerobic conditions, whereas
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mass accumulation curves of inland peat domes are convex, which is indicative of high rates of aerobic decay
and limited peat accretion due to regular water-table drawdowns.

1.6.2 Carbon accumulation in pools of tropical forested peatlands
Paper III of this thesis presents the first report of peat accretion and carbon accumulation rates for peatland pools
for domed Southeast Asian peatlands. Pools allow rapid carbon accumulation and represent local hotspots for
carbon burial in peat swamp forests because they maintain permanent bodies of standing water. Whereas pools
in northern treeless or tree-poor ombrotrophic peatlands are regressive features that largely originate from water
excess when a flatter bog plain restricts lateral discharge (Weber 1902, Glaser & Janssens 1986, Joosten 1993,
Couwenberg & Joosten 1999), peatland pools in tropical forested bogs are the products of tree-fall, which is a
completely different mode of origin. Specifically the tall and buttressed Shorea albida trees of northwest Borneo
are very susceptible to wind throw and excavate large holes when uprooted. These tip-up pools can reach a
diameter of over 8 m and a depth of 1.50 m. The formation of tip-up pools dramatically changes the
chronostratigraphy at the microsite scale because tree-fall excavates peat which is replaced by younger organic
material leaving a disconformity and a temporal gap in the local peat profile (Fig. 4). In order to identify such
local disturbances and the depth interval of a sedimentary gap peat cores need to be dated at fine intervals of at
most 50 cm (Fig. 5), whereas determining the time span of a sedimentary gap requires dating at the centimeter
scale. The very low vertical dating resolution of available Southeast Asian peat cores (paper I) is likely the
reason why this process has previously not been recognized as a typical phenomenon of peat swamp forests.
In contrast to northern peatland pools, which are important sources for atmospheric carbon resulting from peat
decomposition at the degrading pool bottom (Hamilton et al. 1994, Pelletier et al. 2014), tropical peatland pools
represent important carbon sinks, because high amounts of annually produced aboveground litter are deposited
in the anaerobic bottom of these pools, thereby escaping aerobic decomposition. Otherwise aboveground litter
cannot directly reach the permanently water-logged layer (catotelm) of the peat swamp as it is trapped by the
network of buttress and other surficial root types above the peat surface where it rapidly decomposes
aerobically. Only when a tree is uprooted the catotelm is “opened” for rapid aboveground litter inputs (Fig. 4),
which exceed the productivity of belowground root biomass by a factor of 2.5–3 (Kho et al. 2013). As a result
tropical peatland pools completely fill in with peat in about 100–200 years and produce peaks in carbon
accumulation rates over centennial scales of about 100–1000 g C m-2 yr-1 (paper III).
Time-series of high-resolution aerial photography shows that the current rate of tree-fall in Shorea albida peat
swamp forests is 0.4 trees ha-1 yr-1 and it can thus be assumed that about 40 tip-up pools form over one hectare
plot of Shorea swamp forest in 100 years (paper III). These patch dynamics lead to a significant alteration of
the peat dome stratigraphy through frequent tree-fall and associated pool formation and infilling. Neighboring
peat cores can therefore significantly differ in their carbon accumulation histories, whereas the response of
carbon accumulation to local disturbances largely obscures the relationship of accumulation rates from single
core records to that of an entire peat dome. The climatic controls on carbon accumulation rates can consequently
be easily misinterpreted when based on the analysis of a single core, whereas the influence of higher frequency
climate variability at decadal to centennial timescales seems unresolvable with this type of record. Only arrays
of cores from different peatlands may reveal landscape- or regional-scale responses of peat carbon cycling to
climatic variations. The individual core records need to be integrated into records of mean carbon accumulation
rates that are averaged over longer time spans (500-1000 year intervals) to remove local variability from shortterm tip-up events (paper II).
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Figure 4: Cartoon illustrating the formation of a tip-up pool and its effects on an age-depth model (from
bottom to top). A) until 1000 BP wood peat accumulation under a forest floor at a rate of 1 mm yr-1 resulted
in a 2 m deep wood peat deposit (brown color). B) in 1000 BP a tree falls and excavates a 1 m deep hole in
which a tip-up pool forms (blue color). Leaf litter is immediately deposited therein. The result is a
sedimentary gap of 1000 years. C) 900 BP, after 100 years of rapid accumulation at 10 mm yr-1 the tip-up
pool has completely filled (green color), whereas the peat dome has grown by another 10 cm. The result is
a steep increase in the age-depth curve. D) 0 BP, the tip-up pool deposit has been overgrown by 90 cm of
wood peat at a rate of 1 mm yr-1. The dotted, blue line illustrates the trajectory without tip-up pool formation
(i.e. peat-dome scale peat accumulation).
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Figure 5: Effects of different dating intervals on patterns of peat accumulation rates illustrated by example
of core MDM11-2A (presented in paper III). At dating intervals of 0.1-0.5 m short tip-up event can be
captured (peat accumulation rate of 26 mm yr-1). Already at larger dating intervals (>0.5 m) the tip-up event
is not captured anymore and the peat accumulation curve flattened. The effects are worsened with less dates,
as typical for many peat core records from Southeast Asia (paper I, III).
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Peat swamp forest dynamics and associated pool development decisively control rates of carbon accumulation
at the microsite scale and in comparison to climatic or other external drivers these local dynamics are
responsible for the highest rates of carbon accumulation at multi-decadal to centennial timescales. Collectively,
tip-up pools make a significant contribution to the overall high rates of carbon accumulation of peat domes in
Southeast Asian and are recognized as the key burial sites for large parts of trees such as logs and branches.
Buried wood has been found deposited in both vertical and horizontal positions (Fig. 6a, paper III) and this
enigmatic arrangement can only be explained by sedimentary deposition in pools. Peat formation in pools is a
newly identified peat accumulation process that operates in conjunction with the process of replacement-peat
formation by the ingrowth of roots from trees or shrubs under a forest floor. In addition, the permanent water
bodies that are constantly being formed seem to provide key-habitats for fish and other aquatic organisms
confined to peat swamps and could also be important features for hydrological self-regulation of the domed
peatlands of Southeast Asia.

1.6.3 Long-term rates of carbon accumulation
Continually high production rates of recalcitrant biomass throughout the year and deposition under waterlogged conditions lead to comparatively high rates of carbon accumulation in Southeast Asia. Regional rates of
carbon accumulation were calculated by averaging all available core records from every geographic peatland
type into mean values for millennial-scale periods and also for the entire Holocene. The Holocene average
carbon accumulation rates differ markedly between the four identified peatland regions. Coastal peatlands and
those of the Kutai basin have high average rates of 77 and 112 g C m-2 yr-1 , respectively compared to the rates
of 31 and 22 g C m-2 yr-1 for Central Kalimantan and Upper Kapuas basin peatlands, respectively (Table 1,
paper II, III). The lower average rates for the Holocene from the latter two regions result from significantly
reduced carbon accumulation rates of around 18 g C m-2 yr-1 during the Late Holocene driven by base-level
lowering from sea-level fall and also by higher El Niño activity (paper I, II). These Late Holocene boundary
conditions also led to aerobic peat decomposition from dried out portions of peat domes and associated carbon
losses of 15–105 g C m-2 yr-1 (paper II). These low carbon accumulation rates and significant carbon losses
replace the accumulation estimate of 101 g C m-2 yr-1 for the present by Rieley et al. (2008). Peat fires
contributed only locally to carbon losses (i.e. Kutai basin) and destructive paleo-fires were presumably mainly
caused by human activity during dry intervals (Hope et al. 2005). Natural peat fires appear to be extremely rare
and localized disturbance events in peat swamp forests through the Holocene (paper III).
Fluctuations in regional carbon accumulation rates during the Holocene resulted largely from long-term
hydroclimatic changes driven by the precessional cycle that modulates insolation (paper II). The Early
Holocene summer monsoon maximum (Dykoski et al. 2005) resulted in highest carbon accumulation rates (~60
g C m-2 yr-1) in Central Kalimantan, which were abruptly reduced to ~40 g C m-2 yr-1 by rainfall-deficits
associated with the 8.2 ka event (paper I, II). Coastal peatlands responded to a maximum in equatorial
convective activity around 5000 years ago (Partin et al. 2007) with highest average carbon accumulation rates
of ~90 g C m-2 yr-1 (paper II).
Overall, long-term carbon accumulation rates of Southeast Asian peatlands are 2–4 times higher (55–77 g C
m-2 yr-1, paper I-III) than reported Holocene average rates of northern peatlands (19–29 g C m-2 yr-1, Gorham
1991, Yu et al. 2009). The higher accumulation rates in Southeast Asia are the result of constant high biomass
productivity from a 12 month long growing season, whereas in northern peatlands productivity and thus peat
accumulation is interrupted by the winter season.
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Box1: Methodological advances for tropical peat core studies.
The abundant pieces of wood buried in
tropical peat deposits often lead to
incompletely recovered peat profiles
because the wood cannot be penetrated
and cored (e.g. Polak 1933, Anderson,
1964). Many peat cores, mainly taken with
chamber corers, therefore seem to be less
representative for the woody-rich peat
deposits, because these cores did not
recover evidence of these dense wood
layers. Paper III of this thesis shows that
dense wood layers up to a thickness of 30
cm can be recovered with a modified
Livingstone piston corer equipped with a
serrated cutting edge (Wright et al. 1984,
Fig. 6). Yet, there remains a misconception
in that piston corers can somehow
compress peat and that short piston cores
are the result of core compression rather
than of incomplete recovery. However,
pore-water cannot escape the core barrel
when a piston corer is driven into a peat
deposit because the rubber piston
completely seals the barrel above the
collected peat. The core cannot be
compressed en masse because the peat
consists of about 90% water (paper III,
Clymo 1983), which is incompressible
(Wright 1993). Longitudinally cut widediameter cores can be imaged with core
scanners and the photographs allow the
quantification of the wood content by image
analysis – an important innovation for the
Figure 6: Peat coring technology. A) Digital core image of
reconstruction of deposition dynamics and
core DMT11-1B-1L from Damit (Brunei) with a 30 cm thick
past carbon accumulation rates (paper III).
wood layer. B) Core collection with the modified Livingstone
The amount of wood in a core strongly
square rod piston corer in the Damit peat dome (Brunei,
influences its bulk density, which is a critical
photo courtesy of Ulmar Grafe). C) The serrated cutting edge
parameter for the calculation of carbon
of the 10 cm wide core barrel.
accumulation rates and carbon pools (paper
I, II). However, dense wood layers are
difficult to sample in narrow intervals without compromising the structural frame of a peat core.
Therefore the application of the non-invasive method of gamma-ray attenuation scanning is proposed
for the fine-scale measurement of wet bulk density (paper III). This logging technique integrates the
solid, fluid, and gaseous phase of a core, which provides an important advantage towards gravimetric
density methods, which cannot incorporate the gas content although accumulations of free-phase gas
can comprise a significant proportion of peat deposits (e.g. Clymo 1983, Rosenberry et al. 2003). The
application of the gamma-ray attenuation method showed that even wood-rich peat cores still have a
rather low dry bulk density (0.07 g cm-3, paper III) because of the presence of voids. The low bulk
density of tropical peat necessitates downward corrections of previous estimates on the regional peat
carbon pool (e.g. Wahyunto et al. 2003, 2004, Page et al. 2011), because those estimates are
generally based on much higher bulk density values (paper II). Wide-diameter cores also provide more
material for dating. A notable finding of paper III is that fossil resin is a reliable dating material that can
be regularly found throughout core sections and might help achieving the required close dating
intervals. Trees of the Dipterocarpaceae produce so-called damar resin that in peat swamp forests is
heavily exuded from damaged Shorea albida branches (pers. observation). The resin drops onto the
forest floor where it is buried in the peat. Damar resin contains diagnostic biomarkers that are resistant
to diagenetic alteration (Dutta et al. 2010) and fossil resins can be chemically identified to family and
generic level (Burger et al. 2011) providing an important resource for chronological and paleobotanical
studies of Southeast Asian peatlands.
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Combining millennial-scale carbon accumulation rates from the four peatland regions with the reconstructed
peatland areas allowed the quantification of past rates of regional carbon uptake by all peatlands from Sumatra
and Kalimantan (paper II). This reconstruction showed that the relatively small overall peatland area in this
region until 5000 cal BP resulted in an annual carbon uptake of less than 1 Tg C yr-1. The rapid peatland
expansion driven by sea-level lowering over the past 5000 years caused the carbon uptake in Sumatra and
Kalimantan to increase to a rate of over 7 Tg C yr-1. As a result of constant peatland expansion during the Late
Holocene the region’s peatland carbon pool rose exponentially to over 20 Pg C (paper II).

1.7 The influence of Southeast Asian peatlands on atmospheric CO2
concentrations
The comparison of basal dates from Southeast Asian and North American peatlands in Figure 7 does not support
the notion of Rieley et al. (2008) that tropical peatlands were influencing the global carbon cycle earlier than
northern peatlands. Only three peat (re-)initiation dates from Southeast Asia date from between 20,000 and
14,000 cal BP during the deglaciation as compared to 86 basal peat dates from North America (Gorham et al.
2007). The time when both tropical and northern peatlands became involved in the global carbon cycle after the
last ice-age is therefore essentially the same (Fig. 7).
Robust estimates of carbon uptake by Southeast Asian peatlands could not have been established without the
classification of regional peatland types. As the four identified peatland types differ significantly in terms of
their size, age, and long-term carbon accumulation rates (Table 1) only by considering these differences can
regional representative rates of carbon uptake be made (paper I, II). If it is assumed that Southeast Asian
peatlands are mainly of Late Pleistocene origin then the estimated cumulative carbon uptake would be too high.
If Late Holocene carbon losses from inland peatlands are not adequately considered then pre-20th century
estimates for annual carbon uptake would also turn out too high (Rieley et al. 2008). Therefore, inferring the
collective carbon uptake of all Southeast Asian peatlands from one single core of a peculiar peatland region (i.e.
Central Kalimantan, Page et al. 2004) is misrepresentative. Similarly misinforming is the lumping of peat core
records from both lowland peatlands and tropical mountain peatlands into a single “tropical peatland type”,
because the very small (sub)alpine peatlands are not representative of the climate regime for the extensive
lowland peatlands and resulting mean carbon accumulation rates are consequently much too low (12.8 g C
m-2 yr-1, Yu et al. 2010).
The reconstruction of past rates of carbon uptake and thus the assessment of the role of Southeast Asian
peatlands in the Holocene carbon cycle has been significantly advanced by integrating the transfer-function
based peatland area estimates with regionally representative mean rates of carbon accumulation (paper II). The
results of this new approach show that Southeast Asian peatlands did not have a significant role in the Late
Pleistocene and Early Holocene carbon cycle. The role of tropical peatlands in the global carbon cycle is one of
“later importance” resulting from the widespread expansion of coastal peatlands over the past 4000 years. This
expansion and associated increasing carbon uptake likely led to an atmospheric CO2 drawdown of about 1-2
ppmv (paper II). The important Late Holocene biogeochemical effects of the Southeast Asian peatlands reported
in this paper partly compensated for contemporaneous biospheric carbon losses mainly related to the
desertification of Northern Africa (Claussen et al. 1999, Brovkin et al. 2002).
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Figure 7: Cumulative frequency of oldest basal peat dates from North America (Gorham et al. 2007) and
Southeast Asia (updated set of Dommain et al. 2011 (paper I)) for the past 20,000 years.

However, carbon accumulation alone does not represent the full effect of peatlands on the climate system,
because wet peatlands also emit methane, a potent greenhouse gas. The combined effect of CO2 uptake and CH4
release can be expressed in terms of global warming potential (GWP, in CO2-equivalents), which I determine
here for the important coastal peatlands. The GWP of CH4 is 34 relative to CO2 (integrated over a 100 year timehorizon and including climate-carbon feedbacks, Myhre et al. 2013). Averaged over the past millennium the
long-term net carbon accumulation rate of coastal peatlands was on average 64.4 g C m-2 yr-1 (paper II),
equivalent to a CO2 uptake of 2360 kg CO2 ha-1 yr-1 (= 644 kg C ha-1yr-1 x (44/12)). The average release of 30
kg CH4 ha-1 yr-1 (paper IV) represents a GWP of 1020 kg CO2-equiv. ha-1 yr-1 (= 30 kg CH4 ha-1 yr-1 x 34). The
resulting net balance is an annual uptake of 1340 kg CO2-equiv. ha-1 (365 kg C ha-1 yr-1). Under natural
conditions the extensive coastal peatlands of Southeast Asia have a clear net cooling effect on the global climate
over a 100 year GWP time-horizon. When this average value is upscaled to the 130,000 km2 coastal peatlands
of equatorial Southeast Asia the total amount of net CO2 uptake would be 17.42 Tg CO2-equiv. yr-1 (4.75 Tg C
yr-1).
This natural climatic effect, however, is not operating anymore, because tropical peatlands have been
extensively drained and converted to agricultural areas and are regularly burning (Page et al. 2002, Miettinen
et al. 2012). An estimated 90,000 km2 of peatland are currently anthropogenically drained in Southeast Asia and
release annually over 140 Tg C yr-1 from aerobic peat decomposition, compared to the natural carbon uptake of
around 9 Tg C yr-1 from all peatlands of Sundaland (Dommain et al. in press). In addition, regular peat fires in
Sumatra and Borneo cause an average annual carbon loss of 75 Tg C yr-1 since the year 2000 (van der Werf et
al. 2008). The combined carbon losses (~220 Tg C yr-1) exceed the natural uptake by a factor of 25 and show
that the entire Southeast Asian peatland region has recently switched from an important carbon sink to a globally
significant source of atmospheric CO2 (paper II).
It can be concluded that Southeast Asian peatlands had a significant negative greenhouse effect on the
atmosphere and were thus important biospheric climatic coolers prior to the era of widespread anthropogenic
degradation and destruction. The overall natural climatic effect of these tropical peatlands is on the 100 year
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GWP time-horizon distinctly different from that of northern peatlands, which have a climatic warming effect
or act climatic neutral on this time frame because of their lower mean rates of annual carbon accumulation and
relatively higher emissions of methane (Roulet 2000, Whiting & Chanton 2001, Friborg et al. 2003, Vasander
& Kettunen 2006). In essence, tropical peatlands of Southeast Asia were the strongest carbon sinks of all
peatlands globally. These new results emphasize that it is critical to include tropical peatlands in future
simulations of global climate-carbon cycle models.
Because it could be recognized that Southeast Asian peatlands in their natural state exerted an important climatic
cooling effect through net greenhouse gas removal from the atmosphere, the ongoing peatland degradation and
destruction has to be considered a global environmental disaster as it turns these ecosystems into significant
carbon sources. Every attempt in protecting the last peat swamp forests in Southeast Asia needs full national
and international support, in order to maintain the important climate regulation function of undrained peat
swamp forests, but also to stop the inherent and irretrievable biodiversity losses from deforestation and drainage.
I hope this thesis provides important arguments for the long-term protection and rehabilitation of the unique
equatorial peatlands of Southeast Asia.

22

Introduction

1.8 References
Aldrian, E. & Susanto, R.D. (2003) Identiﬁcation of three dominant rainfall regions within Indonesia and their
relationship to sea surface temperature. International Journal of Climatology, 23, 1435–1452.
Anderson, J.A.R. (1961a) The ecology and forest types of the peat swamp forests of Sarawak and Brunei in
relation to their silviculture. Doctoral dissertation, University of Edinburgh, U.K.
Anderson, J.A.R. (1961b) The destruction of Shorea albida forest by an unidentified insect. Empire Forestry
Review, 40, 19–29.
Anderson, J.A.R. (1963) The flora of the peat swamp forests of Sarawak and Brunei, including a catalogue of
all recorded species of flowering plants, ferns and fern allies. Gardens Bulletin, Singapore, 20, 131–228.
Anderson, J.A.R. (1964) The structure and development of the peat swamps of Sarawak and Brunei. The
Journal of Tropical Geography, 18, 7–16.
Anderson, J.A.R. (1983) The tropical peat swamps of western Malesia. In: Gore, A.J.P. (ed.) Ecosystems of
the World 4B. Mires: Swamp, Bog, Fen and Moor. Regional Studies. Elsevier, Amsterdam, New York, pp.
181–199.
Anderson, J.A.R. & Muller, J. (1975) Palynological study of a Holocene peat and a Miocene coal deposit from
NW Borneo. Review of Palaeobotany and Palynolology, 19, 291–351.
Anderson, J.M., Proctor, J. & Vallack, H.W. (1983) Ecological studies in four contrasting lowland rain forests
in Gunung Mulu National Park, Sarawak: III. Decomposition processes and nutrient losses from leaf litter.
Journal of Ecology, 71, 503–527.
Anshari, G., Kershaw, A.P. & van der Kaars, S. (2001) A Late Pleistocene and Holocene pollen and charcoal
record from peat swamp forest, Lake Sentarum Wildlife Reserve, West Kalimantan, Indonesia.
Palaeogeography, Palaeoclimatology, Palaeoecology, 171, 213–228.
Anshari, G., Kershaw, A.P., van der Kaars, S. & Jacobsen, G. (2004) Environmental change and peatland forest
dynamics in the Lake Sentarum area, West Kalimantan, Indonesia. Journal of Quaternary Science, 19,
637–655.
Bird, M.I., Taylor, D. & Hunt, C. (2005) Palaeoenvironments of insular Southeast Asia during the Last Glacial
Period: a savanna corridor in Sundaland?. Quaternary Science Reviews, 24, 2228–2242.
Blaine, D., Murdiyarso, D., Couwenberg, J., Nagata, O., Renou-Wilson, F., Sirin, A., Strack, M., Tuittila, E.S.
& Wilson, D. (2014) Chapter 3. Rewetted organic soils. In: Hiraishi, T., Krug, T., Tanabe, K., Srivastava, N.,
Baasansuren, J., Fukuda, M. & Troxler, T.G. (eds) IPCC 2014, 2013 Supplement to the 2006 IPCC Guidelines
for National Greenhouse Gas Inventories: Wetlands. IPCC, Geneva, pp. 3.1–3.42.
Brady, M.A. (1997) Organic Matter Dynamics of Coastal Peat Deposits in Sumatra, Indonesia. Ph.D thesis,
University of British Columbia.
Broecker, W.S., Lynch-Stieglitz, J., Clark, E., Hajdas, I. & Bonani G. (2001) What caused the atmosphere’s
CO2 content to rise during the last 8000 years? Geochemistry, Geophysics, Geosystems, 2,
1062,doi:10.1029/2001GC000177.
Brovkin, V., Bendtsen, J., Claussen, M., Ganopolski, A., Kubatzki, C., Petoukhov, V. & Andreev, A. (2002)
Carbon cycle, vegetation, and climate dynamics in the Holocene: experiments with the CLIMBER-2 model.
Global Biogeochemical Cycles, 16, 86-1–86-20.
Brünig, E.F. (1964) A study of damage attributed to lightning in two areas of Shorea albida forest in Sarawak,
Commonwealth Forestry Review, 43, 134–144.
Bruenig, E.F. (1990) Oligotrophic forested wetlands in Borneo. In: Lugo, A.E., Brinson, M. & Brown, S. (eds.)
Ecosystems of the World 15. Forested Wetlands. Elsevier, Amsterdam, Oxford, New York, Tokyo, pp. 299–334.
Burger, P., Charrié-Duhaut, A., Connan, J. & Albrecht, P. (2011) Taxonomic characterisation of fresh
Dipterocarpaceae resins by gas chromatography–mass spectrometry (GC–MS): Providing clues for
identification of unknown archaeological resins. Archaeological and Anthropological Sciences, 3, 185–200.
Cameron, C.C., Esterle, J.S. & Curtis, A.P. (1989) The geology, botany and chemistry of selected peat-forming
environments from temperate and tropical latitudes. International Journal of Coal Geology, 12, 105–156.

23

Late Quaternary Carbon Cycling of Southeast Asian peatlands - Synthesis

Christensen, T.R., Prentice, I.C., Kaplan, J., Haxeltine, A. & Sitch, S. (1996) Methane flux from northern
wetlands and tundra. Tellus B, 48, 652–661.
Christensen, T.R., Ekberg, A., Ström, L., Mastepanov, M., Panikov, N., Öquist, M., Svensson, B.H., Nykänen,
H., Martikainen, P.J. & Oskarsson, H. (2003) Factors controlling large scale variations in methane emissions
from wetlands. Geophysical Research Letters, 30, 1414, doi:10.1029/2002GL016848.
Clark, P.U., Dyke, A.S., Shakun, J.D., Carlson, A.E., Clark, J., Wohlfarth, B., Hostetler, S.W. & McCabe, A.M.
(2009) The Last Glacial Maximum. Science, 325, 710–714.
Clark, P.U., Shakun, J.D., Baker, P.A., Bartlein, P.J., Brewer, S., Brook, E., Carlson, A.E., Cheng, H., Kaufman,
D.S., Liu, Z., Marchitto, T.M., Mix, A.C., Morrill, C., Otto-Bliesner, B.L., Pahnke, K., Russell, J.M., Whitlock,
C., Adkins, J.F., Blois, J.L., Clark, J., Colman, S.M., Curry, W.B., Flower, B.P., He, F., Johnson, T.C., LynchStieglitz, J., Markgraf, V., McManus, J., Mitrovica, J.X., Moreno, P.I. & Williams, J.W. (2012) Global climate
evolution during the last deglaciation. Proceedings of the National Academy of Sciences, 109, E1134–E1142.
Claussen, M., Kubatzki, C., Brovkin, V., Ganopolski, A., Hoelzmann, P. & Pachur, H. J. (1999) Simulation of
an abrupt change in Saharan vegetation in the mid-Holocene. Geophysical Research Letters, 26, 2037–2040.
Clymo, R.S. (1983) Peat. In: Gore, A.J.P. (ed.) Ecosystems of the World 4A. Mires: Swamp, Bog, Fen and
Moor. General Studies. Elsevier, Amsterdam, New York, pp. 159–224.
Clymo, R.S. (1984) The limits to peat bog growth. Philosophical Transactions of the Royal Society of London
B, 303, 605–654.
Clymo, R.S., Turunen, J. & Tolonen, K. (1998) Carbon accumulation in peatland. Oikos, 81, 368–388.
Cobb, J.C. & Cecil, C.B. (1993) Modern and Ancient Coal-Forming Environments. Geological Society of
America Special Paper 286. GSA, Boulder.
Corlett, R.T. (2009) The Ecology of Tropical East Asia. Oxford University Press.
Couwenberg, J. & Joosten, H. (1999) Pools as missing links: the role of nothing in the being of mires. In:
Standen, V.J., Tallis J.H. & Meade, R. (eds.) Patterned Mires and Mire Pools – Origin and Development, Flora
and Fauna. British Ecological Society, London, pp. 87–102.
Denton, G.H., Anderson, R.F., Toggweiler, J.R., Edwards, R.L., Schaefer, J.M. & Putnam, A.E. (2010) The
last glacial termination. Science, 328, 1652–1656.
Diemont, W.H. & van Reuler, H. (1984) Physiography and Pyrite Formation in Berbak, Sumatra, Indonesia.
Research Institute for Nature Management (RIN), Arnhem.
Diemont, W.H. & Pons, L.J. (1992) A preliminary note on peat formation and gleying in the Mahakam inland
ﬂoodplain, East Kalimantan, Indonesia. In: Aminuddin, B.Y., Tan, S.L., Aziz, B., Samy, J., Salmah, Z., Siti
Petimah, H. & Choo, S.T. (eds.) Proceedings of the International Symposium on Tropical Peatland, 6-10 May
1991, Kuching, Sarawak, Malaysia. Malaysian Agricultural Research and Development Institute, Kuala
Lumpur, pp. 74–80.
DiNezio, P.N. & Tierney, J.E. (2013) The effect of sea level on glacial Indo-Pacific climate. Nature
Geoscience, 6, 485–491.
Dommain, R., Couwenberg, J. & Joosten, H. (2010) Hydrological self-regulation of domed peat swamps in
south-east Asia and consequences for conservation and restoration. Mires & Peat, 6 (05), 1–17.
Dommain, R., Couwenberg, J. & Joosten, H. (2011) Development and carbon sequestration of tropical peat
domes in south-east Asia: links to post-glacial sea-level changes and Holocene climate variability. Quaternary
Science Reviews, 30, 999–1010.
Dommain, R., Couwenberg, J., Glaser, P.H., Joosten, H. & Suryadiputra, I.N.N. (2014) Carbon storage and
release in Indonesian peatlands since the last deglaciation. Quaternary Science Reviews, 97, 1–32.
Dommain, R., Dittrich, I., Giesen, W., Joosten, H., Rais, D.S., Silvius, M. & Wibisono, I.T.C. (in press)
Ecosystem services, degradation and restoration of peat swamps in the Southeast Asian tropics. In: Bonn, A.,
Allott, T., Evans, M., Joosten, H. & Stoneman, R. (eds.) Peatland Restoration and Ecosystem Services:
Science, Practice, Policy. Cambridge University Press, Cambridge.
Dunfield, P., Dumont, R. & Moore, T.R. (1993) Methane production and consumption in temperate and
subarctic peat soils: response to temperature and pH. Soil Biology and Biochemistry, 25, 321–326.

24

Introduction

Dutta, S., Mallick, M., Mathews, R.P., Mann, U., Greenwood, P.F. & Saxena, R. (2010) Chemical composition
and palaeobotanical origin of Miocene resins from Kerala-Konkan coast, western India. Journal of Earth
System Science, 119, 711–716.
Dykoski, C.A., Edwards, R.L., Cheng, H., Yuan, D., Cai, Y., Zhang, M., Lin, Y., Qing, J., An, Z. & Revenaugh,
J. (2005). A high-resolution, absolute-dated Holocene and deglacial Asian monsoon record from Dongge Cave,
China. Earth and Planetary Science Letters, 233, 71–86.
Friborg, T., Soegaard, H., Christensen, T.R., Lloyd, C. R. & Panikov, N.S. (2003) Siberian wetlands: Where a
sink is a source. Geophysical Research Letters, 30, 2129, doi:10.1029/2003GL017797.
Frolking, S. & Roulet, N. T. (2007) Holocene radiative forcing impact of northern peatland carbon
accumulation and methane emissions. Global Change Biology, 13, 1079–1088.
Frolking, S., Roulet, N. & Fuglestvedt, J. (2006) How northern peatlands influence the Earth's radiative budget:
Sustained methane emission versus sustained carbon sequestration. Journal of Geophysical Research:
Biogeosciences, 111, G01008, doi:10.1029/2005JG000091.
Gastaldo, R.A. & Staub, J.R. (1999) A mechanism to explain the preservation of leaf litter lenses in coals
derived from raised mires. Palaeogeography, Palaeoclimatology, Palaeoecology, 149, 1–14.
Giesen, W. (2013) Paludiculture: sustainable alternatives on degraded peat land in Indonesia. QANS Activity
3.3: Quick Assessment and Nationwide Screening of Peat and Lowland Resources and Action Planning for the
Implementation of a National Lowland Strategy. Euroconsult Mott MacDonald, Arnhem.
Giesen, W. & Dommain, R. (2012) Exploratory surveys in the PT. Cipta Davia Mandiri area in Muara
Ancalong Sub-District, East Kalimantan. Models for sustainable peatland development and conservation in
Indonesia. Euroconsult Mott MacDonald, Arnhem.
Glaser, P. (1992) Vegetation and water chemistry. In: Wright, H. E., Coffin, B. & Aaseng, N. E. (eds.) The
patterned peatlands of Minnesota. University of Minnesota Press, Minneapolis, pp. 15–26.
Glaser, P.H. & Janssens, J.A. (1986) Raised bogs in North America: transitions in landforms and gross
stratigraphy. Canadian Journal of Botany, 64, 395–415.
Glaser, P.H., Wheeler, G.A., Gorham, E. & Wright Jr, H.E. (1981) The patterned mires of the Red Lake
peatland, northern Minnesota: vegetation, water chemistry and landforms. Journal of Ecology, 69, 575–599.
Glaser, P.H., Hansen, B., Siegel, D.I., Reeve, A.S. & Morin, P.J. (2004) Rates, pathways and drivers for
peatland development in the Hudson Bay Lowlands, northern Ontario, Canada. Journal of Ecology, 92,
1036–1053.
Glaser, P.H., Volin, J.C., Givnish, T.J., Hansen, B. & Stricker, C.A. (2012) Carbon and sediment accumulation
in the Everglades (USA) during the past 4000 years: rates, drivers, and sources of error. Journal of Geophysical
Research: Biogeosciences, 117, G03026, doi:10.1029/2011JG001821.
Gore, A.J.P. (1983) Ecosystems of the World 4B. Mires: Swamp, Bog, Fen and Moor. Regional Studies.
Elsevier, Amsterdam, New York.
Gorham, E. (1991) Northern peatlands: role in the carbon cycle and probable responses to climatic warming.
Ecological Applications, 1, 182–195.
Gorham, E., Lehman, C., Dyke, A., Janssens, J. & Dyke, L. (2007) Temporal and spatial aspects of peatland
initiation following deglaciation in North America. Quaternary Science Reviews, 26, 300–311.
Grosse-Brauckmann, G. (2006) Bruchwaldtorfe und Bruchwälder – Zur Frage der Entstehung von Torfen mit
Holzresten. Archiv für Naturschutz und Landschaftsforschung, 45, 29–41.
Hamilton, J.D., Kelly, C.A., Rudd, J.W.M., Hesslein, R.H. & Roulet N.T. (1994) Flux to the atmosphere of
CH4 and CO2 from wetland ponds on the Hudson Bay lowlands (HBLs). Journal of Geophysical Research,
99, 1495–1510.
Hanebuth, T., Stattegger, K. & Grootes, P.M. (2000) Rapid ﬂooding of the Sunda Shelf: a late-glacial sea-level
record. Science, 288, 1033–1035.
Haseldonckx, P. (1977) The palynology of a Holocene marginal peat swamp environment in Johore, Malaysia.
Review of Palaeobotany and Palynology, 24, 227–238.

25

Late Quaternary Carbon Cycling of Southeast Asian peatlands - Synthesis

Hendon, H.H. (2003) Indonesian rainfall variability: Impacts of ENSO and local air-sea interaction. Journal
of Climate, 16, 1775–1790.
Hope, G., Chokkalingam, U. & Anwar, S. (2005) The stratigraphy and ﬁre history of the Kutai peatlands,
Kalimantan, Indonesia. Quaternary Research, 64, 407–417.
IJzerman, J.W., van Bemmelen, J.F., Koorders, S.H. & Bakhuis, L.A. (1895) Dwars door Sumatra. Tocht van
Padang naar Siak. Bohn, Haarlem / Kolff, Batavia.
Indermühle, A., Stocker, T.F., Joos, F., Fischer, H., Smith, H.J., Wahlen, M., Deck, B., Mastroianni, D.,
Tschumi, J., Blunier, T., Meyer, R. & Stauffer, B. (1999) Holocene carbon-cycle dynamics based on CO2
trapped in ice at Taylor Dome, Antarctica. Nature, 398, 121–126.
Inglett, K.S., Inglett, P.W., Reddy, K.R. & Osborne, T.Z. (2012) Temperature sensitivity of greenhouse gas
production in wetland soils of different vegetation. Biogeochemistry, 108, 77–90.
Joosten, H. (1993) Denken wie ein Hochmoor: Hydrologische Selbstregulation von Hochmooren und deren
Bedeutung für Wiedervernässung und Restauration. Telma, 23, 95–115.
Kho, L.K., Malhi, Y. & Tan, S.K.S. (2013). Annual budget and seasonal variation of aboveground and
belowground net primary productivity in a lowland dipterocarp forest in Borneo. Journal of Geophysical
Research: Biogeosciences, 118, 1282–1296.
Kienast, M., Hanebuth, T.J., Pelejero, C. & Steinke, S. (2003) Synchroneity of meltwater pulse 1a and the
Bølling warming: New evidence from the South China Sea. Geology, 31, 67–70.
Kleinen, T., Brovkin, V., von Bloh, W., Archer, D. and Munhoven, G. (2010) Holocene carbon cycle dynamics.
Geophysical Research Letters, 37, L02705, doi:10.1029/2009GL041391.
Korhola, A., Ruppel, M., Seppä, H., Väliranta, M., Virtanen, T. & Weckström, J. (2010) The importance of
northern peatland expansion to the late-Holocene rise of atmospheric methane. Quaternary Science Reviews,
29, 611–617.
Kottelat, M., Britz, R., Hui, T. H. & Witte, K.E. (2006) Paedocypris, a new genus of Southeast Asian cyprinid
fish with a remarkable sexual dimorphism, comprises the world's smallest vertebrate. Proceedings of the Royal
Society B: Biological Sciences, 273, 895–899.
Kuhry, P. & Turunen, J. (2006) The postglacial development of boreal and subarctic peatlands. In: Wieder, R.K
& Vitt, D.H. (eds.) Boreal Peatland Ecosystems. Ecological Studies, Vol. 188. Springer, Berlin, Heidelberg,
pp. 25–46.
Lambeck, K. (2011) Glacio-Hydro Isostasy. In: Hopley, D. (ed.) Encyclopedia of Modern Coral Reefs:
Structure, Form and Process. Encyclopedia of Earth Sciences. Springer, Dordrecht, pp. 491–497.
MacDonald, G.M., Beilman, D.W., Kremenetski, K.V., Sheng, Y., Smith, L.C. & Velichko, A.A. (2006) Rapid
early development of circumarctic peatlands and atmospheric CH4 and CO2 variations. Science, 314, 285–288.
MacKinnon, K., Hatta, G., Halim, H. & Mangalik, A. (1996) The Ecology of Indonesia Series. Volume III: The
Ecology of Kalimantan (Indonesian Borneo). Oxford University Press.
Matthews, E. (2000) Wetlands. In: Khalil, M.A.K. (ed.) Atmospheric methane. Its role in the global
environment. Springer, New York, pp. 202–233.
Miettinen, J., Shi, C. & Liew, S.C. (2012) Two decades of destruction in Southeast Asia's peat swamp forests.
Frontiers in Ecology and the Environment, 10, 124–128.
Mittermeier, R.A., Robles Gil, P., Hoffmann, M., Pilgrim, J., Brooks, T., Mittermeier, C.G., Lamoreaux, J. &
Da Fonseca, G.A.B. (2004) Hotspots revisited. Cemex, Conservation International, Washington D.C.
Molengraaff, G.A.F. (1921) Modern Deep-Sea Research in the East Indian Archipelago. The Geographical
Journal, 57, 95–118.
Monnin, E., Indermühle, A., Dällenbach, A., Flückiger, J., Stauffer, B., Stocker, T.F., Raynaud, D. & Barnola,
J. (2001) Atmospheric CO2 concentrations over the Last Glacial Termination. Science, 291, 112–114.
Morley, R.J. (1981) Development and vegetation dynamics of a lowland ombrogenous peat swamp in
Kalimantan Tengah, Indonesia. Journal of Biogeography, 8, 383–404.

26

Introduction

Morrogh-Bernard, H., Husson, S., Page, S. E. & Rieley, J.O. (2003) Population status of the Bornean orangutan (Pongo pygmaeus) in the Sebangau peat swamp forest, Central Kalimantan, Indonesia. Biological
Conservation, 110, 141–152.
Mutalib, A.A., Lim, J.S., Wong, M.H. & Koonvai, L. (1992) Characterization, distribution and utilization of
peat in Malaysia. In: Aminuddin, B.Y., Tan, S.L., Aziz, B., Samy, J., Salmah, Z., Siti Petimah, H. & Choo, S.T.
(eds.) Proceedings of the International Symposium on Tropical Peatland. Malaysia, Kuching, Sarawak, 1991.
Malaysian Agricultural Research and Development Institute, Kuala Lumpur, pp. 7–16.
Myers, N., Mittermeier, R.A., Mittermeier, C.G., Da Fonseca, G.A. & Kent, J. (2000) Biodiversity hotspots for
conservation priorities. Nature, 403, 853–858.
Myhre, G., Shindell, D., Bréon, F.M., Collins, W., Fuglestvedt, J., Huang, J., Koch, D., Lamarque, J.F., Lee,
D., Mendoza, B., Nakajima, T., Robock, A., Stephens, G., Takemura, T. & Zhang, H. (2013) Anthropogenic
and Natural Radiative Forcing. In: Stocker, T.F., Qin, D., Plattner, G.K., Tignor, M., Allen, S.K., Boschung, J.,
Nauels, A., Xia, Y., Bex, V. & Midgley, P.M. (eds.) Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge, New York, pp. 659–740.
Neuzil, S.G. (1997) Onset and rate of peat and carbon accumulation in four domed ombrogenous peat deposits,
Indonesia. In: Rieley, J.O. & Page, S.E. (eds.) Biodiversity and Sustainability of Tropical Peatlands. Samara
publishing, Cardigan, pp. 55–72.
Ng, P.K.L. (1994) Peat swamp fishes of Southeast Asia – Diversity under threat. Wallaceana, 73, 1–5.
Notohadiprawiro, T. (1981) Peat Deposition, an Idle Stage in the Natural Cycling of Nitrogen, and Its Possible
Activation for Agriculture. In: Wetselaar, R., Simpson, J.R. & Rosswall, T. (eds.) Nitrogen Cycling in SouthEast Asian Wet Monsoonal Ecosystems. The Australian Academy of Science, Canberra, pp. 139–147.
Page, S.E., Siegert, F., Rieley, J.O., Boehm, H.D.V., Jaya, A. & Limin, S. (2002) The amount of carbon
released from peat and forest ﬁres in Indonesia during 1997. Nature, 420, 61–65.
Page, S.E., Wüst, R.A.J., Weiss, D., Rieley, J.O., Shotyk, W. & Limin, S.H. (2004) A record of Late Pleistocene
and Holocene carbon accumulation and climate change from an equatorial peat bog (Kalimantan, Indonesia):
implications for past, present and future carbon dynamics. Journal of Quaternary Science, 19, 625–635.
Page, S.E., Rieley, J.O. & Banks, C.J. (2011) Global and regional importance of the tropical peatland carbon
pool. Global Change Biology, 17, 798–818.
Partin, J.W., Cobb, K.M., Adkins, J.F., Clark, B. & Fernandez, D.P. (2007) Millennial-scale trends in west
Paciﬁc warm pool hydrology since the last glacial maximum. Nature, 449, 452–456.
Pelletier, L., Strachan, I.B., Garneau, M. & Roulet, N.T. (2014) Carbon release from boreal peatland open
water pools: Implication for the contemporary C exchange. Journal of Geophysical Research: Biogeosciences,
119, 207–222.
Polak, E. (1933) Ueber Torf und Moor in Niederländisch Indien. Verhandelingen der Koninklijke Academie
van Wetenschappen te Amsterdam, Afdeeling Natuurkunde (tweede sectie), 3, 1–85.
Potonié, H. & Koorders, S.H. (1909) Die Tropen-Sumpfflachmoor-Natur der Moore des produktiven Carbons.
Jahrbuch der Königlich Preussischen Geologischen Landesanstalt, 30, 389–443.
Ridgwell, J., Watson, A.J., Maslin, M.A. & Kaplan, J.O. (2003) Implications of coral reef buildup for the
controls on atmospheric CO2 since the Last Glacial Maximum. Paleoceanography, 18, 1083–1092.
Rieley, J.O., Wüst, R.A.J., Jauhiainen, J., Page, S.E., Wösten, H., Hooijer, A., Siegert, F., Limin, S.H.,
Vasander, H. & Stahlhut, M. (2008) Tropical peatlands: carbon stores, carbon gas emissions and contribution
to climate change processes. In: Strack, M. (ed.) Peatlands and climate change. International Peat Society,
Jyväskylä, pp. 148–181.
Rosenberry, D.O., Glaser, P.H., Siegel, D.I. & Weeks, E.P. (2003) Use of hydraulic head to estimate volumetric
gas content and ebullition flux in northern peatlands. Water Resources Research, 39, 1066,
doi:10.1029/2002WR001377.
Roulet, N.T. (2000) Peatlands, carbon storage, greenhouse gases, and the Kyoto protocol: prospects and
significance for Canada. Wetlands, 20, 605–615.

27

Late Quaternary Carbon Cycling of Southeast Asian peatlands - Synthesis

Sathiamurthy, E.V.H.K. & Voris, H.K. (2006) Maps of Holocene sea level transgression and submerged lakes
on the Sunda Shelf. The Natural History Journal of Chulalongkorn University, Supplement, 2, 1–44.
Segers, R. (1998) Methane production and methane consumption: a review of processes underlying wetland
methane fluxes. Biogeochemistry, 41, 23–51.
Sieffermann, G., Triutomo, S., Sadelman, M.T., Kristijono, A. & Parhadimulyo, S.A. (1987) The peat genesis
in the lowlands of Central Kalimantan province. The respective inﬂuence of podzolisation and bad drainage,
the two main processes of peat genesis in Kalimantan. In: International Peat Society Symposium on Tropical
Peat and Peatlands for Development, Yogyakarta, Indonesia, February 9–14, 1987. International Peat Society,
Yogyakarta, pp. 160–180.
Sieffermann, G., Fournier, M., Triutomo, S., Sadelman, M.T. & Semah, A.M. (1988) Velocity of tropical forest
peat accumulation in Central Kalimantan province, Indonesia (Borneo). In: Proceedings VIII International
Peat Congress, Leningrad 88, Section I. International Peat Society, Leningrad, pp. 90–98.
Silvius, M.J., Simons, H.W. & Verheugt, W.J.M. (1984) Soils, Vegetation, Fauna and Nature Conservation of
the Berbak Game Reserve, Sumatra, Indonesia. RIN Contributions to Research on Management of Natural
Resources 1984-3. Research Institute for Nature Management, Arnhem.
Simbolon, H. & Mirmanto, E. (2000) Checklist of plant species in the peat swamp forests of Central
Kalimantan, Indonesia. In: Proceedings of the International Symposium on Tropical Peatlands. Bogor,
Indonesia, 22-23 November 1999. Hokkaido University & Indonesian Institute of Sciences, pp. 179–190.
Sjörs, H. (1983) Mires of Sweden. In: A. J. P. Gore (ed.) Ecosystems of the World 4B. Mires: Swamp, bog, fen
and moor. Regional Studies. Elsevier, Amsterdam, New York, pp. 69–94.
Solomeshch, A.I. (2005). The West Siberian Lowland. In: Fraser, L.H. & Keddy, P.A. (eds.) The world’s
largest wetlands: ecology and conservation. Cambridge University Press, Cambridge, pp. 11–62.
Staub, J.R. & Esterle, J.S. (1994) Peat-accumulating depositional systems of Sarawak, east Malaysia.
Sedimentary Geology, 89, 91–106.
Tjia, H.D. (1980) The Sunda Shelf, SE Asia. Zeitschrift für Geomorphologie, NF, 24, 405–427.
Trumbore, S.E., Chadwick, O.A. & Amundson, R. (1996) Rapid exchange between soil carbon and
atmospheric carbon dioxide driven by temperature change. Science, 272, 393–396.
van der Werf, G.R., Dempewolf, J., Trigg, S.N., Randerson, J.T., Kasibhatla, P.S., Giglio, L., Murdiyarso, D.,
Peters, W., Morton, D.C., Collatz, G.J., Dolman, A.J. & Defries, R.S. (2008) Climate regulation of ﬁre
emissions and deforestation in equatorial Asia. Proceedings of the National Academy of Sciences, 105,
20350–20355.
van Welzen, P.C. Slik, J.W.F. & Alahuhta, J. (2005) Plant distribution patterns and plate tectonics in Malesia.
Biologiske Skrifter, 55, 199–217.
Vasander, H. & Kettunen, A. (2006) Carbon in boreal peatlands. In: Wieder, R.K & Vitt, D.H. (eds.) Boreal
Peatland Ecosystems. Ecological Studies, Vol. 188. Springer, Berlin, Heidelberg, pp. 165–194.
Wahyunto, Ritung, S. & Subagjo, H. (2003) Peta Luas Sebaran Lahan Gambut dan Kandungan Karbon di
Pulau Sumatera/Maps of Area of Peatland Distribution and Carbon Content in Sumatera, 1990-2002.
Wetlands International-Indonesia Programme and Wildlife Habitat Canada, Bogor.
Wahyunto, Ritung, S. & Subagjo, H. (2004) Peta Sebaran Lahan Gambut, Luas dan Kandungan Karbon di
Kalimantan/Map of Peatland Distribution Area and Carbon Content in Kalimantan, 2000-2002. Wetlands
International-Indonesia Programme and Wildlife Habitat Canada, Bogor.
Walter, H. & Lieth, H. (1960-1967) Klimadiagramm-Weltatlas. Fischer, Jena.
Wang, Y.J., Cheng, H., Edwards, R.L., An, Z.S., Wu, J.Y., Shen, C.C. & Dorale, J.A. (2001) A high-resolution
absolute-dated late Pleistocene monsoon record from Hulu Cave, China. Science, 294, 2345–2348.
Wang, Y., Roulet, N. T., Frolking, S. & Mysak, L. A. (2009) The importance of Northern Peatlands in global
carbon systems during the Holocene. Climate of the Past, 5, 683–693.
Webber, M. L. (1954) The mangrove ancestry of a freshwater swamp forest suggested by its diatom flora.
Malay Forester, 17, 25–26.

28

Introduction

Weber, C.A. (1902) Ueber die Vegetation und Entstehung des Hochmoors von Augstumal im Memeldelta. Paul
Parey, Berlin.
Whiting, G.J. & Chanton, J.P. (1993) Primary production control of methane emission from wetlands. Nature,
364, 794–795.
Whiting, G.J. & Chanton, J.P. (2001) Greenhouse carbon balance of wetlands: methane emission versus carbon
sequestration. Tellus B, 53, 521–528.
Whitmore, T.C. (1975) Tropical Rain Forest of the Far East. Clarendon Press, Oxford.
Wilford, G.E. (1960) Radiocarbon age determinations of quaternary sediments in Brunei and northeast
Sarawak. British Borneo Geological Survey. Annual Report 1959, 16–20.
Wright, H.E. (1993) Core compression. Limnology and Oceanography, 38, 699–699.
Wright Jr., H.E., Mann, D.H. & Glaser, P.H. (1984) Piston corers for peat and lake sediments. Ecology, 65,
657–659.
Yu, Z. (2011) Holocene carbon flux histories of the world’s peatlands Global carbon-cycle implications. The
Holocene, 21, 761–774.
Yu, Z.C., Beilman, D.W. & Jones, M.C. (2009) Sensitivity of Northern Peatlands to Holocene Climate Change.
In: Baird, A., Belyea, L., Comas, X., Reeve, A. & Slater, L. (eds.) Carbon Cycling in Northern Peatlands.
Geophysical Monograph Series, volume 184. American Geophysical Union, Washington, pp. 55–69.
Yu, Z., Loisel, J., Brosseau, D.P., Beilman, D.W. & Hunt, S.J. (2010) Global peatland dynamics since the Last
Glacial Maximum. Geophysical Research Letters, 37, L13402, doi:10.1029/2010GL043584.
Yule, C.M. & Gomez, L.N. (2009) Leaf litter decomposition in a tropical peat swamp forest in Peninsular
Malaysia. Wetlands Ecology and Management, 17, 231–241.
Yulianto, E., Hirakawa, K. & Tsuji, H. (2004) Charcoal and organic geochemical properties as an evidence of
Holocene ﬁres in tropical peatland, Central Kalimantan, Indonesia. Tropics, 14, 55–63.

29

30

Declaration about my contribution to the following four papers:
Paper I: Dommain, R., Couwenberg, J. & Joosten, H. (2011) Development and carbon sequestration
of tropical peat domes in south-east Asia: links to post-glacial sea-level changes and Holocene
climate variability. Quaternary Science Reviews, 30, 999–1010.
I designed this study together with the co-authors. I collected the data, calibrated the radiocarbon dates, and calculated the point age estimates. Together with John Couwenberg I classified the peatland types and generated
the basal dates sequence. I calculated mean peat and carbon accumulation rates for each type and integrated
peatland data with data on paleoclimate and sea-level. I prepared the manuscript with inputs from John Couwenberg and feedback from Hans Joosten.

Paper II: Dommain, R., Couwenberg, J., Glaser, P.H., Joosten, H. & Suryadiputra, I.N.N. (2014)
Carbon storage and release in Indonesian peatlands since the last deglaciation. Quaternary Science
Reviews, 97, 1–32.
I designed this study and developed the transfer function approach for modelling the basal age of undated peatlands. I generated the GIS maps of sea-level change and peatland expansion and the elevation profiles. I performed all calculations for reconstructing past peatland areas, past rates of carbon storage and release, and past
carbon pools. Nyoman I. Suryadiputra provided the GIS peat depth atlas. I prepared the manuscript, which was
finalized with the help of all co-authors.

Paper III: Dommain, R., Cobb, A., Joosten, H., Glaser, P.H., Chua, A.F.L., Gandois, L., Kai, F.M.,
Noren, A., Salim, K.A., Su’ut, N.S.H. & Harvey C.F. (submitted) Forest dynamics and tip-up pools
drive pulses of high carbon accumulation rates in a tropical peat dome in Borneo (Southeast Asia).
Journal of Geophysical Research – Biogeosciences.
I designed this study and developed the design of the peat corer together with Anders Noren. I selected the
sampling sites and collected the cores with the help of Alex Cobb, Amy Chua, Laure Gandois, Fuu-Ming Kai,
Kamariah A. Salim, and N. Salihah H. Su’ut. I sampled the core and performed all geochemical, pollen, mineral, and image analyses as well as the non-destructive measurements. I calculated carbon accumulation rates
and determined tree fall from aerial photographs. Charles Harvey contributed the pool-model results. I wrote
the first draft of the manuscript and finalized it with feedback from all co-authors.

Paper IV: Couwenberg J., Dommain R. & Joosten H. (2010) Greenhouse gas fluxes from tropical
peatlands in south-east Asia. Global Change Biology, 16, 1715–1732.
I designed this study together with John Couwenberg and we both collected the greenhouse gas emission data
and performed the meta-analyses. John Couwenberg performed the meta-analysis for CO2 and N2O emission
data and I performed the meta-analysis for CH4 and fire emission data. John Couwenberg and I interpreted the
data and wrote the manuscript together with inputs from Hans Joosten.

René Dommain

Prof. Dr. Hans Joosten

31

32

Paper I
Development and carbon sequestration of tropical peat domes in south-east Asia:
links to post-glacial sea-level changes and Holocene climate variability

33

34

Quaternary Science Reviews 30 (2011) 999e1010

Contents lists available at ScienceDirect

Quaternary Science Reviews
journal homepage: www.elsevier.com/locate/quascirev

Development and carbon sequestration of tropical peat domes in south-east Asia:
links to post-glacial sea-level changes and Holocene climate variability
René Dommain*, John Couwenberg, Hans Joosten
Institute of Botany and Landscape Ecology, University of Greifswald, Grimmer Strasse 88, D-17487 Greifswald, Germany

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 24 August 2010
Received in revised form
19 January 2011
Accepted 30 January 2011
Available online 2 March 2011

Tropical peatlands of SE-Asia represent a signiﬁcant terrestrial carbon reservoir of an estimated 65 Gt C. In
this paper we present a comprehensive data synthesis of radiocarbon dated peat proﬁles and 31 basal dates
of ombrogenous peat domes from the lowlands of Peninsular Malaysia, Sumatra and Borneo and integrate
our peatland data with records of past sea-level and climate change in the region. Based on their developmental features three peat dome regions were distinguished: inland Central Kalimantan (Borneo), Kutai
basin (Borneo) and coastal areas across the entire region. With the onset of the Holocene the ﬁrst peat
domes developed in Central Kalimantan as a response to rapid post-glacial sea-level rise over the Sunda
Shelf and intensiﬁcation of the Asian monsoon. Peat accumulation rates in Central Kalimantan strongly
declined after 8500 cal BP in close relation to the lowering rate of the sea-level rise and possibly inﬂuenced
by the regional impact of the 8.2 ka event. Peat growth in Central Kalimantan apparently ceased during the
Late Holocene in association with ampliﬁed El Niño activity as exempliﬁed by several truncated peat
proﬁles. Peat domes from the Kutai basin are all younger than w8300 cal BP. Peat formation and rates of peat
accumulation were driven by accretion rates of the Mahakam River and seemingly independent of climate.
Most coastal peat domes, the largest expanse of SE-Asian peatlands, initiated between 7000 and 4000 cal BP
as a consequence of a Holocene maximum in regional rainfall and the stabilisation and subsequent
regression of the sea-level. These boundary conditions induced the highest rates of peat accumulation of
coastal peat domes. The Late Holocene sea-level regression led to extensive new land availability that
allowed for continued coastal peat dome formation until the present. The time weighted mean Holocene
peat accumulation rate is 0.54 mm yr 1 for Central Kalimantan, 1.89 mm yr 1 for Kutai and 1.77 mm yr 1 for
coastal domes of Sumatra and Borneo. The mean Holocene carbon sequestration rates amount to 31.3 g C
m 2 yr 1 for Central Kalimantan and 77.0 g C m 2 yr 1 for coastal sites, which makes coastal peat domes of
south-east Asia the spatially most efﬁcient terrestrial ecosystem in terms of long term carbon sequestration.
Ó 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
The lowland peatlands of south-east Asia represent the largest
peatland area in the tropical belt. These peatlands cover approximately 350 000 km2 and store more than 65 Gt (1 Gt ¼ 109 t)
carbon, which corresponds to 9% of the global peatland area and
14% of the global peat carbon stock (Joosten, 2009). This major
terrestrial carbon reservoir is currently threatened by ﬁre and
drainage related degradation and destruction (Miettinen and Liew,
2010). The annual carbon loss from peat ﬁres and oxidation averages more than 220 Mt C (1 Mt ¼ 106 t; Couwenberg et al., 2010). In
future, south-east Asian peatlands may become an even more
signiﬁcant source of atmospheric carbon when dry-season rainfall
decreases as predicted by climate models (Li et al., 2007). Insights
* Corresponding author. Tel.: þ49 3834 864177; fax: þ49 3834 864114.
E-mail address: rene.dommain@gmx.de (R. Dommain).

into the response of peatlands to climate change can be gleaned
from the palaeo-record (Moore et al., 1998; Belyea and Malmer,
2004; Yu et al., 2009). However, a comprehensive synthesis on
the timing and pattern of peatland formation and peat accumulation in response to external drivers is lacking for south-east Asian
peatlands. The potential role of this important peatland region in
the global carbon cycle is often extrapolated from one single core
(Page et al., 2004; Rieley et al., 2008).
The largest tracts of south-east Asian peatlands occur on coastal
plains and river deltas of Peninsular Malaysia and the islands of
Sumatra, Borneo and New Guinea (Polak, 1975; Anderson, 1983).
These peatlands are generally convex in shape and ombrogenous,
analogous to raised bogs of the Northern Hemisphere (Polak, 1933;
Dommain et al., 2010). Ash content and pH are generally low
(Neuzil et al., 1993). The natural vegetation of these peat domes is
‘peat swamp forest’ (Anderson, 1983). Similar peat domes are found
in a few inland areas of lowland Borneo, such as the Kahayan e

0277-3791/$ e see front matter Ó 2011 Elsevier Ltd. All rights reserved.
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Katingan watershed area, the Kutai basin and the Upper Kapuas
River basin.
In this paper we synthesise radiocarbon chronologies of lowland
ombrogenous peat domes from Peninsular Malaysia, Sumatra and
Borneo (Fig. 1). Our aim is to elucidate peat dome initiation and
peat accumulation rates in the context of palaeoclimate and postglacial sea-level changes. Particular emphasis is placed on identifying regional differences in relation to physiographic setting and
climate. Peat degradation patterns are examined in light of natural
and anthropogenic forces. Finally, we compare carbon sequestration rates of south-east Asian peat domes with raised bogs from the
Northern Hemisphere.
2. Regional setting
The study areas (Peninsular Malaysia, Sumatra and Borneo) are
connected by the shallow continental Sunda Shelf (Fig. 1). When sealevel was lower and the Sunda Shelf was exposed during the Last
Glacial Maximum (LGM) the islands of the western Malay Archipelago
were connected to mainland Asia (Molengraaff, 1921). The inner part
of this so called “Sundaland” is a tectonically stable area (Tjia, 1996).
Erosion of the central crystalline highlands and subsequent sedimentation has led to the formation of extensive alluvial plains on the
coasts of Peninsular Malaysia, eastern Sumatra and north-western
and southern Borneo (Brünig, 1974; Verstappen, 1975). Coastal peat
domes largely developed on interﬂuves in these alluvial settings. In
southern Borneo lowland areas farther inland are occupied by large
Pleistocene podzol terraces (Sieffermann et al., 1987) that below
35 m a.s.l. are partly covered by peat domes (Sieffermann, 1990).
The climate of the study area is controlled by the Asian-Australian
monsoon, seasonal shifts of the Intertropical Convergence Zone
(ITCZ) and by atmospheric convection from ocean waters of the

surrounding Indo Paciﬁc Warm Pool (IPWP). Maritime south-east
Asia has a warm and wet equatorial climate with mean monthly
temperatures constant between 26 to 27  C throughout the year. The
mean annual rainfall ranges from w2000 mm (Peninsular Malaysia,
south-eastern Borneo) to w4000 mm (north-western Borneo)
(Walter and Lieth, 1960e1967). From November to April the wet
northwest-Monsoon brings heavy rainfall to the region. In southern
Sumatra and southern Borneo this time marks the wet-season with
the annual precipitation maximum occurring in January. The dry
southeast-monsoon prevails from May to September. It causes
a distinct dry-season in southern Sumatra and southern Borneo with
mean monthly rainfall below 100 mm in August. Peninsular
Malaysia and the northern parts of Sumatra and Borneo are under
strong inﬂuence of the ITCZ throughout the year and lack a clear dry
season (Aldrian and Susanto, 2003).
Interannual variation in rainfall is strongly correlated to the El
Niño-Southern Oscillation (ENSO; Hendon, 2003). El Niño events
are associated with more pronounced and extended droughts. La
Niña events are associated with anomalously wet conditions. In
recent decades, large scale ﬁres during El Niño related droughts
severely affected forests and peatlands in the region (e.g. Siegert
et al., 2001; Goldammer, 2007).
Peninsular Malaysia, Sumatra and Borneo all belong to the same
biogeographic region of Sundaland and display close ﬂoristic
similarities (Whitmore, 1975).
3. Material and methods
Radiocarbon dates from domed peatlands on Peninsular Malaysia,
Sumatra and Borneo (5 N - 3 S and 116 - 102 E) were collected
from published and other sources. Based on available data, we
distinguish three types of domed peatlands, (i) peatlands in coastal

Fig. 1. Map of the western Malay Archipelago with the approximate position of the study sites listed in Table 1. Dark shaded areas denote occurrence of lowland peat soils (based on
Staub and Gastaldo, 2003; Wahyunto et al., 2003, 2004; Wetlands International, 2010). The light shaded area delineates the Sunda Shelf as it was exposed at the time of the Last
Glacial Maximum (based on Sathuamurthy and Voris, 2006).
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settings, i.e. < 80 km from the sea, (ii) inland peatlands of the
Kahayan e Katingan watershed (Central Kalimantan, Borneo) and
(iii) inland peatlands of the Kutai basin (eastern Borneo) (Fig. 1,
Table 1). The “coastal peat dome type” combines all coastal sites from
Peninsular Malaysia, Sumatra and Borneo (No. 1 to 12 in Table 1).
In this synthesis we standardised the available radiocarbon
dates by calibrating all dates with Calib 6.0.1 (cf. Stuiver and Reimer,
1993). All study sites lie close to the equator and within the range of
seasonal shifts of the ITCZ, which complicates the choice of a calibration curve (McCormac et al., 2004). We consistently used the
IntCal09 calibration set as it also covers dates older than 11 000 cal
BP (Reimer et al., 2009).
Weighted averages of the probability distribution functions of
the calibrated radiocarbon dates were used to arrive at single point
age estimates (Telford et al., 2004). Age inversions and nearinversions (overlapping sigma ranges) were scrutinised and aberrant dates discarded, always in favour of conservative outcomes
considering accumulation rates.
To establish the sequence of peat dome initiation we collated
basal peat dates from individual peat domes (n ¼ 31). For peat
domes where multiple basal dates were available we used the
oldest date. Basal dates from peat dome complexes (i.e. coalesced
peat domes) were taken from cores of isolated subsurface basins to
take into account the initiation of formerly independent domes.
Apparent rates of peat accumulation (mm yr 1) were determined
by dividing the thickness of a peat layer between neighbouring
radiocarbon dates by the corresponding time span (n ¼ 86). The
derived apparent rates may underestimate past rates of peat addition
into the catotelm (Clymo, 1992). We assume steady accumulation
rates between neighbouring point age estimates. For each of the
three peat dome types (coastal, n ¼ 15 proﬁles; inland Central Kalimantan, n ¼ 11; Kutai, n ¼ 4) mean rates of peat accumulation were
determined for every year by averaging available proﬁles. Multiple
dated proﬁles from peat domes of the coastal type are restricted to
Sumatra (Pulau Bengkalis, Siak Kanan, Pulau Kijang and the Batang
Hari e Berbak River Delta) and Borneo (Rasau Jaya, Teluk Keramat, the
Rajang River Delta, the Baram River area and the Pulau Petak Delta).
Apparent rates of carbon accumulation (g m 2 yr 1) were calculated from dry bulk density (g cm 3), carbon content (%) (Table 2)
and peat accumulation rates. Bulk density data were only available
for four radiocarbon dated cores. The reported carbon content
values were determined by ultimate analysis of oven-dried peat
samples using elemental analysers. To estimate carbon accumulation rates for those cores where dry bulk density and carbon
content data were lacking, we applied mean values (Table 2). We
corrected carbon values for ash content if data were available. As
data on bulk density and carbon content are lacking for the Kutai
sites no carbon accumulation rates were determined for this area.

Table 1
List of study sites from Fig. 1.
No. Site

Country

Peat dome
type

Reference
Haseldonckx, 1977
Supardi et al., 1993
Diemont and Supardi, 1987a
Supardi et al., 1993
Furukawa, 1994
Shibata et al., 1997
Silvius et al., 1984
Supiandi and Furukawa, 1986
Supiandi, 1988
Cameron et al., 1989, 1990
Furukawa, 1994
Notohadiprawiro, 1981
Diemont and Supardi, 1987b
Herbert Diemont, pers. comm.
Anshari et al., 2010
Neuzil, 1997
Staub and Esterle, 1993, 1994
Staub and Gastaldo, 2003
Wilford, 1960
Anderson, 1964
Anderson and Muller, 1975
Tie and Esterle, 1992
Woodroffe, 2000
Colin Woodroffe, pers. comm.
Wilford, 1960

1
2
3

Pekan Nanas
Malaysia
Pulau Bengkalis Indonesia
Siak Kanan
Indonesia

Coastal
Coastal
Coastal

4

Pulau Kijang

Indonesia

Coastal

5

Batang Hari e
Berbak River
Delta

Indonesia

Coastal

6
7

Muara Telang
Pontianak,
Rasau Jaya

Indonesia
Indonesia

Coastal
Coastal

8
9

Teluk Keramat
Rajang River
Delta
Baram River
area

Indonesia
Malaysia

Coastal
Coastal

Lawas River
area
Pulau Petak
Delta
Kahayane
Katingan
watershed

Malaysia

Coastal

Indonesia

Coastal

Kutai basin

Indonesia

10

11
12
13

14

Malaysia,
Coastal
Brunei
Darussalam

Indonesia

Notohadiprawiro, 1981
Supiandi, 1988
Inland
Sieffermann et al., 1988, 1996
Central
Neuzil, 1997
Kalimantan Page et al., 1999, 2004
Yulianto et al., 2004a
Yulianto and Hirakawa, 2006
Wüst et al., 2008
Wüst, 2009
Kutai
Hope et al., 2005

peat domes of Sumatra and Borneo (Fig. 2). The time weighted
mean Holocene peat accumulation rate is 0.54 mm yr 1 for Central
Kalimantan peat domes, 1.89 mm yr 1 for Kutai peat domes and
1.77 mm yr 1 for coastal peat domes. Coastal peat domes of Borneo
have a time weighted mean Holocene peat accumulation rate of
1.52 mm yr 1 (n ¼ 5) and those of Sumatra of 1.83 mm yr 1 (n ¼ 10).
For the Late Glacial and the beginning of the Holocene the mean
apparent rate of peat accumulation at inland Central Kalimantan sites
varies between 0.6 and 0.8 mm yr 1. From w10 000 to w8500 cal BP
the rate is largely above 1 mm yr 1 including a maximum for the
entire Holocene of 1.4 mm yr 1 at 9200 cal BP. The mean peat accumulation rate then sharply declines to w0.7 mm yr 1 and at around

4. Results
4.1. Peat dome initiation
All four basal dates of peat domes from inland Central Kalimantan are older than 9000 cal BP, whereas the three basal dates
from Kutai peat domes lie between 8350 and 6200 cal BP (Table 3).
In contrast, basal dates from peat domes of the coastal type (n ¼ 24)
are all younger than 7700 cal BP with 58% of basal dates between
7000 and 4000 cal BP (Table 3). In addition, 7 basal dates from
coastal peat domes are younger than 3000 cal BP.
4.2. Peat accumulation

Table 2
Dry bulk density and carbon content of Central Kalimantan and coastal peats.
Region

Central
Kalimantan
Mean
Coastal
Mean

The peat accumulation rate of inland Central Kalimantan peat
domes differs distinctly from that of the Kutai basin and the coastal

a
b

Mean dry bulk
density (g cm 3)

Mean carbon
content (%)

Reference

0.130 (n ¼ 6)
0.112 (n ¼ 114)a
0.080 (n ¼ 43)b

Neuzil, 1997
Shimada et al., 2001
Page et al., 2004
Yulianto et al., 2004a

0.105

57.4
56.7
57.1
60.3
57.8

0.068 (n ¼ 13)
0.066 (n ¼ 10)
0.084 (n ¼ 29)
0.076

58.4 (n ¼ 12)
58.0 (n ¼ 29)
58.1

(n
(n
(n
(n

¼
¼
¼
¼

9)
114)a
43)b
68)

Diemont and Supardi, 1987a
Cameron et al., 1989
Neuzil, 1997

Includes data from ‘terrace’, ‘basin/domed’ and ‘marginal’ peat types.
Excludes upper 90 cm of raw humus.
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Table 3
Basal dates of south-east Asian lowland peat domes.
Core/Lab ID

Radiocarbon
date
(14C yr BP)

Point age
estimate
(cal BP)

Location

Study site
No. from
Fig. 1

Country

Latitude

Longitude

Reference

OZJ340
PK5-C14

12 370  110
9510  200

14 465
10 817

13
13

Indonesia
Indonesia

2 23’ S
2 10’ S

113 51’ E
113 40’ E

Wüst et al., 2008
Neuzil, 1997

OZL264

8880  60

9991

13

Indonesia

2 19’ S

114 03’ E

Wüst, 2009

PK2-C14

8140  180

9053

13

Indonesia

2 04’ S

113 47’ E

Neuzil, 1997

E2P23-3

7500  220

8321

14

Indonesia

0 10’ S

116 17’ E

Hope et al., 2005

GAK-11893
MLT1-4

6830  180
6610  200

7697
7484

5
14

Indonesia
Indonesia

1 20’ S
0 17’ S

103 54’ E
116 19’ E

Supiandi, 1988
Hope et al., 2005

T2-100
RI-06
Grab-R-116-2
FebBK1-P7
GAK-11896
K1P17-3

6405
6080
5830
5730
5710
5500








120
100
100
180
130
130

7309
6958
6638
6552
6520
6280

9
9
9
2
5
14

Malaysia
Malaysia
Malaysia
Indonesia
Indonesia
Indonesia

2 30’
2 24’
2 42’
1 28’
1 30’
0 11’

N
N
N
N
S
N

111 34’
111 45’
111 52’
102 08’
103 54’
116 36’

Staub and Esterle, 1994
Staub and Gastaldo, 2003
Staub and Gastaldo, 2003
Supardi et al., 1993
Supiandi, 1988
Hope et al., 2005

SK5-T9a
BK8-P13
SK7-T3
SRR-757

5220
5130
4915
4896






220
60
90
70

5986
5860
5669
5642

3
2
3
1

Indonesia
Indonesia
Indonesia
Malaysia

0 41’
1 33’
1 02’
1 30’

N
N
N
N

102 01’ N
102 06’ E
102 07’ E
103 29 E

Neuzil, 1997
Neuzil, 1997
Neuzil, 1997
Haseldonckx, 1977

44

4780  55

5499

5

Indonesia

1 29’ S

104 19’ E

Silvius et al., 1984

GRO 1963

4270  70

4819

10

Malaysia

4 09’ N

114 14’ E

Wilford, 1960

JB
WK3-C14

4250  210
4040  170

4815
4521

5
8

Indonesia
Indonesia

1 20’ S
1 25’ N

104 00’ E
109 08’ E

Cameron et al., 1989
Neuzil, 1997

ANU 8184

3960  180

4412

Sebangau, Central Kalimantan, Borneo
West of Palangka Raya, Central
Kalimantan, Borneo
ExeMega Rice Project area (Block C),
Central Kalimantan, Borneo
North of Palangka Raya, Central
Kalimantan, Borneo
Enggelam, Kutai basin, East
Kalimantan, Borneo
Batang Hari Delta, Jambi, Sumatra
Lake Melintang, Kutai basin, East
Kalimantan, Borneo
Rajang River Delta, Sarawak, Borneo
Rajang River Delta, Sarawak, Borneo
Rajang River Delta, Sarawak, Borneo
Pulau Bengkalis, Riau, Sumatra
Batang Hari Delta, Jambi, Sumatra
Kupang Baru, Kutai, East
Kalimantan, Borneo
Siak Kanan, Riau, Sumatra
Pulau Bengkalis, Riau, Sumatra
Siak Kanan, Riau, Sumatra
Pekan Nanas, Johore,
Peninsula Malaysia
Berbak National Park, Jambi,
Sumatra
Marudi, Baram River area,
Sarawak, Borneo
Batang Hari Delta, Jambi, Sumatra
Teluk Keramat, West Kalimantan,
Borneo
Baram River area, Brunei, Borneo

4 27’ N

114 17’ E

WK 26757
B4
RP-003
N2
NZ-352
OR-43

3784
3570
2735
2310
1950
1550

40
50a
165
90
70
60

4163
3864
2866
2347
1899
1446

Rasau Jaya, West Kalimantan, Borneo
Baram River area, Sarawak, Borneo
Rajang River Delta, Sarawak, Borneo
Barambai, South Kalamantan, Borneo
Lawas River area, Sarawak, Borneo
Pulau Kijang, Riau, Sumatra

7
10
9
12
11
4

Brunei
Darussalam
Indonesia
Malaysia
Malaysia
Indonesia
Malaysia
Indonesia

0 15’
4 27’
2 14’
3 00’
4 55’
0 45’

109 22’
114 10’
111 14’
114 41’
115 25’
103 15’

GAK-10904

1290  110

1190

6

Indonesia

2 38’ S

104 53’ E

KB 3
OR-46

1140  50a
220  40

1058
200

Muara Telang, South Sumatra,
Sumatra
Kuala Baram, Sarawak, Borneo
Batang Hari Delta, Jambi, Sumatra

Woodroffe, 2000
Woodroffe, pers. comm.
Anshari et al., 2010
Tie and Esterle, 1992
Staub and Esterle, 1993
Notohadiprawiro, 1981
Wilford, 1960
Furukawa, 1994
Shibata et al., 1997
Furukawa, 1994

10
5

Malaysia
Indonesia

4 32’ N
1 06’ S

114 00’ E
104 04’ E

a








10









S
N
N
S
N
S









E
E
E
E
E
E

E
E
E
E
E
E

Tie and Esterle, 1992
Supiandi, 1988
Shibata et al., 1997

assumed sigma range (not reported).

7000 cal BP it decreases further, eventually to remain below
0.4 mm yr 1 from 6000 cal BP onward (Fig. 3).
The initial mean apparent rate of peat accumulation of the Kutai
peat domes is 2.3 mm yr 1, followed by a Holocene maximum of
4.5 mm yr 1 between w7500 and w6800 cal BP. The mean rate
then declines stepwise to reach 1 mm yr 1 by about 2000 cal BP.
Prior to 5000 cal BP the mean apparent rate of peat accumulation of the coastal peat domes of Sumatra and Borneo largely lies
around 1.7 mm (with an outlier of 2.3 mm). Between w5000
and 3400 cal BP the mean peat accumulation rate is w2.1 mm yr 1
and reaches its Holocene maximum of 2.5 mm yr 1 at w4800 cal BP
and a second, similarly high value at w4000 cal BP (Fig. 3). From
w4820 to 4270 cal BP peat accumulation was 3.6 mm yr 1 at Marudi
in the Baram River area of Sarawak e the highest rate recorded for
coastal Borneo so far (Wilford, 1960; Anderson, 1964). Accumulation
rates of Sumatran sites reached maxima of over 4 mm yr 1 at the
Batang Hari Delta and at Siak Kanan between w5000 and w4000 cal
BP (Supiandi and Furukawa, 1986; Supiandi, 1988; Supardi et al.,
1993). From 3400 cal BP onward the mean rate of peat accumulation of coastal peat domes ﬂuctuates slightly around 1.6 mm yr 1.
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4.3. Carbon accumulation
Carbon accumulation rates from Central Kalimantan sites show
a large range in variation compared to coastal sites (Table 4). Using
the average values of bulk density and carbon content (Table 2), the
volumetric carbon density (bulk density  carbon content) is
0.061 g C cm 3 for Central Kalimantan sites and 0.044 g C cm 3 for
coastal sites. The time weighted mean apparent rate of Holocene
carbon accumulation amounts to 31.3 g m 2 yr 1 for Central Kalimantan and to 77.0 g m 2 yr 1 for coastal peat domes (Table 4).
4.4. Truncated proﬁles
A number of inland Central Kalimantan (n ¼ 8), Kutai (n ¼ 2) and
coastal peat domes (n ¼ 14) show near surface ages of w1000 to
w8000 cal BP that indicate truncated peat columns (Fig. 2). The age
of near surface (1.20 m) samples in truncated peat proﬁles from
inland Central Kalimantan lies between 4800 and 7600 cal BP.
Three of these proﬁles are from burnt and drained sites and the
remaining cores are from undisturbed or selectively logged primary
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Fig. 2. Age-depth plots. Upper graph shows data from complete peat columns from
(B) Central Kalimantan, ( ) Kutai and (C) coastal sites. Lower graph: same for
truncated columns.

peat swamp forest sites. One of the two truncated proﬁles from the
Kutai peat domes is covered by 230 cm of clay and peaty clay. The
age of the uppermost pure peat dates to 2520 cal BP. A second
truncated peat proﬁle from the Kutai domes has an age of
5373 cal years at a depth of 90 cm. Both truncated proﬁles from the
Kutai domes have been affected by human induced ﬁres and
subsequent ﬂooding (Hope et al., 2005). Near surface age determinations from truncated proﬁles of coastal peat domes lie
between 1000 and 5700 cal BP. All truncated proﬁles from coastal
peat domes are from drained, agricultural sites, which in many
cases have burnt repeatedly.
5. Discussion
The oldest parts of the inland Central Kalimantan peat domes
date from the Late Glacial and Early Holocene. Peat accumulation in
the Kutai basin started in the Early to Mid-Holocene. In contrast the
main initiation of coastal peat domes of Peninsular Malaysia,
Sumatra and Borneo occurred during the Mid-Holocene. We will
discuss peat initiation, accumulation and degradation patterns
individually for the three regions:
5.1. Central Kalimantan peat domes
5.1.1. Holocene development
Peatlands already existed in the interior of Borneo in the late
Pleistocene (Anshari et al., 2001, 2004; Weiss et al., 2002; Wüst et al.,
2007, 2008). During the cooler LGM moisture availability was low
(Dam et al., 2001; De Decker et al., 2002; Partin et al., 2007) and
oxidative peat losses occurred at these sites (Anshari et al., 2001,
2004; Page et al., 2004; Wüst et al., 2007, 2008). Peat swamp

forests in south-east Asia experienced their largest geographical
contraction during the LGM according to Cannon et al. (2009), who
modelled spatial expansion of Sundaic forest types over the last
120 000 years.
In the Sebangau watershed of Central Kalimantan peat accumulation commenced again w14 500 cal BP (Table 3; Wüst et al.,
2008), coinciding with the rapid deglacial intensiﬁcation of the
Asian monsoon (Wang et al., 2001; De Decker et al., 2002; Dykoski
et al., 2005) and with ﬂooding of the Sunda Shelf associated with
Melt Water Pulse 1a (Pelejero et al., 1999; Hanebuth et al., 2000;
Steinke et al., 2003). Coupled with this prominent transgression
was the formation of a large shallow pool of warm water over the
Sunda Shelf (Pelejero et al., 1999) as well as the incursion of warm
water masses from the Indian Ocean (Kienast et al., 2001; Zhao
et al., 2006). Higher sea-surface temperatures (SST) enhanced
convective activity and intensiﬁed both local and monsoonal
precipitation (Partin et al., 2007). Increased moisture availability
supported renewed peat accumulation (Wüst et al., 2007).
The post-glacial marine transgression continued at a rapid rate
well into the Early Holocene (Fig. 3; Steinke et al., 2003; Bird et al.,
2007; Tjallingii et al., 2010), producing a full exchange of waters
between the South China Sea and the tropical Indo-Paciﬁc that
raised SST above 27  C from w9000 cal BP onward (Zhao et al.,
2006). Rainfall over the region continued to increase until the
Mid-Holocene (Fig. 3; Partin et al., 2007; Grifﬁths et al., 2009).
Moreover, rising sea-levels progressively reduced drainage from
the hinterland of southern Borneo (Sieffermann et al., 1987). These
factors raised the regional water table and led to widespread paludiﬁcation of the southern edge of the podzolic terraces of Central
Kalimantan and to subsequent peat dome initiation between
11 000 and 9000 cal BP (Table 3, Fig. 3).
Waterlogged soils developed over the impervious hard pan layer
in the acidic, nutrient-poor podzols (Sieffermann et al., 1987;
Sieffermann, 1990) and led to peat accumulation on the interﬂuvial terraces. In adjacent valleys, peatlands were probably at ﬁrst fed
by seepage and ﬂuvial runoff, but soon developed into ombrogenous domes (Morley, 1981; Dehmer, 1993; Weiss et al., 2002).
Rising sea-level and moister climate in combination with the
presence of podzol terraces thus seems to have been instrumental
in early peatland formation in Central Kalimantan (Sieffermann
et al., 1987). The importance of the podzols is emphasised by the
contemporaneous lack of peat formation in areas closer to the sea
where podzols are absent.
5.1.2. Peat and carbon accumulation rates
The rapid rise in sea-level during the Early Holocene not only
led to peat dome initiation but also induced the highest rates of
peat accumulation in Central Kalimantan during the Holocene. In
the period from 10 000 to 8500 cal BP the mean rate of peat
accumulation from all Central Kalimantan sites was w1 mm yr 1
(Fig. 3); applying the average C density of 0.06 g cm 3, the mean
C-accumulation is estimated to have been w60 g m 2 yr 1. This
apparent rate of C-accumulation is higher than that of any
following period, despite the longer residence time of the peat. A
maximum Holocene C-accumulation rate of 121 g m 2 yr 1 is
recorded at 9100 cal BP for the Sebangau peat dome (Table 4;
Page et al., 2004).
Rising sea-levels and consequent backing up of rivers would
have resulted in rapid upward growth in peat domes on the interﬂuvial divides (cf. Glaser et al., 2004). As observed by Morley (1981),
initial freshwater wetlands must have developed abruptly into
mixed swamp forests similar to Anderson’s (1983) phasic community 1 (Gonystylus-Dactylocladus-Neoscortechinia association). Peat
swamp succession via this forest type may further explain the high
initial accumulation rates, because mixed swamp forests presently
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a

b

c

d

e

f

g

h

Fig. 3. The relationship of peat dome development to palaeo-environmental conditions in south-east Asia over the past 13 000 years: (a) Relative sea-level curve for the Sunda Shelf
(after Steinke et al., 2003). (b) Stalagmite d18O records from Northern Borneo (n ¼ 3); more negative values are related to higher rainfall (from Partin et al., 2007, 2009; bright lines
denote uncertain course). (c) Age-depth plots from inland Central Kalimantan (blue) and coastal (orange) peat proﬁles. (d) Cumulative number of basal peat dates from (B) inland
Central Kalimantan, ( ) Kutai basin and (C) coastal peat domes. (e) El Junco (Galápagos) lake sediment record (% sand); higher values indicate stronger El Niño activity (from
Conroy et al., 2008). (f) mean peat accumulation rate (mm yr 1) for coastal (dotted line represents one dome only) and (g) inland Central Kalimantan peat domes. (h) Number of
basal dates recorded per 1000 years.
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Table 4
Mean time-weighted apparent rate of carbon accumulation during the Holocene.
2

yr

1

) (range)

Based on data from

Location

C-accumulation rate (g m

Sebangau, C-Kalimantan (SA 6.5)
north of Palangka Raya, C-Kalimantan (PK3)
All C-Kalimantan sites

22.3 (6.5e121.4)
51.2 (37.0e78.3)
31.3 (16.6e73.2)a

Page et al., 2004
Neuzil, 1997

Teluk-Keramat, West Kalimantan (WK3)
Siak Kanan, Riau Sumatra (C2)
All coastal sites

68.1 (55.6e79.7)
75.6 (56.2e103.4)b
77.0 (55.4e107.1)a

Neuzil, 1997
Diemont and Supardi, 1987a

a
b

For all unspeciﬁed sites mean bulk density and carbon content (Table 2) are used in the calculation.
Outlier of 190.8 g C m 2 yr 1.

have the highest biomass production of Anderson’s peat swamp
forest-types (Bruenig, 1996).
After 8500 cal BP the mean rate of peat accumulation begins to
decline, largely following the concurrent lowering of the rate of the
sea-level rise (Fig. 3; Hesp et al., 1998; Steinke et al., 2003; Tjallingii
et al., 2010). Abrupt changes in sea-surface temperature and salinity
have been reconstructed for the IPWP region between w8500 and
w8000 cal BP, likely in relation to the 8.2 ka cold event (Gagan et al.,
2002, 2007; Rosenthal et al., 2003). These records point to drier
conditions on a centennial scale possibly associated with changes in
monsoon strength (Dykoski et al., 2005; Wang et al., 2005), which
would have contributed to the rapid decline in peat accumulation.
From w6000 cal BP onward, peat accumulation rates stabilised
at w0.3 mm yr 1 (w20 g C m 2 yr 1). These consistently low peat
accumulation rates over the Mid- and Late Holocene suggest
a strong dependency on sea-level changes. Stable and falling
sea-levels stabilised or even lowered the water-table mounds of
interﬂuvial peat domes, thereby decreasing or halting peat accumulation (cf. Glaser et al., 2004).
Remarkably high accumulation rates (>2 mm yr 1, >80 g
C m 2 yr 1) have been reported for recent deposits in the uppermost metre of the Sebangau peat dome in Central Kalimantan (Page
et al., 2004; Wüst et al., 2007). These high rates refer to the accumulation of living roots and raw humus of modern age (Weiss et al.,
2002; Page et al., 2004; Wüst et al., 2008), however, and should not
be taken as a measure of the current rates of peat accumulation.

(Partin et al., 2007) and with falling sea-levels over the Sunda Shelf
(Steinke et al., 2003; Horton et al., 2005; Fig. 3). Under these
changing boundary conditions peat accumulation in many Central
Kalimantan peat domes ceased. In response to consistently lowered
water levels the proﬁles that do cover the period after w5000 cal
BP show strongly humiﬁed peat, high amounts of oxidised plant
material and high bulk density values in the upper stratum
(Dehmer, 1993; Moore et al., 1996; Moore and Shearer, 1997; Weiss
et al., 2002; Page et al., 2004).
Evidence exists for recurring local peat ﬁres in a Central Kalimantan peat dome for the Early to Mid-Holocene period (Yulianto
et al., 2004a; Yulianto and Hirakawa, 2006) when the climate was
wet and warm and ENSO activity still low (Haberle et al., 2001;
Fig. 3). These ﬁres may have been natural or human induced
(Goldammer and Seibert, 1989; Yulianto et al., 2004a). Humans
were disturbing swamp sites in south-east Asia and Australasia
already in the Early Holocene (Bird et al., 2004; Hunt and
Rushworth, 2005; Haberle, 2007). Fire frequency increased in
many regions of Indonesia with increasingly strong El Niño related
droughts and reduction in monsoon precipitation from w5000 cal
BP onward (Haberle et al., 2001). Whereas it is conceivable that
human induced ﬁres contributed to truncation of Central Kalimantan peat proﬁles, charcoal evidence to support this hypothesis
is lacking (cf. Moore et al., 1996; Moore and Shearer, 1997).

5.1.3. Late Holocene peat degradation
The majority of the truncated proﬁles from Central Kalimantan
comes from forested, largely pristine sites. Apparently, peat accumulation ceased as part of the natural development of these
undisturbed peat domes. Sieffermann et al. (1988, 1996) proposed
that peat accumulation continued until w2500 cal BP, possibly at
a slower pace, after which the domes gradually lost peat by
oxidation of the surface layers. It is unclear when degradation
actually set in, but increased El Niño frequency and intensity
from w5000 cal BP onward (Donders et al., 2008; Fig. 3) may have
had a profound effect on the Central Kalimantan sites. In fact,
present El Niño droughts lead to large evaporative losses from these
peatlands (Takahashi et al., 2002) and water level draw-downs of
up to 1e2 m depth (Goldammer and Seibert, 1989; Usup et al.,
2004; Putra et al., 2008; Ballhorn et al., 2009). Independent
evidence of natural degradation comes from CO2 ﬂux (eddy
covariance) measurements of the near-natural Sebangau peat
swamp forest that show a release of w100 g C m 2 yr 1 between
May 2004 and May 2005, a non-El Niño year (Hirano et al., 2007).
Several palaeoclimate records indicate particularly intense El
Niños between w2000 and w1200 cal BP (e.g. Moy et al., 2002;
Rein et al., 2005; Conroy et al., 2008; Fig. 3). These strong palaeoEl Niños would have markedly reduced moisture availability and
thus have had a strong impact on the moisture sensitive peat
domes. Drought stress was further ampliﬁed as increased ENSO
variability occurred in concert with decreasing rainfall over Borneo

5.2.1. Holocene development
During the rapid Early Holocene rise in sea-level, peat accumulation started in the Kutai basin (Fig. 3) as a result of delta
inﬁlling and the backing up of the Mahakam River which drains the
area (Hope et al., 2005). Terrestrialisation of the initially ﬂooded
Kutai basin led to development of peatlands overlying lacustrine
clay sediments. Large parts of the Kutai peatlands are still seasonally ﬂooded by river waters. Only a small number of peat domes
developed within this area of otherwise minerogenic peatlands
(Diemont and Pons, 1992; Hope et al., 2005). Peatlands in the Kutai
basin grew and expanded in response to a rising drainage base
caused by silt and clay deposition along river channels as an
external driver (Hope et al., 2005).

5.2. Kutai peat domes

5.2.2. Peat accumulation rates
Initially the Kutai peatlands grew rapidly, apparently in
response to the post-glacial rise in sea-level and related aggradation of the Mahakam ﬂuvial system. The decline in peat accumulation rates since w6800 cal BP may have been driven by
stabilisation of sea-levels. The correspondence of the mean Holocene peat accumulation rate of the Kutai domes with those of
coastal peat domes must be coincidental.
5.2.3. Late Holocene peat degradation
In the Kutai peatlands anthropogenic peat ﬁres occurred during
the Late Holocene and increased in frequency from w1500 cal BP
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onward (Hope et al., 2005). Recurrent human induced ﬁres related
to the establishment of ﬁshing grounds (Chokkalingam et al., 2005)
led to substantial truncation of several peat proﬁles studied by
Hope et al. (2005), probably within the past few centuries or even
decades.
5.3. Coastal peat domes
5.3.1. Holocene development
The number of coastal peat dome sites steeply increased
between w7500 and w4000 cal BP (Fig. 3). Peat domes developed
on marine clay and mangrove deposits of river deltas and coastal
plains (e.g. Anderson and Muller, 1975; Supiandi, 1988; Cobb and
Cecil, 1993; Staub and Esterle, 1994; Sumawinata, 1998). Whereas
mangroves have been present in the study area since the Early
Holocene (Yulianto et al., 2004b, 2005), they became widespread
only when the rate of rising sea-levels diminished between w8000
and 7000 cal BP (cf. Woodroffe et al., 1985; Horton et al., 2005) and
mangrove sediment accumulation could keep up with slowly stabilising sea water levels (cf. Ellison and Stoddart, 1991; Woodroffe
and Davies, 2009). Extensive mangrove forests existed between
w7000 and w4500 cal BP in the south-east Asian deltas that are
now blanketed by peat domes (Woodroffe, 2000).
When the rate of sea-level rise markedly slowed down from
w7000 cal BP onward (Fig. 3; Hesp et al., 1998; Bird et al., 2007), the
acid mangrove sediments provided a vast ﬂat substrate for coastal
peat dome development (Anderson, 1964, 1983; Bruenig, 1990;
Sumawinata, 1998; Yulianto et al., 2005; Page et al., 2006). At the
same time precipitation rose to its Holocene maximum and El Niño
activity was still low (Fig. 3).
After the highstand of Holocene sea-level around 5000 cal BP
(Fig. 3), sea-level fell slightly due to hydro-isostatic adjustment of
the Sunda Shelf (Hesp et al., 1998; Horton et al., 2005). With falling
sea-levels and continued sedimentation in deltaic and estuarine
settings, peat swamps progressively spread seaward from
w5000 cal BP until the present (cf. Staub and Esterle, 1993, 1994;
Staub and Gastaldo, 2003; Sumawinata, 1998; Woodroffe, 2000;
Woodroffe and Davies, 2009). Furthermore, lower sea-levels
exposed sandy beach ridges that were directly colonised by peat
swamps and also mud ﬂats that were ﬁrst covered by mangroves
(cf. Cameron et al., 1989; Bruenig, 1990; Neuzil, 1997).
5.3.2. Peat and carbon accumulation rates
Prior to 5000 cal BP, the mean peat accumulation rate of coastal
peat domes was w1.7 mm yr 1 (w75 g C m 2 yr 1), well above the
contemporaneous rate of Central Kalimantan domes (Fig. 3). The
peak in mean peat accumulation (2.5 mm yr 1, 107 g C m 2 yr 1) at
around 4800 cal BP coincides with the highstand in Holocene sealevel and the rainfall maximum over northern Borneo. This
concurrence suggests that sea-level and precipitation are important forcing mechanisms for coastal peat dome development. High
sea-levels decrease the hydraulic gradient in the landscape and
together with the high levels of precipitation would have enabled
formation of highly elevated water table mounds within interﬂuvial divides and other settings (Glaser et al., 2004). Persistent
saturated conditions near the peat surface would have increased
peat accumulation by reducing aerobic decay (cf. Belyea and
Malmer, 2004), leading to the growth and coalescence of peat
domes. High peat accumulation rates prevailed until 3400 cal BP
when both sea-levels and precipitation were past their Holocene
maximum (Fig. 3).
The subsequent reduction in peat accumulation to w1.6 mm yr 1
(69 g C m 2 yr 1) is most likely related to higher decomposition
rates under a less humid climate. The mean peat accumulation
remained rather steady at this rate over the past three millennia,
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suggesting a weak impact of higher Late Holocene ENSO variability
on coastal peat domes.
Individual proﬁles from coastal peat domes show either relatively constant or slightly decreasing rates of peat accumulation
over time (i.e. linear or convex age-depth curves, Fig. 2). Yu et al.
(2003) report a convex peat growth pattern for a boreal fen and
attribute it to internally driven isolation from the regional
groundwater table and resulting reduction in plant productivity.
The convex age-depth curves of tropical peat domes could similarly
be ascribed to the reduction in biomass productivity (Tie and
Esterle, 1992) as the swamp forest succession proceeded from
highly productive mixed swamp forests to nutrient limited, less
productive open Padang forests (e.g. phasic community VI: Combretocarpus-Dactylocladus association, Anderson, 1983). This
successional pathway in the development of peat swamp forests
and an associated reduction in peat accumulation were described
by Anderson (1961, 1983) and Anderson and Muller (1975), but its
general applicability to tropical peatlands has yet to be conﬁrmed.
The reduction in peat growth rates could also be externally ﬁxed
because the width of an interﬂuvial divide would at some point
limit the maximum height of the water table mound that supports
a peat dome (cf. Ingram, 1982; Glaser et al., 2004). Both the linear
and the somewhat convex age-depth relations seem to contradict
Clymo’s theoretical model of peat growth (Clymo, 1984, 1992),
which may apply to European peatlands (Clymo et al., 1998).
According to this model continued anaerobic decomposition of
peat strata results in concave age-depth curves. Anaerobic
decomposition of the recalcitrant tropical peat may prove to be
very low, however (Couwenberg et al., 2010).
5.3.3. Late Holocene peat degradation
All truncated coastal proﬁles are from peatlands clearly
disturbed by modern human activities, such as selective logging
and agriculture with associated drainage and ﬁre (Supiandi and
Furukawa, 1986; Diemont and Supardi, 1987a; Supiandi, 1988;
Supardi et al., 1993; Furukawa, 1994; Neuzil, 1997). Intense, widespread ﬁres became common in association with non-traditional
land use (Andriesse, 1988) and escalated in recent decades (Siegert
et al., 2001; Goldammer, 2007). A typical peat ﬁre burns more than
30 cm deep and releases w26 kg C m 2 (Ballhorn et al., 2009;
Couwenberg et al., 2010), which corresponds to centuries of accumulation. Ongoing oxidative peat losses after drainage commonly
amount to w4.5 cm yr 1 (1250 g C m 2 yr 1) and decades of
drainage also lead to substantial losses (Couwenberg et al., 2010).
Climate-driven peat degradation can thus be ruled out as a cause of
truncation of coastal peat domes.

5.4. Comparison coastal vs. inland Central Kalimantan peat
accumulation
Whereas inland Central Kalimantan peat domes are markedly
affected by Late Holocene changes in sea-level and climate, coastal
peat domes exhibit continued high peat accumulation rates. Even
though coastal peat domes were the latest to develop, some domes
accumulated up to 4 m more peat than the deepest deposits of
Central Kalimantan (Fig. 2). The time weighted mean Holocene peat
accumulation rate of coastal sites is three times higher than that of
inland Central Kalimantan peat domes (Table 4, Fig. 3).
In contrast to the inland Central Kalimantan and Kutai sites,
coastal sites included in this study occur under permanently humid
rainfall regimes with low seasonality (cf. Schmidt and Ferguson,
1951; Aldrian and Susanto, 2003), which may explain why coastal
sites were not markedly inﬂuenced by sea-level fall, reduced
precipitation and increased El Niño intensity. In fact, an ENSO
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Table 5
Comparison of regional overviews on mean peat and carbon accumulation rates of
raised bogs.
Region

SE-Asia
Central
Kalimantan
Coastal

Finland
Russia

a

b

Canada, USA
a
b
c

Method

N
(sites)

Peat
accumulation
rate
(mm yr 1)

Carbon
accumulation
rate
(g m 2 yr 1)

Reference

Timeweighed
average
Timeweighed
average
LORCAc

11

0.54

31.3

This study

14

1.77

77.0

This study

> 500

e

20.8

e

0.34

38.1

32

0.55

26

Turunen
et al., 2002
Botch
et al., 1995
Gorham
et al., 2003

LORCA

c

LORCA

c

Only Pine forested bogs.
Including some fens.
LOng-term apparent Rate of Carbon Accumulation.

inﬂuence on rainfall variability is presently weak in the coastal
regions included in this study (cf. Aldrian and Susanto, 2003).
In inland Central Kalimantan the seasonal climate setting in
combination with falling sea-levels no longer seems to be conducive for peat accumulation. External stress apparently surpassed
inherent feedback mechanisms that formerly sustained peat dome
growth (cf. Dommain et al., 2010).
5.5. Peat carbon sequestration
Tropical swamp forest peats contain signiﬁcant amounts of
hard wood (Polak, 1933; Driessen and Rochimah, 1976; Andriesse,
1988; Supardi et al., 1993; Esterle and Ferm, 1994; Wüst et al.,
2003). The bulk density of these swamp forest hardwoods can be
considerable and reach values near 1 g cm 3 or more (e.g. Aglaia
rubiginosa, Dryobalanops rappa, Koompassia malaccensis, Palaquium cochleariifolium, Shorea balangeran; ICRAF, 2002). The
published peat bulk densities all derive from peat cores taken with
coring devices (e.g. Russian peat sampler, Dachnowski sampler,
Eijkelkamp sampler) that are unable to penetrate and recover
dense wood layers. In our experience it is often impossible to
retrieve a core from one single borehole due to the presence of
wood (see also e.g. Anderson, 1964; Polak, 1975; Esterle and Ferm,
1994; Shimada et al., 2001). Dry bulk densities thus may have been
underestimated in many cases. On the other hand, the coarse wood
in the peat may create an open matrix with voids or holes from
which hardly solid material can be recovered (cf. Driessen and
Rochimah, 1976; Sumawinata et al., 2008). Such voids are often
discarded in calculations of bulk densities, which may again lead to
overestimations (Sumawinata et al., 2008). In view of the uncertainties in the available bulk density and carbon content
measurements, the carbon accumulation rates presented here for
Central Kalimantan and the coastal peat domes should be regarded
as tentative.
With a time weighted mean Holocene carbon sequestration
rate of 77.0 g C m 2 yr 1 coastal peat domes show a much stronger
long term carbon-sink capacity than Central Kalimantan sites.
Mean Holocene peat and carbon accumulation rates of peat domes
in Central Kalimantan are similar to those of boreal raised bogs
(e.g. Turunen et al., 2002; Gorham et al., 2003), whereas those of
coastal peat domes are more than twice as high (Table 5). The high
carbon sequestration rate of coastal peat domes can be linked to
the absence of a seasonal dormancy in biomass production, the
woody nature of the peat and the permanently wet climate. The

high lignin content of the peat (64e93%; Hardon and Polak, 1941;
Sabiham, 2010) substantially inhibits anaerobic decomposition as
indicated by the currently low methane emissions (Couwenberg
et al., 2010). South-east Asian coastal peat domes are spatially
the most effective terrestrial ecosystems in sequestering carbon on
a millennial time scale.
6. Conclusions
This study identiﬁes three geographically distinct types of
peat swamp domes in the lowlands of the western Malay
Archipelago: the peat domes of a) inland Central Kalimantan, b)
the Kutai basin and c) coastal plains that clearly differ in terms of
underlying substrate, timing of peatland initiation, peat accumulation rates and drivers of peat degradation. Peat dome
formation and peat accumulation rates were primarily controlled
by post-glacial sea-level changes over the Sunda Shelf and
changes in rainfall and monsoon intensity. The post-glacial sealevel transgression was the main driver for peat dome formation
in Central Kalimantan, whereas the Mid-Holocene sea-level
stagnation and following regression was the main driver for
coastal peat dome development as it led to extensive new land
availability. In the Kutai basin peat formation and rates of peat
accumulation were controlled by accretion rates of the Mahakam
River and were seemingly independent of climate. The rate of
peat accumulation in Central Kalimantan responded sensitively
to increased Late Holocene El Niño activity. Present regional
differences in seasonality and ENSO impact indicate a climatologic explanation for in the continued high Late Holocene peat
accumulation rates of coastal peat domes. Coastal peat domes
can essentially be considered the most effective carbon sequestering ombrotrophic peatlands worldwide.
The presented carbon sequestration rates may have to be corrected when more representative cores become available, e.g.
through the use of modiﬁed piston corers that can recover dense
wood layers (Wright et al., 1984). Until then, it will remain unclear
in how far current estimates of total carbon content of tropical
peatlands apply. Future palaeo-ecological studies of tropical peatlands should couple palaeobotanical and charcoal analyses with
measurements of geochemical proxies, thorough bulk density
determinations and rigorous dating applications in order better to
reconstruct ecosystem-climate interactions and to arrive at swamp
forest type speciﬁc carbon sequestration rates. More high-resolution, terrestrial palaeoclimate records from the Malay Archipelago
are required to unravel past regional differences in moisture variability, particularly ENSO impact.
Whereas the inland peat domes of Central Kalimantan may not
be sequestering peat even if undisturbed, they rightly receive much
attention as hotspots of anthropogenic greenhouse gas emissions.
Fires and ongoing peat degradation after drainage result in carbon
losses that are one to two orders of magnitude larger than mean
Holocene accumulation rates. The stronger seasonality and ENSO
intensity make Central Kalimantan and Kutai basin peat domes
more vulnerable to land use activities, stressing the importance of
adequate conservation and restoration measures. Considering the
rapid and widespread destruction of coastal peat swamps an urgent
need exists to focus on stringent protection of the remaining
coastal peat swamps in south-east Asia for biodiversity conservation and climate change mitigation/adaptation. Coastal peat domes
have shown resilience to dry El Niño spells and falling sea-levels
and their palaeo-archives may provide crucial information on their
response to expected changes in these external drivers. Climate
models predict longer and more intense dry seasons and more
frequent El Niños for major parts of the study area (Li et al., 2007).
Such changes will promote further carbon losses from drained

43

Late Quaternary Carbon Cycling of Southeast Asian peatlands - Paper I

1008

R. Dommain et al. / Quaternary Science Reviews 30 (2011) 999e1010

peatlands if sufﬁcient conservation management measures are not
implemented.
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Peatlands have been recognised as globally important carbon sinks over long timescales that produced a
global, net-climatic cooling effect over the Holocene. However, little is known about the role of tropical
peatlands in the global carbon cycle. We therefore determine the past rates of carbon storage and release
in the Indonesian peatlands of Kalimantan and Sumatra e the largest global concentration of tropical
peatlands e since 20 ka (kiloannum before present). Using a novel GIS (geographic information system)
approach we provide a spatially-explicit reconstruction of peatland expansion in a series of paleogeographic maps.
Sea-level change is identiﬁed as the principal driver for peatland formation and expansion in western
Indonesia as it controls both atmospheric moisture supply and the hydrological gradient on the islands.
Initiation of inland peatlands in Kalimantan was coupled to periods of rapid deglacial sea-level rise with
rates of over 10 mm yr 1 whereas coastal peatlands could only form after 7 ka when the rate of sea-level
rise had slowed to 2.4 mm yr 1. Falling sea levels after 5 ka led to rapid peatland expansion in coastal
lowlands and a doubling of the total peatland area in western Indonesia to 131,500 km2 between 2.3 ka
and 0 ka. As a result of slow peatland expansion from 15 to 6 ka and rapid expansion afterwards the rate
of annual carbon storage of all western Indonesian peatlands remained <1 Tg C yr 1 until 6 ka and then
increased to 7.2 Tg C yr 1 by 0 ka. Associated with this rise in carbon storage was an exponential growth
of the peat carbon pool from 0.01 Pg C by 15 ka to 23.2 Pg C at present, of which 70% is stored in coastal
peatlands. In inland Kalimantan peatlands, falling sea levels together with increased El Niño activity
induced an annual carbon release of 0.15 Tg C yr 1 from aerobic peat decay since 2 ka. Cumulative carbon
losses from anaerobic decomposition do not seem to limit peat bog growth in the tropical peatlands of
Indonesia. Carbon losses from Holocene peat ﬁres are only known from the Kutai basin since 4.4 ka with
an associated release of 0.1e3.6 Tg C per ﬁre event, which never surpassed the contemporaneous annual
C storage. The peatlands of western Indonesia were thus a persistent carbon sink since 15 ka but this sink
was of global importance only over the past 2000 years when it likely contributed to a slower growth in
atmospheric CO2 concentrations. Currently, annual losses of carbon from peat drainage and ﬁres are on
average 28 times higher than the pre-disturbance rate of uptake implying that this carbon reservoir has
recently switched from being a net carbon sink to a signiﬁcant source of atmospheric carbon and is
currently in danger of eradication.
Ó 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
Tropical peatlands are an integral part of the Earth’s terrestrial
biosphere and have been an important component of the global

* Corresponding author. Tel.: þ 49 3834 864177; fax: þ 49 3834 864114.
E-mail address: rene.dommain@gmx.de (R. Dommain).

carbon cycle since the Middle Paleozoic as indicated by continental
coal deposits (Berner, 2003; Greb et al., 2006). Coal reservoirs are
generally derived from peat deposits produced by swamp forests, in
which woody material only partially decomposes in a waterlogged
setting (Hedges et al., 1985). The equatorial peatlands of Indonesia,
Malaysia, and Brunei (Southeast Asia, Fig. 1) are generally
considered to represent important modern analogues for past coal
forming environments (Cobb and Cecil, 1993).
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Fig. 1. Peatland distribution in the Sunda-region. Black areas represent the lowland peatlands of western Indonesia, dark grey areas peatlands in Malaysia, Brunei and Thailand.
Locations of basal peat dates are marked by yellow dots. Locations of carbon accumulation records from western Indonesia are marked by green squares and numbered: 1)
Sebangau, 2) Palangka Raya, 3) Teluk Keramat, 4) Siak Kanan. The eddy ﬂux tower site of Hirano et al. (2007, 2012) is marked by a red triangle and the paleoclimate proxy sites of
Partin et al. (2007) in northern Borneo and Tierney et al. (2012) off Sulawesi by pink diamonds.

Peatlands are known from equatorial Southeast Asia since the
Paleocene, with the ﬁrst ombrotrophic peat formations developing
in the Late Oligocene (Morley, 2012, 2013). Domed peatlands were
widespread in the Miocene and pollen records of their coal deposits
reﬂect ﬂoristic assemblages strikingly similar to modern peat
swamps of Southeast Asia (Anderson and Muller, 1975; Moore and
Hilbert, 1992; Demchuk and Moore, 1993; Morley, 2012, 2013).
Modern peat swamp forests are thus an ancient ecosystem that has
been an element of Southeast Asia’s vegetation for 15e20 million
years (Morley, 2012, 2013). During the Cenozoic, Southeast Asian
peat swamp forests have effectively transferred carbon from the
atmosphere into terrestrial peat deposits, which in certain tectonic
settings were eventually buried and preserved within the geologic
rock reservoir. The modern peatlands of Indonesia therefore provide a unique, but rapidly disappearing opportunity to study the
inﬂuence of peat swamp forests, as analogues of ancient coal
forming ecosystems, on the global carbon cycle over millennial
timescales.
Approximately half of all known tropical peatlands and 84% of
those in Southeast Asia are located in Indonesia (Page et al., 2011).
Indonesian peatlands are relatively young geologic deposits that
mostly originated during the past 14,000 years (Dommain et al.,
2011), but spatially and temporally explicit information on their
origin and development is rare. Currently, estimates are only
available for 1) the current carbon pool that is stored in Indonesian peatlands, 2) the age of initiation for selected peatlands and
3) the past rates of peat accumulation for an even more limited
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number of sites. A more detailed spatial and chronological context
to these estimates is needed to understand how the carbon ﬂuxes
and the build-up of the carbon pool in Indonesian peatlands were
affected by changes in sea level, climate, and paleo-drainage
networks.
Sea level has been invoked as an important driver for the formation of Southeast Asian peatlands during the Cenozoic
(Dommain et al., 2011; Morley, 2012). Dommain et al. (2011) suggested that both the rise and subsequent fall in sea level during the
Holocene induced peatland initiation across western Indonesia,
Malaysia, and Brunei. Moreover, sea-level changes over the Sunda
Shelf seem to be particularly important in regulating the regional
moisture availability on glacialeinterglacial timescales (DiNezio
and Tierney, 2013). However, a more quantitative approach is
needed to determine the inﬂuence of sea-level changes on the
spatial expansion of peatlands in Indonesia and to identify potential thresholds that trigger their initiation.
The carbon balance of tropical peatlands also seems to be
strongly inﬂuenced by rainfall seasonality, including variability in
the El Niño-Southern Oscillation (ENSO), as shown by modern
carbon ﬂux studies (Hirano et al., 2007, 2012). However, no general
understanding exists on how rainfall and other climate factors
inﬂuenced the long-term carbon balance of tropical peatlands.
Because Indonesian peatlands are generally dome-shaped landforms that solely rely on atmospheric sources of water (Dommain
et al., 2010) their peat layers should preserve a sensitive record of
the carbon cycling responses to past climatic changes.
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Peatlands are believed to be important in the global carbon cycle
as signiﬁcant long-term sinks of atmospheric CO2 (Frolking and
Roulet, 2007; Kleinen et al., 2010; Yu, 2011). Whereas the age of
peatland initiation across western Indonesia is fairly well known,
reliable estimates of past areal peatland extent are thus far lacking.
Without reliable data of peatland expansion the role of tropical
peatlands in regulating atmospheric concentrations of CO2 since
the last deglaciation cannot be accurately assessed.
In this paper we explore the importance of deglacial sea-level
changes for peatland development by specifying spatio-temporal
patterns of peatland initiation and by quantifying their expansion in relation to past sea levels. We illustrate these relationships
in a series of paleogeographic maps in millennial time slices.
Furthermore, the paper addresses the importance of past changes
in temperature, rainfall supply, and seasonality, including variations in ENSO, for long-term peatland carbon accumulation. In
order to clarify the role of Indonesian peatlands in the global
carbon cycle during the Holocene we quantify rates of carbon
storage and the changing size of the Indonesian carbon pool over
time. We speciﬁcally relate changes in carbon storage of Indonesian peatlands to past variations in atmospheric CO2 concentration. As a last point, we compare ongoing carbon losses from peat
ﬁres and from peat decomposition with natural carbon storage in
order to address the question whether Indonesian peatlands still
function as a carbon sink and thus as a potential coal-forming
environment.
2. Study region
This study focuses on the lowland peatlands of western
Indonesia, which occur on the island of Sumatra and the Indonesian
part of the island of Borneo known as Kalimantan. Both islands are
part of the continental Sunda Shelf and formed a coherent land
mass with mainland Asia during the Last Glacial Maximum (26.5e
19 ka; kiloannum ¼ 1000 calibrated years before present, where
present is 1950) when sea levels were around 120 m lower than
today (Fig. 1).
The Indonesian archipelago lies in the heart of the Indo-Paciﬁc
Warm Pool (IPWP), a global center of atmospheric deep convection (Yan et al., 1992). Due to year-round high sea-surface temperatures (SST) of over 28  C convective activity is high, resulting in
annual rainfall of between 2 and 4 m (Aldrian and Susanto, 2003).
The climate is governed by the cross-equatorial Austral-Asian
monsoon system, the Intertropical Convergence Zone (ITCZ), and
the Walker circulation. The seasonal cycle in insolation affects the
direction and strength of monsoon circulation and the position of
the Intertropical Convergence Zone during the year. Interannual
variability in precipitation over western Indonesia is signiﬁcantly
correlated to the El Niño-Southern Oscillation (ENSO; Hendon,
2003) and particularly in Sumatra also strongly inﬂuenced by the
Indian Ocean Dipole (IOD) (Saji et al., 1999). El Niño events and/or
positive IOD modes cause prolonged episodes of extreme rainfall
deﬁcit and mark the major episodes of human induced peat and
forest ﬁres today (van der Werf et al., 2008; Field et al., 2009).
Indonesia has a diurnal climate (Tageszeitenklima sensu Troll, 1943),
in which daily temperature ﬂuctuations exceed annual ﬂuctuations
considerably. Mean monthly temperatures are high and vary between 26 and 27  C.
The vast majority of peatlands in Indonesia are restricted to
lowlands with elevations of less than 50 m above sea level (a.s.l.).
Peat covered land forms in these lowlands are generally coastal
alluvial plains and prograding river deltas of Holocene age. Such
land forms have their greatest concentration along the east coast
of Sumatra and the south and west coast of Kalimantan (Fig. 1).
Besides in this coastal region, lowlands containing substantial

areas of peatland also occur in inland Kalimantan. The Upper
Kapuas basin with an elevation of 25e50 m a.s.l. in West Kalimantan (Anshari et al., 2001, 2004; ca 180 km inland) and the
Kutai basin with elevations of less than 5e25 m a.s.l. in East
Kalimantan (Hope et al., 2005; ca 120 km inland; Fig. 1) are both
characterized by a mosaic of ﬂoodplain lakes and minero- and
ombrotrophic peatlands. In southern Kalimantan between 30 and
80 km from the coast the coastal alluvial plain grades into a
sandy Pleistocene podzol plain that is draped with domed peatlands up to 230 km inland. This peat covered podzol plain with
an altitude of 5e50 m a.s.l. is the peatland region of inland
Central Kalimantan (Dommain et al., 2011, Fig. 1). Sieffermann
et al. (1987, 1988) called the central elevated interﬂuves of this
region “high peat” and the adjacent peat ﬁlled river valleys “basin
peat”.
Based on this geographic pattern of peatland distribution we
distinguished ﬁve peatland regions of western Indonesia: 1) coastal
peatlands of Sumatra, 2) coastal peatlands of Kalimantan, 3) inland
peatlands of Central Kalimantan, 4) inland peatlands of the Kutai
basin, and 5) inland peatlands of the Upper Kapuas basin. Peatlands
of the two coastal regions have similar basal ages and nearly
identical long-term rates of peat accumulation (Dommain et al.,
2011). The inland peatland regions differ markedly with respect
to age, mode of origin, underlying substrate and long-term rates of
peat accumulation from the coastal peatland regions (Anshari et al.,
2001; Dommain et al., 2011).
The lowland peatlands of Indonesia are covered with peat
swamp forest that on ombrotrophic peat domes is arranged into
concentric forest communities (Anderson, 1983; Bruenig, 1990).
Indonesian peat swamp forests are ﬂoristically very diverse in
comparison to northern peatlands. For example, Simbolon and
Mirmanto (2000) report 310 plant species from Central Kalimantan peat swamp forests and Brady (1997a) lists 144 tree species
from peat swamp forests of Sumatra. The aboveground woody
biomass of Bornean peat swamp forests ranges between ca 260 and
400 t ha 1 (Verwer and van der Meer, 2010).
3. Materials and methods
3.1. Late-Quaternary sea level and paleo-drainage reconstructions
of the Sunda Shelf
We reconstructed changes in land-sea distribution on the
Sunda Shelf in a series of maps at 1000 year intervals from the end
of the Last Glacial Maximum (21 ka) to the present (0 ka). This
reconstruction is based on the most recent sea-level curve for the
Sunda Shelf by Hanebuth et al. (2011; shown in Fig. 7) and the
bathymetric and topographic ETOPO 1 Global Relief Model (http://
www.ngdc.noaa.gov/mgg/global/global.html). ETOPO 1 has a horizontal resolution of one arc minute (ca 1.85 km at the equator) and
a vertical resolution of one metre (Amante and Eakins, 2009).
Erosion and especially sedimentation will have changed the sea
ﬂoor topography of the Sunda Shelf since the Late Pleistocene, but
measured sedimentation rates on the open Sunda Shelf are
generally quite low (w10 cm ka 1, Hanebuth and Stattegger, 2003;
Hanebuth et al., 2011). Moreover, post-glacial crustal movement is
minimal for the Sundaland core (Tjia, 1996). Therefore assigning
past sea levels to the modern bathymetric contours provides a
reasonable approximation of the Lateglacial and Holocene extent
of exposed land surfaces (Voris, 2000; Sathiamurthy and Voris,
2006; Hanebuth et al., 2011; Hall, 2012). Based on the ETOPO1
digital relief model we modelled the paleo-river network and
paleo-drainage basins of the exposed shelf and adjacent uplands
using the hydrology tool box of ArcMap 10.1 (ESRI, 2011). The
modern land surface is visualized with Shuttle Radar Topography
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Mission (SRTM) data with 90 m horizontal and 1 m vertical
resolution.
3.2. Reconstructing areal peatland expansion
We reconstructed the origin and expansion of peatlands for the
modern land area of Sumatra and Kalimantan (i.e. Indonesian
Borneo) since 20 ka at intervals of 1000 years. These reconstructions are based on the GIS versions of the Wetlands International peat atlas for Sumatra (Wahyunto et al., 2003) and
Kalimantan (Wahyunto et al., 2004). These two GIS atlases contain
polygons (n ¼ 2669) mapping the distribution, extent (area) and
depth of peatland as well as peat type and physico-chemical peat
properties for each district of Sumatra and Kalimantan (Wahyunto
and Suryadiputra, 2008). We discarded 47 polygons covering
<10 km2 located at high altitudes. The atlas for Sumatra distinguishes four classes of peat depth, viz. 50e100 cm, 100e200 cm,
200e400 cm and >400 cm, whereas the atlas for Kalimantan distinguishes ﬁve classes (viz. 50e100, 100e200, 200e400, 400e800
and 800e1200 cm) (Wahyunto and Suryadiputra, 2008). Each
polygon represents a spatially distinct area that falls into a single
peat depth class.
Using ArcMap 10.1, the extent and depth of the peatland polygons
of the atlases were updated with digitized versions of maps published by Sieffermann et al. (1988), Brady (1997a), Hope et al. (2005),
Wösten et al. (2006) and Jaenicke et al. (2008) and checked against
recent Landsat imagery. In addition, we used ﬁeld data collected by
Wetlands International e Indonesia Programme and R. Dommain in
Central Kalimantan and Sumatra in 2008 and 2010.
The basal age of the mapped polygons was determined in two
ways. First, available basal radiocarbon dates for Indonesian peatlands (Dommain et al., 2011; with additional dates from: Diemont
and Pons, 1992; Brady, 1997a; Hope et al., 2005) were georeferenced and added to the peatland map. In ArcMap 10.1 we then
assigned the calibrated basal radiocarbon ages (n ¼ 54, Fig. 1) to
respective peatland polygons (covering 15% of the total peatland
area). Second, the basal age of the remaining, undated polygons was
calculated by dividing the peat depth with the mean long-term rate
of peat accumulation published in Dommain et al. (2011). Applied
rates of peat accumulation take into account the following regional
differences between the existing lowland peatland types: 1)
1.77 mm yr 1 for coastal Sumatra and Borneo (Kalimantan and
Malaysian Sarawak), 2) 0.54 mm yr 1 for inland Central Kalimantan,
3) 1.89 mm yr 1 for the Kutai basin, and 4) 0.46 mm yr 1 for the
Upper Kapuas basin. The latter rate was determined by averaging
the peat accumulation rates from the dated peat cores of Anshari
et al. (2001, 2012). In other words, we applied regionally speciﬁc
transfer functions to derive a basal age for each undated polygon.
Given that the Wetlands International peat atlas provides only
depth classes for each polygon, we tested which speciﬁc depth
(minimum, mean, maximum of the class) yields the most likely age.
To this end we applied the transfer functions to the dated polygons
and compared the resulting age estimates with the actual radiocarbon dates. This comparison showed that the maximum depth of
the depth classes provided the best age estimates for coastal
peatlands, the Kutai basin and the Upper Kapuas basin. The mean
depth provided the best age estimate for inland Central Kalimantan. Some polygons from Central Kalimantan that lack basal
radiocarbon ages are apparently truncated as indicated by (old)
near-surface radiocarbon dates. To estimate their basal age we
applied the regional transfer function and added the result to the
available near surface age. Within each peatland region, all undated
polygons with the same peat depth class are assigned the same
basal age and the reconstructed peatland expansion is inevitably
stepwise.
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3.3. Reconstructing carbon storage
3.3.1. General considerations
Dommain et al. (2011) estimated mean rates of Holocene carbon
accumulation in coastal Sumatra and Borneo to be 77 g C m 2 yr 1,
in contrast to 31.3 g C m 2 yr 1 in inland Central Kalimantan. To
estimate carbon accumulation rates (CAR) for the Kutai basin for
which data on dry bulk density and carbon content for peat are still
not available (G. Hope, pers. com.), we applied a carbon density of
0.064 g C cm 3 based on previously analysed cores from inland
Bornean peatlands in Central Kalimantan (Dommain et al., 2011)
and Danau Sentarum/Upper Kapuas (Warren et al., 2012). We then
multiplied this carbon density with previously published rates of
peat accumulation from Kutai (Hope et al., 2005; Dommain et al.,
2011). For the Upper Kapuas basin we determined the regional
mean CAR by averaging cores A and B of Anshari (2010) (with 14C
dates from Anshari et al., 2012) and core HN3 of Anshari et al.
(2001). A mean carbon density of 0.066 g C cm 3, taken from
Warren et al. (2012), was used for the latter core.
A mean rate of carbon accumulation was determined for each
millennium for each of the ﬁve peatland regions by averaging
annual rates. Determining carbon accumulation rates for the most
recent millennium is not trivial, because the surface of a peat proﬁle
(where the age is 0 ka) is not necessarily equivalent to the ground
surface, but is instead located at some depth beneath the ﬂoor of the
peat swamp forest. The base of the trees in these tropical swamp
forests forms an interlocking continuum with the roots that can
extend over a metre below the apparent land surface depending
upon the depth of the water table (Furukawa, 1988, 1994). In order
to compare CAR for the most recent millennium with that of the
preceding millennia we disregarded the upper living root mat.
For coastal Sumatran peatlands, Brady (1997a, b) determined the
thickness of the living root mat by radiocarbon dating and consistently found modern radiocarbon ages from 10 to 20 cm depth and
pre-1950 radiocarbon ages for depths below 30 cm. In order to avoid
overestimating recent carbon accumulation we assumed that the
modern peat surface (i.e. 0 ka) is located at a depth of 30 cm for coastal
and Kutai basin sites. In inland Central Kalimantan the root mat-peat
interface is substantially deeper owing to the generally lower water
table in these peatlands (e.g. Moore et al., 1996; Hirano et al., 2012). As
a result peatlands from inland Central Kalimantan have modern
calibrated radiocarbon ages down to a depth of w1 m below the
surface (Weiss et al., 2002; Page et al., 2004; Wüst et al., 2008). For
three inland Central Kalimantan peat proﬁles we rejected the modern,
uppermost radiocarbon dates and extrapolated the peat accumulation rate derived from the two preceding (non-modern) radiocarbon
dates to establish the 0 ka depth level. This level was located at 79, 96
and 105 cm below the ground surface respectively.
3.3.2. Carbon accumulation in individual peatlands
Detailed records of organic matter and carbon accumulation
rates (CAR) from western Indonesian peatlands have been reported
for four sites by Diemont and Supardi (1987a), Neuzil (1997), and
Page et al. (2004); summarized in Dommain et al. (2011) (Fig. 1). We
re-calculated annual CAR from these records after re-calibrating all
radiocarbon dates with the IntCal 09 calibration curve (Reimer
et al., 2009) in Calib 6.0.1 and by using the weighted averages of
the probability distribution functions as point age estimates
(Telford et al., 2004). The annual CAR of each proﬁle was summed to
determine cumulative carbon mass accumulation (in Mg C ha 1,
Mg ¼ megagram ¼ 106 g, equal to one metric tonne).
3.3.3. Carbon storage
We deﬁne carbon storage as the rate of annual carbon accumulation integrated over area. Rates of carbon storage were
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determined in units of Tg C yr 1 (Tg ¼ teragram ¼ 1012 g, equal to
one megatonne) for the three inland peatland regions, coastal
Sumatra and coastal Kalimantan, and all of western Indonesia. First,
carbon storage was calculated for single peatlands for which records of CAR (n ¼ 6) or rates of peat accumulation along with mean
values of carbon density (n ¼ 26) were available (covering 13% of
the total peatland area). Second, for all remaining peatlands we
used 1000 year mean values of CAR for each region (Table 1).
Multiplying past rates of carbon accumulation with contemporaneous extent of peat cover yielded past rates of carbon storage per
site. For each peatland region we derived annual rates of carbon
storage as the sum of all site speciﬁc values.
Summing up the total annual rates of carbon storage since the
ﬁrst peatland formed yields the current carbon pool. The size of the
peat carbon pools (in Pg C ¼ petagram ¼ 1015 g, equal to one gigatonne) is reported for each peatland region and for all of western
Indonesia for the end of each millennium since 15 ka (Table 1,
Fig. 4).

cores (n ¼ 8) from undrained sites in inland Central Kalimantan are
truncated with near surface (0e120 cm) ages of between w7.5-to-5
ka (Dommain et al., 2011). Truncated proﬁles with surface ages of
5.2 and 6.5 ka have also been reported from the Nung peat domes of
the Upper Kapuas basin (n ¼ 2, Anshari et al., 2012). Sieffermann
et al. (1988) proposed that the truncated peatlands of Central
Kalimantan continued to accumulate peat until about 2 ka and have
since that time constantly lost surface peat. Following this hypothesis we estimated additional carbon accumulation from the
truncation age of each core until 2 ka by applying the contemporaneous mean CAR from Central Kalimantan or the Upper Kapuas
basin, respectively. After 2 ka all of this additional carbon is
assumed to be gradually released at a constant rate. All truncated
Central Kalimantan proﬁles are located within the “high peat” area
of Sieffermann et al. (1987, 1988). We therefore assumed that all
polygons with truncated proﬁles of the high peat area of Central
Kalimantan and from the Upper Kapuas basin have released carbon
since 2 ka.
Truncated, burnt peat proﬁles have been reported from the
Kutai basin that are now overlain by clayey lake or ﬂoodplain
sediments (Diemont and Pons, 1992; Hope et al., 2005). Based on
recent observations (Wösten et al., 2006; van Eijk et al., 2009), we
conservatively assumed that 1 m of peat was lost from these
truncated proﬁles due to recurrent ﬁres to create permanently
ﬂooded conditions. We then estimated the time required for one
metre of peat to accumulate based on the peat accumulation rates
calculated for these peatlands prior to truncation. This time interval

3.4. Reconstructing carbon release
During the Late Holocene, peatlands in inland Borneo apparently lost surface peat by both peat ﬁres and climatically-driven
peat decomposition (Hope et al., 2005; Dommain et al., 2011).
Reconstructing past rates of carbon release from these sources is
challenging because the chronology and magnitude of degradation
are difﬁcult to resolve from stratigraphic proﬁles. A number of peat

Table 1
Changes in peatland area, carbon accumulation rates, rates of regional carbon storage and release, and of sizes in carbon pools in western Indonesia.
Peatland region

Age (ka)
0

1

2

3

4

Area (1000 km2)
1000 yr mean CAR
(g C m 2 yr 1)
C storage (Tg C yr 1)
C release (Tg C yr 1)
C pool (Pg C)

17.88
18.15
0.25
0.14
3.83

0.23
0.14
3.73

0.33

0.25

3.67

3.35

Area (1000 km2)
1000 yr mean CAR
(g C m 2 yr 1)
C storage (Tg C yr 1)
C release (Tg C yr 1)
C pool (Pg C)

4.62
22.58

4.62
14.11

4.62
6.75

0.09
0.01
0.84

0.06
0.01
0.76

0.03

0.00

0.71

0.69

Area (1000 km2)
1000 yr mean CAR
(g C m 2 yr 1)
C storage (Tg C yr 1)
C release (Tg C yr 1)
C pool (Pg C)

4.55
64.03

Coastal Kalimantan Area (1000 km2)
1000 yr mean CAR
(g C m 2 yr 1)
C storage (Tg C yr 1)
C pool (Pg C)

33.46
64.38

Area (1000 km2)
1000 yr mean CAR
(g C m 2 yr 1)
C storage (Tg C yr 1)
C pool (Pg C)

71.03
64.38

Inland Central
Kalimantan

Upper Kapuas

Kutai

Coastal Sumatra

Western Indonesia
(sum)

a

0.25
2.01

2.16
4.28

4.47
12.14

5

17.88 15.27 13.15 12.70
16.94 21.97 19.78 18.78

0.29

7

8

9

10

11

12

13

14

15

10.45
28.82

10.11
42.25

0.23

0.27

0.30

0.44

0.50

0.64

0.35

0.23

0.13

0.17

0.18 0.00

3.10

2.87

2.62

2.32

1.93

1.46

0.93

0.58

0.39

0.27

0.09 0.00

3.02 3.02
1.61 21.20

2.15
27.08

2.15
19.78

2.15
29.25

0.07

0.07

0.05

0.07

0.07

0.07

0.07

0.07

0.07

0.06

0.03 0.00

0.68

0.63

0.56

0.51

0.44

0.37

0.30

0.23

0.16

0.09

0.04 0.01

3.35 3.35 3.35 3.35
58.32 87.02 83.66 87.72
0.16
0.01
1.80

6
12.43
24.42

0.29
0.003
1.09

2.15 1.86 1.86 1.86 1.86 1.86 1.39 1.25
29.19 29.30 31.62 31.29 30.75 26.72 19.04 0.78

3.14
2.96
1.11
0.41
111.41 177.89 213.89 145.02
0.34

0.41

0.30

0.06

0.79

0.46

0.16

0.02

0.50
67.40

0.50
84.50

0.56
0.37

0.03
0.07

0.04
0.03

53.32 31.74 22.06 21.39
68.30 66.21 79.47 91.44

9.40
67.40

0.69
84.50

0.09
86.93

0.91
0.43

0.06
0.04

0.01
0.01

27.62
58.67

16.74
51.94

13.45
60.69

1.62

0.87

0.82

0.64

0.71

0.42

0.30

0.20

0.23

0.21 0.00

4.79

3.72

3.00

2.39

1.83

1.23

0.80

0.55

0.36

0.13 0.01

1.64

0.27
0.01
1.35

9.02 8.81 7.44 6.28 3.75 2.79 2.79 0.81
53.17 57.68 42.81 35.39 28.83 36.86 20.23 1.19

22.70 13.60 5.97 5.97
68.30 66.21 79.47 91.44
1.55
2.42

3.59
8.29

0.90
1.39

2.13
5.95

0.48
0.85

1.97
4.29

2.43
2.34

131.54 101.87 68.58 47.55 46.43
Area (1000 km2)
mean CAR
54.84 55.19 53.94 63.00 77.13
2
1 a
(g C m yr )
1
7.21
5.61 3.68 2.99 3.58
C storage (Tg C yr )
0.15
0.16
0.01 0.003
C release (Tg C yr 1)
C pool (Pg C)
23.10 17.00 13.35 10.52 7.57

11.59 10.67 9.30 8.14 5.61 4.65 4.18 2.06
54.84 66.11 44.96 37.08 35.26 49.42 49.20 0.94

Represents area-weighted means at 1 ka boundaries (not intervals). Note that coastal Kalimantan and Sumatra have the same mean CAR values.
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was added to the age of the truncation surface to date the occurrence of the ﬁrst ﬁre. The ﬁre related carbon losses are deducted
from the carbon storage value for the millennium in which they
occur. The amount of regional carbon release from ﬁres was estimated based on the area of GIS peatland and lake polygons that
match with the location of truncated cores.
4. Results
4.1. Peatland expansion over time
Peat formation in western Indonesia was slow and gradual
during the deglacial period and Early Holocene but then increased
rapidly after 6 ka. Between 19.9 ka and 11.7 ka about 5% of the total
present peatland area (5600 km2) had formed at a rate of approximately 700 km2 ka 1. Between 11.7 ka and 5.6 ka peatland
expansion was more than twice as fast at about 1900 km2 ka 1. By
5.6 ka there were about 17,400 km2 of peatlands representing 13%
of the present day area. Subsequently, the peatland area increased
rapidly to cover over 46,000 km2 (35%) by 4.3 ka and continued to
increase at a rate of about 28,000 km2 per millennium from 3-to0 ka.
This reconstruction shows that only 50% of the total modern
peatland area existed at 2.3 ka and this area then doubled over the
next 2000 years to produce a total area of 131,540 km2. More than
half of this peatland area is located in Sumatra, whereas Kalimantan
has a total of 60,510 km2, of which about half is found in coastal
lowlands and ca 27,000 km2 in inland areas. Today, coastal peatlands dominate the peatland area of western Indonesia covering
104,480 km2 (80%).
With the beginning of the last deglaciation at 19.9 ka the ﬁrst
western Indonesian peatlands formed in inland Borneo in the Upper Kapuas basin. Peatlands expanded in this region to nearly
2000 km2 by 13.7 ka, which corresponds to 40% of the Upper
Kapuas’ present peatland area and represented 40% of the total
peatland cover in western Indonesia at that time. There was little
further expansion in these peatlands through the Early Holocene,
but by 2 ka they had increased to their modern-day area of
4620 km2, which represents only 3.5% of the total western Indonesian peatland area (Table 1, Figs. 1, 2).
In inland Central Kalimantan peatland formation started at 18.5
ka and peatlands covered 2800 km2 by 14.5 ka, corresponding to
approximately 65% of the contemporaneous total peatland area. By
8 ka half of the present peatland area (9000 km2) in this region had
already formed, representing about 80% of the overall peatland area
at that time. Afterwards addition of new peatland area was rather
slow, but between 3 and 1 ka peatlands expanded over an additional area of 4700 km2 to a total of 17,885 km2. Inland Central
Kalimantan is thus clearly the largest inland peatland region in
Kalimantan and after the coastal peatlands of Sumatra and Kalimantan, respectively, the third largest peatland region in western
Indonesia, representing 13.6% of the total peatland area (Table 1,
Figs. 1, 2).
In the Kutai basin peat started forming at 8.3 ka and peatlands
expanded rapidly until ca 6 ka when almost 3000 km2 (w65%) of
Kutai peatlands had formed. After a period of stagnation, the
peatlands again expanded after 0.5 ka to reach a total area of
4555 km2. This area is nearly identical in size to that of the Upper
Kapuas peatland region and corresponds to 3.5% of the total
western Indonesia peatland area (Table 1, Figs. 1, 2).
In comparison to the inland peatland areas the coastal peatlands
of Kalimantan and Sumatra formed substantially later, but
expanded to cover a much larger area. In Kalimantan the ﬁrst
coastal peatlands formed at 6.7 ka. Areal expansion was small until
4.5 ka when the peatland area increased to cover over 5700 km2,
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Fig. 2. Reconstructions for the ﬁve major peatland regions of western Indonesia for the
past 15,000 years of (A) changing peatland area, (B) mean carbon accumulation rates in
1000 year intervals (with standard deviation and number of cores), and (C) rates of
carbon storage and release. Carbon storage and release are expressed as annual rates at
each millennial boundary.

surpassing the peatland areas of Kutai and Upper Kapuas. Afterwards coastal peatlands of Kalimantan only increased marginally
until 2.3-to-0.5 ka when an additional 27,000 km2 of peatland
formed producing a total area of 33,455 km2 of coastal peatland in
Kalimantan. Coastal Kalimantan is the second largest peatland region in western Indonesia today, representing 25% of the total
peatland area (Table 1, Figs. 1, 2).
In Sumatra coastal peatland began forming at 7.7 ka but areal
expansion remained minimal until 5.4 ka when peatlands formed
and spread over 7800 km2. With the formation of 12,000 km2
peatland between 4.7 ka and 4.5 ka the overall peat cover grew to
over 21,000 km2, which corresponds to 30% of the current peatland
area in Sumatra and to nearly 50% of the western Indonesian
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peatland area at the time. However, the largest increase in peatland
area occurred after 1.1 ka when an additional 38,000 km2 formed
producing a total peatland area of 71,025 km2 in the coastal lowlands of Sumatra. These coastal lowlands currently comprise the
largest peatland region in western Indonesia representing more
than double the area of coastal peatlands on Kalimantan and 54% of
the total peatland cover of western Indonesia (Table 1, Figs. 1 and 2).
4.2. Rates of carbon accumulation in individual peatlands
Records of carbon accumulation are available for two inland
peatlands in Central Kalimantan (Sebangau and Palangka Raya) and
for two coastal peatlands (Siak Kanan in Sumatra and Teluk Keramat in Borneo; Fig. 1). At Sebangau (Fig. 3a) carbon accumulation
rates were highest between 9.5 and 8.5 ka with maximum rates of
121 g C m 2 yr 1 at 9.1 ka and of 130 g C m 2 yr 1 at 8.6 ka. After 7.7
ka CAR remained low between about 30 and 5 g C m 2 yr 1 producing a convex carbon mass accumulation curve (quadratic
polynomial ﬁt, r2 ¼ 0.953). The total accumulated carbon mass after
12,800 years amounts to 2950 Mg C ha 1.
The Palangka Raya peatland (Fig. 3a) is a special case because it
is truncated and has a current near-surface age of about 4.5 ka at

75 cm. Carbon accumulation rates were highest between 7.6 ka
and 7 ka (91 g C m 2 yr 1) but afterwards varied between 55 and
65 g C m 2 yr 1. The carbon mass accumulation curve is linear until
4.5 ka (r2 ¼ 0.984) or slightly concave (quadratic polynomial ﬁt,
r2 ¼ 0.995). However, the completion of the carbon mass accumulation curve to 0 ka changes the curve to a convex shape (scenario (a) in Fig. 3a). This peatland currently stores a carbon mass of
4370 Mg C ha 1.
The coastal peatland Siak Kanan (Sumatra, Fig. 3b) shows
generally high rates of carbon accumulation, which ﬂuctuate
around a mean of ca 70 g C m 2 yr 1. These long-term rates include
centennial-scale peaks in carbon accumulation of 204 g C m 2 yr 1
between 4.1 and 4 ka, 113 g C m 2 yr 1 between 3.1 and 3 ka, and
about 110 g C m 2 yr 1 between 1.3 and 0.8 ka. The resulting carbon
accumulation curve is linear (r2 ¼ 0.997) to slightly concave
(r2 ¼ 0.998) producing a total carbon mass of 3800 Mg C ha 1 after
about 5100 years of peat growth.
Accumulation at the coastal site Teluk Keramat (Kalimantan,
Fig. 3b) also ﬂuctuates around an average of about 70 g C m 2 yr 1,
but with much less amplitude. A maximum CAR of 98 g C m 2 yr 1
occurs between 0.5 and w0.2 ka. The corresponding carbon mass
accumulation curve is linear (r2 ¼ 0.995) to slightly concave

Fig. 3. Carbon accumulation rates and cumulative carbon mass accumulation over time for (A) two peatlands from inland Central Kalimantan and (B) two coastal peatlands at the
bottom. Note the differences in scale. The data for Sebangau are from Page et al. (2004), for Palangka Raya and Teluk Keramat from Neuzil (1997) and for Siak Kanan from Diemont
and Supardi (1987a) and Supardi et al. (1993). Location of the sites is marked in Fig. 1.
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(quadratic polynomial, r2 ¼ 0.999). The total accumulated carbon
mass of this 4500 year old peatland is 3250 Mg C ha 1. In comparison to the two inland peatlands from Central Kalimantan carbon accumulation in the two (substantially younger) coastal
peatlands is three to four times higher (Fig. 3).
4.3. Regional carbon storage and release and carbon pools
Average regional rates of carbon accumulation, annual rates of
carbon storage and release, and the size of the regional and total
carbon pool(s) in western Indonesia are summarized in Table 1 and
in Figs. 2 and 4. The rate of annual carbon storage over all western
Indonesian peatlands increased from 0.002 Tg C yr 1 by 15 ka to
7.2 Tg C yr 1 by 0 ka. This increase in carbon storage led to the build
up of a regional peatland carbon pool that currently contains
23.2 Pg C (Fig. 4). The western Indonesian peat carbon pool initially
accumulated slowly with only 2% (0.55 Pg C) of the current pool
present prior to the Holocene and 10% (2.4 Pg C) by 8 ka limited
solely to the inland peatlands of Kalimantan. Afterwards the total

carbon pool accumulated more rapidly reaching 21% (4.8 Pg C) by 5
ka and 50% (12 Pg C) by about 2.5 ka. The carbon pool then doubled
in size over the past 2000 years. Overall, the reconstructed growth
of the peat carbon pool at the millennial timescale was nearly
exponential over the Holocene with a factor of 1.4  0.1 (Fig. 4). The
evolution of this peat carbon pool in western Indonesia is the
product of the individual carbon storage histories of each peatland
region as detailed below.
4.3.1. Upper Kapuas Basin
The rate of carbon storage across the entire Upper Kapuas basin
remained below 0.1 Tg C yr 1 over the entire study period. The
maximum value of 0.09 Tg C yr 1 at 0 ka represented only 1% of the
contemporaneous rate of carbon storage of all western Indonesian
peatlands. Since 2 ka carbon was also released in some of the Upper
Kapuas peatlands through aerobic peat decay from an estimated
610 km2 large area at a rate of 0.01 Tg C yr 1 (Fig. 2). The low
regional carbon sink combined with Late Holocene carbon losses
resulted in a carbon pool of only 0.84 Pg C. Representing 4% of the
western Indonesian carbon pool the Upper Kapuas peatlands are
the smallest among the regional carbon pools (Fig. 4, Table 1).
4.3.2. Inland Central Kalimantan
Inland Central Kalimantan was the dominant carbon sink in
western Indonesia from 14 to 7 ka and contained the largest peat
carbon pool at this time (Table 1, Fig. 4). The rate of annual carbon
storage in this region was below 0.2 Tg C yr 1 prior to the Holocene
and then increased to a Holocene maximum of 0.64 Tg C yr 1 at 9 ka
or 90% of the contemporaneous peat carbon storage in western
Indonesia. Regional carbon storage declined to remain between 0.3
and 0.2 Tg C yr 1 from 6 ka to 0 ka.
During the past two millennia carbon was released from peatlands of inland Central Kalimantan by aerobic peat decomposition
over an estimated 4320 km2 at a rate of 0.14 Tg C yr 1 (Table 1,
Fig. 2). The growth of the regional carbon pool conforms to a sigmoid curve. The total mass of 3.8 Pg C by 0 ka makes up 16% of the
total western Indonesian peat carbon pool (Table 1, Fig. 4).
4.3.3. Kutai Basin
In the Kutai basin peat carbon storage began at 8 ka with a rate
of 0.06 Tg C yr 1 and increased to a Holocene maximum of 0.4 Tg C
yr 1 at 6 ka when this region dominated peat carbon storage in
western Indonesia (47% of total storage). The rate subsequently
decreased to 0.25 Tg C yr 1 by 0 ka, representing only 3% of the total
carbon storage in western Indonesia. Carbon release from ﬁres after
5 ka accounted for annualized losses between 0.003 and 0.01 Tg C
yr 1 (Table 1). Approximately 10% or 440 km2 of the Kutai peatlands were affected by ﬁre-related carbon losses and truncation of
their peat proﬁle prior to modern land use. However, over the last
8000 years a peatland carbon pool of 2 Pg C developed in the Kutai
basin, representing 9% of the entire western Indonesian pool
(Table 1, Fig. 4).

Fig. 4. Peatland carbon pools of western Indonesia over the past 15,000 years.
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4.3.4. Coastal peatlands of Kalimantan and Sumatra
Currently, coastal peatlands of Sumatra and Kalimantan
together store 16.5 Pg C or 71% of the total peatland carbon pool of
the study region. Prior to anthropogenic degradation coastal
peatlands also dominated the western Indonesian peat carbon sink
with 6.6 Tg C yr 1 or 92%.
The regional rate of carbon storage in coastal Kalimantan was
still insigniﬁcant at 6 and 5 ka, but at 4 ka it was already comparable
to the carbon storage of all inland regions of Kalimantan. Carbon
storage rose to a ﬁnal, maximum rate of 2.2 Tg C yr 1 at 0 ka (30% of
the overall carbon sink; Table 1, Fig. 2). Associated with this rising
rate in annual carbon storage is the rapid growth of the region’s
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carbon pool to a total of 4.3 Pg C by 0 ka (Table 1, Fig. 4). This
reservoir represents 18.6% of the total peat carbon pool making it
the second largest (Fig. 4).
In Sumatra the rate of carbon storage became signiﬁcant by 5 ka
with a value of 0.9 Tg C yr 1 surpassing the collective carbon
storage of all other regions (Fig. 2). This rate increased to 2.4 Tg C
yr 1 by 4 ka followed by lower rates of around 2 Tg C yr 1 at 3 to 2
ka. Over the last two millennia the regional rate of carbon storage
increased greatly to 4.5 Tg C yr 1 at 0 ka (Table 1). Until recently,
Sumatra’s peatlands were the most important regional carbon sink
contributing 62% of annual carbon storage in the peatlands of
western Indonesia. The carbon pool of Sumatra reached a total of
12.2 Pg C by 0 ka, which accounts for 53% of the peat carbon pool of
western Indonesia (Fig. 4).
5. Discussion
5.1. Uncertainties in the reconstruction of peatland area changes
Our reconstruction of peatland expansion reveals two important
ﬁndings: ﬁrst, the spatial expansion of inland peatlands in Indonesian Borneo was substantial during the last deglaciation between
20 and 11.7 ka when about 20% of the inland peatlands in Kalimantan formed. This expansion and the initiation of new peatlands
continued throughout the Holocene. Second, the expansion of
coastal peatlands was greatest during the past two millennia. This
latter ﬁnding supersedes the earlier assessment of Dommain et al.
(2011) that was based on a compilation of oldest basal dates and
suggested a maximum in coastal peatland initiation and expansion
between 7 and 4 ka. The present study emphasizes the importance
of young, shallow peat deposits, which are rarely dated, as radiocarbon dating tends to focus on deeper deposits that cover longer
time intervals and store more paleo-data.
Although basal dates may provide a reasonable proxy for peatland initiation and also to some extent local peatland expansion,
they are not well suited for estimating the total regional extent of
peatlands over time. In order to assess the potential error we
compare our reconstruction of peatland expansion with the more
common approach of using the cumulative number of oldest basal
dates (Fig. 5). The cumulative number of oldest basal dates indicates that peatland expansion would have occurred much earlier
and that the peatland area was substantially larger throughout the
Holocene. For example, at 6 ka basal dates suggest that almost 50%
of the total current peatland area was present, whereas our
approach indicates only 13% at 6 ka and 50% not until about 3500
years later (Fig. 5).
Our reconstruction for inland Central Kalimantan places the
onset of peatland formation mainly after 15 ka with rapid expansion during the Early Holocene. Some of the inferred old ages (18.5
kae17 ka) of inland Central Kalimantan sites could be overestimates because the assumed (mean) peat accumulation rate of
0.54 mm yr 1 seems too low for very deep peat deposits
(>1000 cm). However, the total area of this older peat is very small
(w2000 km2). Peatland initiation in Kutai took place after 8.3 ka in
agreement with the oldest basal dates from this region, but coastal
peatlands did not form before 8 ka, although they afterwards
continuously expanded to the present, consistent with available
basal radiocarbon dates.
The peatland atlases identify 36,700 km2 of shallow coastal peat
(0e1 m), which represents more than 25% of the total peatland area
of western Indonesia. We assigned young basal ages (<2 ka) to
these shallow coastal peatlands based on the high rate of peat
accumulation derived for coastal settings. Available radiocarbon
dates support this assumption: ﬁve sites along a 300 km long
stretch of the Sumatran coastal plain (up to 30 km from the current

Fig. 5. Comparison of two methods for reconstructing peatland area: the dark blue
line (ﬁtted with an exponential curve) represents reconstructed increase in peatland
area using the transfer function method of this paper, the light blue line using the
cumulative number of oldest basal dates. Peatland area increases much earlier in the
basal dates approach. The difference between both methods is shown in the inset
graph.

coastline) have calibrated basal radiocarbon dates younger than 2
ka as have two sites in coastal Kalimantan (8e50 km from the coast;
Fig. 6). Similarly young peatlands are also found in the coastal areas
of northwest Borneo (Wilford, 1960; Tie and Esterle, 1992; Staub
and Esterle, 1994; R. Dommain, unpublished data). The seven
youngest dated sites, moreover, show fast rates of vertical peat
growth. Their mean peat accumulation rate of 2.2 mm yr 1 (1.3e
3 mm yr 1) is higher than the average value of 1.77 mm yr 1
applied to derive basal dates for undated coastal polygons. We thus
conclude that shallow coastal peatlands most likely developed
rapidly and are unlikely to be of (much) earlier origin.
This conclusion is supported by the 27,000 km2 of Sumatra and
19,000 km2 of Kalimantan that are presently located at an elevation
that is only 5 m a.s.l. according to SRTM elevation data. This land
must have been submerged during the highstand in sea level between 5 and 4 ka (Fig. 6). At least 33% (9000 km2) of this low-lying
land is currently covered with peat in Sumatra and 26%
(w5000 km2) in Kalimantan. The total area of submerged land was
probably even larger because 1) the SRTM elevation data do not
represent the actual ground surface in vegetated terrain (i.e. peat
swamp forest; Hofton et al., 2006; Jaenicke et al., 2008) and 2)
vertical peat growth has in the meantime raised many peatland
surfaces more than ﬁve metres above present sea level. Their
topographic situation thus implies that a large fraction of the
coastal peatlands could only have formed after sea level had fallen
and made these extensive coastal areas available for plant
colonization.
The continued spread of peatlands is not only related to the
initiation of new peatlands, but also to the lateral expansion of
existing (domed) peatlands (e.g. Korhola et al., 2010). Fig. 6 shows
lateral expansion of interﬂuvial peat domes in inland Central
Kalimantan and of the large peatlands of central eastern Sumatra
between 2 and 1 ka. Radiocarbon evidence for continuous lateral
peatland expansion since 2 ka exists for the Batang Hari peatland in
Sumatra (Supiandi, 1988) and for Teluk Keramat and Sebangau in
Kalimantan (Neuzil, 1997; Page et al., 1999, Fig. 6). These multiple
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Fig. 6. Paleogeographic maps of peatland expansion (black areas) in western Indonesia, sea-level changes over the Sunda Shelf, and changes in the paleo-drainage network since 21
ka. Yellow dots indicate location of basal peat dates available for the respective millennia. Sea-level changes are based on the sea-level curve of Hanebuth et al. (2011), shown in
Fig. 7. Elevation proﬁles of the Paleo-Kahayan-East Sunda River and the Paleo-Kapuas-North Sunda (Molengraaff) River are shown in Fig. 8.
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Fig. 6. (continued).
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Fig. 6. (continued).
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Fig. 6. (continued).
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Fig. 6. (continued).
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Fig. 6. (continued).
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Fig. 6. (continued).
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Fig. 6. (continued).
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Fig. 6. (continued).
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Fig. 7. Sea-level curve of the Sunda Shelf with available radiocarbon dates from Hanebuth et al. (2011) for the past 21,000 years and area of coastal (top) and inland (bottom)
peatlands. Note the difference in scale for the two regions. MWP denotes meltwater pulse, LGM Last Glacial Maximum, H1 Heinrich event 1, B/A Bølling/Allerød, and YD Younger
Dryas.

lines of evidence support our reconstruction of widespread, recent
peat formation in the lowlands of western Indonesia.
5.2. Peatland formation and expansion: the role of sea-level change
During the Last Glacial Maximum (LGM, 26.5e19 ka) sea level
was 123 m lower than today and the Sunda Shelf was fully
exposed, connecting the islands of Borneo, Sumatra, Java and Bali
with mainland Southeast Asia (Hanebuth et al., 2009, Fig. 6). Four
major river systems drained the shelf platform as extensions of
modern day rivers (Molengraaff and Weber, 1921; Tjia, 1980; Voris,
2000, Fig. 6). Bornean peatlands that existed during Marine
Isotope Stage 3 (60e26.5 ka), such as in the Upper Kapuas basin
(Anshari et al., 2001, 2004), likely degraded during the LGM when
exposure of the Sunda Shelf led to substantially reduced moisture
convection and resulting dry conditions in the Indo-Paciﬁc Warm
Pool (Bird et al., 2005; Partin et al., 2007; Wurster et al., 2010;
Carolin et al., 2013; DiNezio and Tierney, 2013). In addition, the
sea-level lowstand steepened the regional hydraulic gradient of
land masses, draining the upland areas more effectively through
so-called topography-driven groundwater ﬂow (Post et al., 2013)
and thereby lowering the water-tables in contemporaneous peatlands. It has been suggested that the exposed shelf with its low
gradient could have supported large areas of peatland itself
(Kaplan, 2002; Slik et al., 2011). However, the deeply incised river
valleys (up to 40 m deep) on the shelf ﬂoor (Tjia, 1980; Hanebuth

and Stattegger, 2003) with their low hydraulic head would have
effectively drained the widely distributed coarse-grained sediments (Bird et al., 2005) of the adjacent watersheds (cf. Post et al.,
2013). It therefore seems unlikely that the prevailing dry climate
and hydrogeologic setting would have favoured widespread peat
accumulation on the Sunda Shelf (Kennett et al., 2003). This
inference is supported by the absence of thick LGM freshwater
peats on the shelf ﬂoor (Geyh et al., 1979; Hanebuth et al., 2011; T.
Hanebuth, pers. com.).
The post LGM sea-level history of the Sunda Shelf was characterized by three important developments: 1) rapid sea-level rise
during deglaciation from w19 to 7 ka with associated ﬂooding of
the shelf by w9.5 ka, followed by 2) a slow rise to a Holocene
highstand at about 5 ka and 3) the subsequent lowering of sea level
by about 5 m (Hanebuth et al., 2000, 2011, Figs. 6 and 7). The
deglacial sea-level transgression was punctuated by periods of
abrupt rises in sea level associated with so-called meltwater pulses
(MWP), the most prominent being MWP 1a from 14.6 to 14.3 ka
when sea level rose by 16 m at a rate of approximately 50 mm yr 1
(Hanebuth et al., 2000, Fig. 7).
Our reconstruction shows that there was ﬁrst, very localized,
peat formation in inland areas of Borneo at the onset of the
deglaciation at 19.9e18.5 ka. At this time sea level rose to about
110 m below modern sea level (mbsl) during its initial pulse-like
rise (19 ka MWP; Clark et al., 2004; Hanebuth et al., 2009, Fig. 7).
During subsequent Heinrich event 1 (17.5e16 ka), which was the
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driest period of the past 100,000 years in Borneo (Partin et al.,
2007; Carolin et al., 2013), peat accumulation and peatland
expansion remained very limited while sea level rose relatively
slowly by 4.1 mm yr 1 (Hanebuth et al., 2000).
The inland peatland area increased to >4000 km2 by 14.5 ka at
the time of MWP 1a, which raised sea level to about 80 mbsl with
an associated lateral transgression of over 450 m yr 1 (Hanebuth
and Stattegger, 2003). This event ﬂooded the outlet of the East
Sunda River into the Makassar Strait as well as large parts of the
North Sunda (Molengraaff) River valley by the expanding South
China Sea (Fig. 6). These rivers acted as the main drainage ways for
the watersheds of the existing peatlands in the Upper Kapuas and
Central Kalimantan areas, respectively (Figs. 6 and 8). The deglacial
rise in sea level led to a landward migration of the river mouths and
reduced the hydraulic gradient within the inland watersheds since
sea level represents the ultimate base level for the regional
drainage network (Kafri and Yechieli, 2012).

In this way MWP 1a resulted in impeded drainage of the
shrinking land masses and in a regional rise in the water table. In
addition, the associated ﬂooding of the shelf and the synchronous
onset of the Bølling/Allerød (B/A) warm interval led to an abrupt
increase in the atmospheric supply of moisture (Kienast et al.,
2003; Partin et al., 2007; Tierney et al., 2012). Together, the
regional decrease in river discharge and the increase in net
recharge (i.e. precipitation minus evapotranspiration) were the
principal drivers for the rise of groundwater mounds within the
interﬂuvial divides and the formation of inland domed peatlands
(cf. Glaser et al., 2004).
An analysis of the changing hydraulic gradient for the Upper
Kapuas (i.e. Paleo-Kapuas River) and Central Kalimantan (i.e. PaleoKahayan River) drainage basins is shown in Fig. 8. Thresholds
relevant for peatland initiation in these two regions seem to be
rises in sea level that surpassed knickpoints on the shelf ﬂoor and
consequently caused signiﬁcant landward inundation of the river

Fig. 8. Elevation proﬁles for (A) the Paleo-Kahayan-East Sunda River and (B) the Paleo-Kapuas-North Sunda (Molengraaff) River running from the current peatland areas (left) of
inland Central Kalimantan (A) and Upper Kapuas (B) down-gradient across the Sunda Shelf. Proﬁles were extracted from the ETOPO 1 relief model. Dashed vertical lines mark the
position of the coastline at speciﬁc times discussed in the text. Arrows denote periods of sea-level rise that led to rapid lateral transgression. Note the difference in horizontal scale.
K denotes knickpoint. The location of these river systems is shown in Fig. 6.
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valleys. The Kapuas-North Sunda river system provides an example
of such a threshold at MWP 1a, when the sea level rose to 80 mbsl
shifting the river mouth landward by over 170 km while the mouth
of the Kahayan-East Sunda River retreated by only 65 km (Fig. 8).
Independent evidence for a signiﬁcant retrogression of river
mouths during MWP 1a comes from a biomarker record of the
South China Sea that indicates an abrupt reduction in the discharge
of terrestrial organic matter into the ocean at this time (Kienast
et al., 2003). Another transgression threshold for the KahayanEast Sunda River system was surpassed later during the B/A interstadial when the sea level reached 70 mbsl (Fig. 8). This rise
abruptly ﬂooded the river valley over a 250 km reach and brought
the coast within about 320 km of the peatland area of Central
Kalimantan.
The expansion of peatlands slowed during the Younger Dryas
period (12.9e11.7 ka) when the rate of rising sea level also
decreased to about 6 mm yr 1 (Hanebuth et al., 2011). This interval
was followed by a substantial increase in peatland initiation and
expansion in inland Central Kalimantan at the beginning of the
Holocene (Fig. 7). By 11 ka the peatland area in this region had
almost doubled in size to an estimated 6300 km2. This areal
expansion directly followed a period of accelerated sea-level rise of
about 11 mm yr 1 between 11.5 and 11 ka (originally termed MWP
1b; Fairbanks, 1989; but see Bard et al., 2010). Whereas no large
retrogression in the Kahayan-East Sunda river system is discernable
after this sea-level rise to about 49 mbsl, there must have been an
associated landward submergence of the Kapuas-North Sunda
River valley over a distance of 190 km (Fig. 8). Although basal
radiocarbon dates from the Upper Kapuas are absent for this period,
it seems very likely that peatlands originated here at around 11 ka.
Sea level continued to rise rapidly by approximately 20 mm yr 1
between 11 and 10 ka, which led to the ﬁnal separation of Borneo
from Sumatra and Java at a sea level of ca 30 mbsl (Hanebuth et al.,
2011, Fig. 6). This transgression drowned the Kahayan-East Sunda
River valley over a substantial distance of 230 km, further
decreasing the hydraulic gradient in its catchment (Fig. 8) and
promoting the initiation and expansion of peatlands in inland
Central Kalimantan (Figs. 6 and 7).
Between about 9.5 and 8.5 ka another pulse-like rise in sealevel
is recorded in Southeast Asian seas as MWP 1c (Hori and Saito,
2007; Tjallingii et al., 2010). During MWP 1c the sea level over
the Sunda Shelf rose to 8 mbsl at a rate of 10e25 mm yr 1 (Fig. 7).
Immediately afterwards the ﬁrst peatland in the Kutai basin originated (8.3 ka; Hope et al., 2005, Fig. 6) presumably as a result of
terrestrialisation after the initial inundation of this shallow inland
basin (Dommain et al., 2011). A ﬁnal period of rapid sea-level rise,
with a rate of 10 mm yr 1, started at around 7.4 ka (MWP 1d; Liu
et al., 2004; Bird et al., 2010, Fig. 7). Concurrent with MWP 1d
was the expansion of existing peatlands in Central Kalimantan and
Kutai while new peatlands also formed.
Periods of rapid sea-level rise of 10 mm yr 1 (i.e. meltwater
pulses) evidently triggered peatland formation in inland Borneo
during the last deglaciation (Fig. 7). Each time sea level reached a
critical threshold elevation, large portions of the Sunda Shelf were
laterally ﬂooded which lowered the hydraulic gradient while the
rising base level also reduced the discharge of both ground and
surface water from the land masses. These processes produced a
rise in the water table, resulting in paludiﬁcation of the relatively
ﬂat hinterland.
By 7 ka the sea level had nearly reached its present modern level
and the ﬁrst coastal peatlands on Sumatra formed (Supiandi, 1988;
Dommain et al., 2011, Figs. 6 and 7). Prior to this time the rapid
transgression of the Sunda Shelf persistently prevented the development of coastal peatlands. Only when the rate of rising sealevel
slowed down to a threshold of 2.4 mm yr 1 and continued to

decline could coastal peat accumulation keep up with the sea-level
rise (Fig. 7).
Between 7 and 5 ka the Kutai peatlands strongly expanded as
sea level rose to a highstand of about þ5 m above modern sea level
(Horton et al., 2005; Hanebuth et al., 2011; Fig. 7). Moreover, by
about 5.4 ka the stabilization of sea level initiated the ﬁrst rapid
expansion of coastal peatlands across large areas of central Sumatra
at locations such as Siak Kanan, Bengkalis Island, and Batang HariBerbak (Neuzil, 1997; Dommain et al., 2011, Fig. 6). These peatlands
generally formed a few metres above modern sea level while current land surfaces at lower elevation were still inundated (Diemont
and Supardi, 1987b; Supiandi, 1988; Supardi et al., 1993). Around 5
ka extensive areas of the eastern coast of Sumatra were submerged,
particularly the South Sumatra basin as well as large parts of the
western and southern coast of Kalimantan (Fig. 6). Our reconstruction indicates that the inland peatlands of Central Kalimantan
were partly bordered by the invading sea at this time (Fig. 6).
The Holocene sea-level highstand at 4.5 ka and its retreat over
the following millennia initiated a rapid increase in the expansion
of coastal peatlands. About 10,000 km2 of peatland had formed in
coastal central Sumatra by the time of the sea-level highstand
(Figs. 6 and 7). In addition, the ﬁrst peatlands on the west coast of
Kalimantan also originated during this period in areas several
metres above modern sea level (Neuzil et al., 1993; Neuzil, 1997).
After 4 ka sea level began to fall at a rate of ca 1e2 mm yr 1, and
coastal peatlands responded to this regression by a massive
expansion across the newly exposed land. For example, Diemont
and Supardi (1987b) report that coastal peatlands in West Kalimantan and in Riau (Sumatra) formed directly on former sea beds
as indicated by the presence of pyrite, marine shells and the
absence of mangrove remains in the mineral sediments underneath
these peatlands. The Berbak peatland in Sumatra directly formed
over marine clays that can be found up to 45 km inland from the
current coast (Diemont and van Reuler, 1984; pers. observation R.
Dommain). Another strong seaward expansion of peatlands
occurred around 2.3 ka when peatlands formed over an additional
17,000 km2 along the coasts of west and southwest Kalimantan and
east-central Sumatra (Fig. 6).
The marine regression also contributed to peatland expansion in
inland areas. In inland Central Kalimantan the regression promoted
a “second phase” of peat formation, starting after 2 ka (Sieffermann
et al., 1996; Page et al., 1999) when existing peatlands expanded
laterally into the adjacent, hitherto ﬂooded low-lying river valleys
(Fig. 6). These young inland peatlands in Central Kalimantan
represent the so-called “basin peats” of Sieffermann et al. (1988). In
the Upper Kapuas basin the peatland area increased substantially
by 2.1 ka. This increase could partly be the result of falling water
levels in Danau Sentarum and other ﬂoodplain lakes, which still
cover large parts of this inland basin.
The present sea level in the Sunda region was reached by
approximately 1 ka when the modern coastline conﬁguration was
established (Figs. 6 and 7), except for the continued buildup of
deltaic and estuarine systems (e.g. Sumawinata, 1998). Radiocarbon
evidence indicates that this new land surface was rapidly covered
by peatland placing the origin of six coastal peatlands that formed
over near-shore sediments between 2.3 and 0.2 ka (Dommain et al.,
2011). These young peatlands are currently located between 25 and
60 km from the current coastline which together with their basal
ages points to a rate of coastal advance of 18e35 m yr 1, consistent
with reported rates of 15e30 m yr 1 for the Sumatran coast (e.g.
Sobur et al., 1978; Tjia, 1980; Diemont and van Reuler, 1984). These
independent lines of evidence demonstrate that new land for
coastal peatland expansion was continuously formed over the past
two millennia, leading to a marked rise in the area of coastal
peatland to 76,000 km2 by w1 ka.
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Coastal advancement thus allowed the explosive expansion of
peatlands over 80,000 km2 in western Indonesia during the Late
Holocene. The role of falling sea level as an agent for creating new
land surfaces available for the establishment of peatlands is comparable to that of ice sheet retreat and isostatic rebound for peatland initiation in boreal and arctic regions (e.g. Harden et al., 1992;
Glaser et al., 2004; MacDonald et al., 2006).

5.3. Rates of long-term peatland carbon storage
The carbon-balance of a peatland is the result of peat addition at
the surface and anaerobic decay of deeper, older peat layers. Signiﬁcant anaerobic decay of older peat further down the peat column leads to a considerable loss of mass over time resulting in a
concave mass/age proﬁle (Clymo, 1984). The shape of a carbon mass
accumulation curve derived from a dated peat core is therefore
indicative of the degree of anaerobic decay integrated over the
entire peat column.
The four detailed records of carbon mass accumulation from
western Indonesia exhibit either a linear or a convex relationship
between carbon mass and age (Fig. 3). The linear mass/age proﬁle of
the two coastal peatlands (Fig. 3b) indicates constantly high rates of
accumulation at the surface and insigniﬁcant anaerobic decay of
deeper peat. In contrast, the convex curves for carbon mass accumulation of the two inland peatlands (Fig. 3a) indicate limited
anaerobic decay of older peat and reduced apparent rates of peat
accumulation during later stages of peatland development.
Reduction in the apparent rate of peat accumulation can result
either from decreased biomass production and carbon inputs or
from increased aerobic decay and carbon loss. Pollen records from
the Sebangau peatland do not indicate forest decline and substantially reduced net primary production of the peat swamp forest
vegetation (Morley, 1981, 2013), suggesting that the convex curve
shape is caused by increased aerobic carbon losses.
Collectively, the carbon-mass accumulation curves suggest
insigniﬁcant anaerobic decay in western Indonesian peatlands. This
inference is corroborated by consistently low amounts of released
methane e a metabolic product of anaerobic decay e from the peat
swamp forests of Southeast Asia (Couwenberg et al., 2010; Pangala
et al., 2013) and the young 14C signature of the emitted methane
(Nakagawa et al., 2002). Therefore, carbon storage across Indonesian peatlands can be modelled on the basis of reconstructed carbon accumulation rates without adjusting for anaerobic decay
rates.
Peat carbon accumulation rates clearly show a distinct regional
pattern across western Indonesia where the coastal peatlands
represent the most signiﬁcant carbon sink. Also from a global
perspective these coastal peatlands were an important sink for
carbon. The Holocene mean CAR of coastal Indonesian peatlands is
77 g C m 2 yr 1 (Dommain et al., 2011), which is four times higher
than that of northern peatlands (18.6 g C m2 yr 1; Yu et al., 2009)
and more than six times higher than that of the subtropical peatlands of the Florida Everglades (12.1 g C m 2 yr 1; Glaser et al.,
2012).
As a result of the high rate of carbon accumulation, the coastal
peatlands of western Indonesia store large amounts of carbon per
unit area in spite of their relatively young average age of 2.2 ka.
With a carbon pool of 16.5 Pg C over an area of 104,500 km2, the
mean carbon density of coastal peatlands is about 1600 Mg C ha 1.
Sheng et al. (2004) report a similar mean carbon density of
1500 Mg C ha 1 for the southern part of the West Siberian peat
basin, which is, however, largely of Early Holocene age (Smith et al.,
2004). Although the average age (4.2 ka) of peatlands in Finland is
twice that of the coastal Indonesian peatlands, they store
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considerable less carbon per unit area (w1000 Mg C ha 1; Turunen
et al., 2002).
The high carbon density of coastal peatlands is further illustrated by a comparison of the Siak Kanan and Teluk Keramat peat
cores (Fig. 3b) with cores of the same age from the Red Lake
Peatland in northcentral North America. The Red Lake Peatland
stores an estimated 1900 Mg C ha 1 (Gorham et al., 2003; C content
of 51.7% from Gorham, 1991), compared to an estimated 3500 Mg C
ha 1 in the two Indonesian coastal sites.
The history of the peatland carbon sink of western Indonesia can
be divided into two major phases (Fig. 2). During Phase 1 (15e5.5
ka) inland peatlands dominated and the total carbon sink remained
below 1 Tg C yr 1. With the onset of signiﬁcant coastal peatland
formation and expansion in Phase 2 around 5.5 ka total carbon
storage increased and remained at w3 Tg C yr 1 between 4 and 2
ka. The subsequent doubling of the coastal peatland area during the
past two millennia increased the total rate of carbon storage to
7.2 Tg C yr 1 (Figs. 2 and 9).
This recent rate of carbon storage of Indonesian peatlands is
comparable to the average Holocene rate of 6.1 Tg C yr 1 for the
West Siberian Lowlands (Smith et al., 2004), but lower than the
average 11 Tg C yr 1 for the past two millennia in this same region
(Beilman et al., 2009). It is important to note, however, that the
590,000 km2 of peatlands in the West Siberian Lowlands comprise
the largest concentration of peatlands in the world (Walter, 1977;
Sheng et al., 2004) that are collectively 4.5 times larger in area
than the peatlands of western Indonesia. The smaller size of the
Indonesian peatland region further emphasizes its effectiveness as
a major global carbon sink during the Late Holocene. Shortly before
human disturbance, western Indonesia was apparently the most
spatially-effective peatland region for carbon storage on Earth. This
inference is supported by a comparison to northern peatlands,
which accumulate 76 Tg C yr 1 on an area basis of 3.3  106 km2
(Gorham, 1991), whereas Indonesian peatlands accumulated 10% as
much carbon on an area only 4% as large.
Yu (2011) derives negative net carbon balances for all tropical
peatlands for three 1000e2000 year time periods during the Holocene, during which anaerobic decay exceeded carbon accumulation. These model predictions are neither supported by the
stratigraphic records from western Indonesia nor by our reconstructions of peatland origin and progressive expansion. Our
results demonstrate that the tropical peatlands of western
Indonesia were a persistent carbon sink since 15 ka (Fig. 2; see sect.
5.6.).
Fifteen thousand years of persistent carbon storage resulted in
an exponentially growing pool of peat carbon in western Indonesia.
This carbon pool was only 3.7 Pg C (16%) by the end of Phase 1 (5.5
ka), but increased to 23.1 Pg C during Phase 2, with coastal peatlands responsible for 84% (16.3 Pg C) of total carbon added (Figs. 2
and 4). The expansion of coastal peatlands in Kalimantan and
Sumatra maintained the exponential growth of the peat carbon
pool in western Indonesia despite the stagnating rate of annual
carbon storage in the inland regions of Borneo (Fig. 2).
Our estimate of 23.1 Pg C for the total peat carbon pool in
western Indonesia is considerably smaller than the 33.3 Pg C estimate of Wayunto et al. (2003, 2004). In our reconstruction we
applied a bulk density value of 0.076 g cm 3 for coastal peatlands
(Dommain et al., 2011), which represent 80% of the total peatland
area. Wayunto et al. (2003, 2004), in contrast, assume a much
higher dry bulk density of the peat, particularly for the coastal
peatlands of Sumatra (Wayunto et al., 2003). Other estimates for
the carbon pool of Indonesian peatlands (Jaenicke et al., 2008;
Page et al., 2011) are based on assumed mean values for peat depth
that are 1e2 m higher than indicated by the peat atlases. The areaweighted mean peat depth of all polygons is not more than 3.6 m
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(using the upper boundary of the peat depth classes; Wayunto
et al., 2003, 2004). Even if the total peatland carbon pool in western Indonesia is likely below previous estimates, it is still equal to
the total carbon pool in above and below ground biomass of all
tropical forests of Indonesia (incl. Papua) that, however, cover an
over 10 times larger area (Saatchi et al., 2011).
5.4. The role of Indonesian peatlands in the Holocene global carbon
cycle
Peatlands have been recognised as globally important carbon
sinks over long timescales (e.g. Gorham, 1991; MacDonald et al.,
2006; Wang et al., 2009; Kleinen et al., 2010; Yu, 2011) and
therefore have had a global, net climatic cooling effect over the
Holocene (Frolking and Roulet, 2007).
During the transition from the Last Glacial to the present
interglacial the concentration of atmospheric CO2 increased from
190 parts per million by volume (ppmv) at 17 ka to 268 ppmv at
10.5 ka (Monnin et al., 2001). This rise was followed by a brief
decline to 260 ppmv by w8 ka, after which the atmospheric CO2
concentration rose to the pre-industrial level of 280 ppmv
(Indermühle et al., 1999; Flückiger et al., 2002, Fig. 9).
Indermühle et al. (1999) explained the post 8 ka rise in CO2 by
the release of 195 Pg C from the terrestrial biosphere. Records of
13
CeCO2 from Antarctic ice-cores, however, invalidate the sole
attribution of the CO2 rise to a biospheric source (Elsig et al., 2009).
Instead this rise is now primarily ascribed to coral reef formation
(Ridgwell et al., 2003; Kleinen et al., 2010) and to carbonate
compensation by the world’s oceans (Broecker et al., 1999, 2001) as
a response to the rapid carbon uptake of the biosphere of about
700 Pg C during the glacialeinterglacial transition. In contrast,
land-biosphere release is considered to have been only a small
source (Elsig et al., 2009; Wang et al., 2009).
Based on our calculations, Indonesian peatlands with a pool of
0.6 Pg C by 11.7 ka made no signiﬁcant contribution to the estimated land-biosphere carbon uptake of w700 Pg C prior to the
onset of the Holocene. The Early Holocene reduction in atmospheric CO2 was probably the result of a continued and substantial
uptake of carbon by the land biosphere that is estimated by Elsig
et al. (2009) to be 290 Pg C with a modelled contribution by
peatlands of 180 Pg C (but see Yu, 2011). Accordingly, Indonesian
peatlands contributed only 1% (w3 Pg C) to the carbon storage in
the global terrestrial biosphere at this time when they were still
restricted to a few inland areas of Borneo. Indonesian peatlands
were therefore not a signiﬁcant factor for the Early Holocene
decline in atmospheric CO2.
Elsig et al. (2009) further suggest that peatlands stored another
40 Pg C over the past 5000 years. This estimate is very likely too
small considering that western Indonesian peatlands stored almost
20 Pg C alone over this period, while other large peat basins in
North America such as the Red Lake peatland, the Hudson Bay
Lowland, and the Everglades formed over this same period (Glaser
et al., 1981, 2004, 2012) and older northern peatlands continued to
expand laterally (Korhola et al., 2010). Over this period the terrestrial biosphere may have lost about 40e90 Pg C, particularly related
to the aridiﬁcation of the Sahara-Sahel region (Brovkin et al., 2002;
Elsig et al., 2009; Wang et al., 2009). In storing almost 20 Pg C since
5 ka, the young tropical peatlands of Indonesia contributed
considerably to compensating concurrent terrestrial carbon losses
elsewhere.
The carbon uptake of western Indonesian peatlands increased
substantially after 5 ka from less than 2 to more than 7 Tg C yr 1.
This increase together with high carbon accumulation in other
Southeast Asian peatlands of similar age (Dommain et al., 2011)
may have contributed to the reduced rise in atmospheric CO2 after

2.5 ka (Fig. 9). Based on a conversion factor of 2.12 Pg C/ppm
(Denman et al., 2007) the lowland peatlands of western Indonesia
stored an equivalent of approximately 11 ppm CO2 prior to the
onset of modern peatland degradation. The actual atmospheric
impact might have been a CO2 drawdown on the order of 1e2
ppmv, considering equilibration of the ocean to peatland carbon
uptake. These results highlight the need to include the signiﬁcant
carbon uptake of Indonesian and presumably other equatorial
peatlands into Holocene global carbon cycle models.
5.5. Climate controls on long-term peat-carbon accumulation
The millennial-scale records of carbon accumulation from
Indonesian peatlands allow an examination of climateecarbon relationships by comparison with regional paleoclimate reconstructions. This tropical perspective will contribute to the
debate on how climate factors inﬂuence carbon cycling in peatlands
(e.g. Ise et al., 2008; Dorrepaal et al., 2009; Yu et al., 2009; Glaser
et al., 2012).
The continuously high temperatures (26e27  C) in equatorial
Southeast Asia should in theory drive rapid soil carbon turnover
prohibiting peat accumulation (e.g. Potonié, 1912; Davidson and
Janssens, 2006; Glaser et al., 2012). The very high rates of peat
and carbon accumulation in Indonesia, however, strongly suggest
that factors other than temperature control peat carbon accumulation rates. Moreover, reconstructions of sea-surface temperatures
from the Indo-Paciﬁc Warm Pool (Linsley et al., 2010) imply only
small temperature changes of w0.5  C over the Holocene. These
changes were too small to account for the observed millennialscale variations in carbon accumulation rates. Only the regional
increase in temperature between 15 and 11 ka of around 1.5  C
(Linsley et al., 2010) might have inﬂuenced carbon accumulation.
These rising temperatures, together with atmospheric CO2 concentrations rising by > 40 ppmv (Monnin et al., 2001, Fig. 9) most
likely stimulated the productivity of existing peat swamp forests in
inland Kalimantan via the CO2 fertilization effect (Prentice et al.,
2011), allowing for carbon accumulation to increase from 1 to
30 g C m 2 yr 1 between 15 and 11 ka (Fig. 2; 9).
The major climatic change during the LateglacialeHolocene
transition in the Indo-Paciﬁc Warm Pool was a constant increase in
moisture availability associated with rising sea level and intensiﬁcation of atmospheric convection and of the monsoon systems (e.g.
Partin et al., 2007; Grifﬁth et al., 2009; Tierney et al., 2012, Fig. 9).
Carbon accumulation in Central Kalimantan clearly tracked this
moisture increase until 8 ka. We therefore suggest that variations in
carbon accumulation in general must have been primarily
controlled by the regional hydroclimate in close association with
rising sea levels.
Long-term hydroclimatic changes in the Indo-Paciﬁc Warm Pool
are driven by orbital forcing, dominated by the (half-) precessional
cycle (e.g. Kutzbach, 1981; Partin et al., 2007). Over the course of the
Holocene hemispheric changes in insolation led to a southward
migration of the mean position of the Intertropical Convergence
Zone and a reversed hemispheric strengthening of the monsoon
systems (e.g. Haug et al., 2001; Wang et al., 2006). During the Early
Holocene the summer insolation maximum in the northern
hemisphere resulted in a northward shift of the Intertropical
Convergence Zone and a strong Asian summer monsoon (Dykoski
et al., 2005). This time period corresponded to a weaker Australian (summer) monsoon during boreal winter as recorded in speleothems from Flores (Grifﬁth et al., 2009, Fig. 9). The stronger
Asian summer monsoon likely enhanced cross-equatorial air ﬂow
and moisture transport, which presumably resulted in wet conditions in southern Borneo and Sumatra during June to September
(the modern dry season). Moreover, higher than present September

73

Late Quaternary Carbon Cycling of Southeast Asian peatlands - Paper II

24

R. Dommain et al. / Quaternary Science Reviews 97 (2014) 1e32

74

Dommain et al. 2014 Carbon storage and release in Indonesian peatlands

25

R. Dommain et al. / Quaternary Science Reviews 97 (2014) 1e32

insolation at the equator during the Early Holocene suggests
enhanced convective activity and wetter conditions during the end
of the modern dry season. These probable climate mechanisms may
explain the maximum rates of carbon accumulation between 10
and 8 ka in inland Central Kalimantan and the peak in the rate of
carbon storage of 0.7 Tg C yr 1 at 9 ka (Fig. 9).
However, besides insolation forcing, ﬂooding of the Sunda Shelf
has been identiﬁed as an important mechanism for controlling
moisture supply in the Indo-Paciﬁc Warm Pool and for the intensiﬁcation in monsoonal rainfall (Grifﬁth et al., 2009, 2012; DiNezio
and Tierney, 2013). Coincident with the opening of the seaway
between the South China Sea and the Java Sea south of Borneo at
w9.5 ka (Fig. 6) was the abrupt increase in Australian summer
monsoon intensity that preceded increasing insolation in the
southern hemisphere (Grifﬁth et al., 2012, Fig. 9). The large area of
ﬂooded shelf provided a signiﬁcantly increased moisture source for
northwesterly monsoon ﬂow (Nov.eMarch). Carbon accumulation
of the Sebangau peatland (Page et al., 2004) directly responded to
this abrupt strengthening of the Australian monsoon with a synchronous increase from w20 to w90 g C m 2 yr 1 at 9.5 ka (Fig. 3).
The combined increase in year-round moisture supply (i.e. subdued
rainfall seasonality) during the Early Holocene seems to have
induced the highest rates of carbon accumulation in inland
peatlands.
Rainfall continued to increase after 8 ka in northern Borneo,
while it remained rather constant south of the equator (Fig. 9).
However, mean carbon accumulation rates in Central Kalimantan
decreased by 25 g C m 2 yr 1 between 8 and 6 ka (Fig. 9). This
continuous decline in CAR corresponds to decreasing June insolation (Fig. 9), perhaps pointing at a progressively intensifying dry
season in southern Borneo during boreal summer and an associated
response of the peat-carbon balance. Interestingly, the Upper
Kapuas peatlands, located directly on the equator, do not show a
decrease in the mean CAR after 8 ka, but rather constant CAR until 4
ka (Fig. 2).
By 5 ka the mean position of the Intertropical Convergence Zone
was centred over equatorial Southeast Asia (Partin et al., 2007) and
apparently shifted farther south as seen in the rainfall maxima at 4
and 3 ka in the two southern paleoclimate records (Grifﬁth et al.,
2009; Tierney et al., 2012, Fig. 9). Millennial-scale variations in
CAR from coastal peatlands largely correspond to the reconstructed
rainfall changes from Borneo and Sulawesi (Fig. 9). The Holocene
maximum in mean CAR of 91 g C m 2 yr 1 of coastal peatlands from
Kalimantan and Sumatra was synchronous with the recorded Holocene rainfall maxima at 5e4 ka near the equator (Fig. 9). This
maximum in CAR was also likely supported by a raised base level
due to the sea-level highstand (sect. 5.2; Dommain et al., 2011). The
following decline in mean CAR by 25 g C m 2 yr 1 mirrored
reduced rainfall in Borneo and Sulawesi (Partin et al., 2007; Tierney
et al., 2012).
Paleoclimate model simulations for Borneo and Sumatra produce higher than present JuneeNovember precipitation at 6 ka,
most likely as a result of the equatorial September insolation
maximum during that time (Tierney et al., 2012, Fig. 9). The
declining long-term rates in CAR after 4 ka indeed seem to follow
the trend in September insolation (Fig. 9). Increased rainfall seasonality over the past 3000 years thus seems to have inﬂuenced the

carbon balance of both inland and coastal peatlands. This inference
is in line with the precipitation model for peat formation in the
tropics by Cecil and Dulong (2003) that predicts maximum rates of
peat accumulation under a perhumid climate and its rapid decline
with a dry season of more than 2e3 months. As already noted by
Anderson (1983) not only the annual sum, but particularly the
rainfall distribution over the year is important for peat accumulation in the tropics.
5.6. Natural carbon release
5.6.1. Late Holocene carbon release from aerobic peat
decomposition
During the Late Holocene peat growth ceased over wide areas of
inland peatlands in Central Kalimantan (Sieffermann et al., 1988;
Dommain et al., 2011) and also in the undisturbed Nung peat
domes in the Upper Kapuas basin (Anshari et al., 2012). This
regional pattern of arrest in peat growth was probably a response to
either external forcing factors such as changes in climate, sea level,
or geomorphology or to internal peatland growth and decay
factors.
A number of different mathematical models predict limits to
peat bog growth, including 1) mass balance models in which cumulative mass loss of older carbon mass surpasses the addition of
new mass (Clymo, 1984, 1992) and 2) hydrological models, which
show that the maximum possible height of a bog is constrained by
the elevation and width of its water table mound (Ingram, 1982;
Glaser et al., 2004). An internally controlled, mass balance limit to
bog height results in continued accumulation of young peat at the
surface and a declining apparent rate of accumulation at deeper
levels. An externally controlled limit of peat growth as deﬁned by
the width of an interﬂuvial divide and the rate of recharge would in
contrast produce a transient reduction followed by a ﬁnal cessation
of peat accumulation as the peat dome approaches the maximum
possible height of a water table mound in that speciﬁc hydrogeologic setting (Glaser et al., 2004).
The truncated peat proﬁles from inland Central Kalimantan do
not conform to either of these models. Instead, they exhibit steady
peat growth up to the surface with a high apparent rate of accumulation (Fig. 10). The truncations therefore suggest an abrupt
change in some external hydrological control that causes a nonlinear response of the peatland ecosystem. Apparently peat accumulation did not resume again over the most recent millennium,
implying that either the ecosystem could not recover or that the
controlling factor preventing peat growth is still active. Today, the
water-table in the truncated peatlands is 1e1.5 m below the peat
surface in the dry season and the surface peat is strongly humiﬁed
(Moore et al., 1996), indicating a clear change in the hydrological
balance.
The regional hydraulic gradient was altered by the Late Holocene fall in sea level, which lowered base level and water table
elevations in the peatland watersheds. With respect to water inputs
from recharge (i.e. precipitation), available paleoclimatic records do
not show dramatic changes in rainfall for the Late Holocene (Fig. 9).
However, abrupt, high-frequency changes in ENSO activity are well
documented for this period (Moy et al., 2002; McGregor and Gagan,
2004; Conroy et al., 2008, Fig. 10) leading Dommain et al. (2011) to

Fig. 9. Synthesis of paleoclimate and carbon cycle changes over the past 15,000 years. A) insolation at the equator (from Laskar et al., 2004). B) d18O-based moisture reconstructions
from speleothems from Borneo (upper red line: from Partin et al., 2007) and from Flores (grey line: actual data, red line: 5-point running mean: from Grifﬁth et al., 2009). C) leafwax dD record of moisture history from the Makassar Strait off Sulawesi (blue line: actual data, black line 5-point running mean: from Tierney et al., 2012). For all three isotope
records lower values indicate wetter conditions. D) mean carbon accumulation rates for coastal peatlands and for inland peatlands of Central Kalimantan. E) build-up of the western
Indonesian peat carbon pool. F) atmospheric CO2 concentration from the EPICA Dome C ice-core record (from Monnin et al., 2001; Flückiger et al., 2002). G) Annual rate of carbon
storage of the total of western Indonesian peatlands at each millennial boundary.
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Over the past two millennia, annual carbon losses from the
5000 km2 of degrading peatland in inland Central Kalimantan and
the Upper Kapuas amounted to 0.15 Tg C yr 1, resulting in a cumulative carbon release of 0.3 Pg C. The annual losses equal almost
one half of the contemporaneous storage in the remaining, still
accumulating peatlands of these two regions (Table 1). The cumulative losses correspond to 1% of the total current carbon pool of
western Indonesia. Even in the absence of ﬁres, changes in sea level
and hydroclimate led to notable carbon release from Indonesian
peatlands.

Fig. 10. Conceptual model of natural peat degradation for high-peat areas in inland
Central Kalimantan. Age-depth models of truncated cores (core locations shown in
Fig. 11) and extrapolated carbon mass accumulation until 2 ka. Carbon accumulation
after 4 ka is assumed to decrease as a result of falling sea levels and increased El Niño
activity. The abrupt increase of El Niño intensity at 2 ka triggers the release of the
additionally accumulated carbon. El Niño record at the bottom is from Conroy et al.
(2008).

suggest that inland peatlands in Kalimantan stopped accumulating
and, in fact, started to lose surface peat in response to enhanced El
Niño activity during the last 2 ka.
The stronger El Niño events were probably only a ﬁnal trigger
for aerobic decay of the surface peats of the inland peatlands.
Falling sea level and lower precipitation most likely had begun to
lower the water tables on these peatlands after 4 ka leading to
slower rates of peat accumulation (see Fig. 3a: scenario b for the
Palangka Raya peatland; Fig. 10). Subsequently, El Niño events
periodically induced still deeper water-table drawdowns and promoted rapid aerobic decomposition of surface peat under the high
ambient temperatures that are even higher during the positive
phase of ENSO (Harger, 1995).
The spatial restriction of Late Holocene carbon losses (i.e.
truncated peat proﬁles) to the high peat areas of Central Kalimantan (Fig. 11) can be explained by their speciﬁc topographic
setting. The interﬂuvial high peat areas are located on podzol plains
that are up to 15 m above adjacent, partly peat-ﬁlled river valleys
(Sieffermann et al., 1987, 1988). These high peat areas beneﬁted
from the sea-level highstand when the adjacent valleys were
widely ﬂooded and the water-table mounds on the interﬂuves were
higher. The fall in sea level after 4 ka in conjunction with overall
reduced precipitation and increased ENSO activity would have
drawn down the water table in these elevated central areas and
have led to the decay of previously deposited peat. In contrast,
falling sea level led to exposure of land surfaces within the lower
adjacent river valleys enabling peat formation (sect. 5.2.).
The reconstructed annual rate of carbon release since 2 ka from
the truncated high peat proﬁles ranges from 15 to 105 g C m 2 yr 1
(mean ¼ 38 C g m 2 yr 1; n ¼ 7, Fig. 10). Today, the carbon release
from just outside the high peat area in the undrained Sebangau
peatland is on average even higher at 174  203 g C m 2 yr 1
(Hirano et al., 2012, Fig. 11).
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5.6.2. Late Holocene carbon release from peat ﬁres
Fires are a major cause of carbon losses from tropical peatlands
in the past few decades (Page et al., 2002). During the past 20 years,
ﬁres consumed the upper portions of peat proﬁles in Kalimantan
down to depths of 15e150 cm with associated carbon releases of 6e
104 kg C m 2 (Couwenberg et al., 2010). These carbon losses are
equivalent to about 190e3300 years of peat accumulation, highlighting the scale of destruction of recent peat ﬁres. Modern peat
ﬁres are most severe and widespread during El Niño events (van
der Werf et al., 2008; Langner and Siegert, 2009) and the same
can be assumed to hold for the Holocene epoch (Haberle et al.,
2001).
Paleo-records of peat ﬁres are restricted to a few localized sites
in Kalimantan and no synoptic analysis on the ﬁre history has yet
been attempted for Southeast Asian peatlands. Holocene charcoal
records exist from the peatlands of the Kutai basin, the Upper
Kapuas basin and one site in Central Kalimantan (Anshari et al.,
2001, 2004; Yulianto et al., 2004; Hope et al., 2005), but only in
the Kutai basin could past ﬁres be related to carbon losses. In
contrast, the absence of charcoal indicates that ﬁres were not
responsible for the truncation of peat proﬁles in Central Kalimantan
(Dehmer, 1993; Moore et al., 1996). The only evidence for local peat
ﬁres from this region exists for the period 9.2e7.5 ka, without any
clear indication of associated peat losses (Yulianto et al., 2004).
Holocene ﬁre activity in the Upper Kapuas basin was highest
between 3.3 and 1.3 ka (Anshari et al., 2001, 2004) during the
strongest El Niño phase (Fig. 10), suggesting a strong climatic
control on both local and regional ﬁre occurrence. However, no ﬁre
related peat truncations have yet been recorded in the Upper
Kapuas basin.
Fires affected the peatlands of the Kutai basin mainly after 5 ka
and higher frequencies of both micro- and macro-charcoal were
recorded after 2.5 ka with maxima during the last millennium
(Hope et al., 2005). These ﬁres were most likely the result of human
activities along the rivers of this region (Hope et al., 2005).
Nevertheless, the time of highest ﬁre activity coincides with the
strong Late Holocene El Niño phase, indicating that associated
droughts likely supported the spread of ﬁres.
Severe peat ﬁres during the Late Holocene were the likely cause
for peat truncation and the subsequent formation of several large
lakes in the Kutai basin as indicated by several metres of woody
peat that underlie the lacustrine sediment layers (Hope et al.,
2005). This mode of lake formation implies that peat ﬁres must
have consumed at least one metre of peat to permit the permanent
inundation needed to prevent re-colonisation of the burnt area by
trees (cf. Wösten et al., 2006; van Eijk et al., 2009).
The loss of one metre of peat in each of the burnt and truncated
proﬁles from Kutai corresponds to the loss of 560e900 years of
additional peat accumulation (see sect. 3.4.). Adding these time
spans to the age of the truncations places the time of possible ﬁre
occurrences at 4.4 ka, 3.9 ka, 1.9 ka, and 1.4 ka respectively. The El
Niño reconstruction of Moy et al. (2002) identiﬁes 5, 5, 3, and 9 El
Niño events per 100 years respectively for these four periods of
possible ﬁre activity. If ﬁres were directly controlled by El Niño
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Fig. 11. Peat distribution in Central Kalimantan (southern Borneo) with coastal peatlands in dark grey and inland peatlands in black, brown and orange. Brown and orange are the
high peat areas of Sieffermann et al. (1988). Brown coloured areas are assumed to release carbon as indicated by truncated cores (yellow dots). Dated cores are lacking for the orange
coloured areas and these are not assumed to release carbon. Age-depth curves of the truncated cores are shown in Fig. 10. Eddy ﬂux tower site of Hirano et al. (2007, 2012).

droughts then 3 to 9 ﬁres per century could have occurred. This ﬁre
frequency would have permitted the combustion of one metre peat
if single ﬁres burnt peat layers of between 10 and 30 cm depth. The
corresponding mass of released carbon would then be around 6e
20 kg C m 2 per ﬁre.
These potential carbon losses from Late Holocene peat ﬁres are
in the lower range of modern ﬁre-related losses (6e104 kg C m 2,
Couwenberg et al., 2010). Integrated over burnt peatland areas (i.e.
GIS polygons) the average carbon release of single ﬁre events
during the four ﬁre episodes at 4.4 ka, 3.9 ka, 1.9 ka, and 1.4 ka
would have been 0.66 Tg C, 1.96 Tg C, 3.6 Tg C and 0.1 Tg C,
respectively. Despite their local impacts these carbon losses never
surpassed contemporaneous carbon storage from all peatlands of
western Indonesia (Table 1). Unless other widespread peat ﬁres
occurred in other parts of western Indonesia at similar times ﬁre
related carbon release did not offset peat carbon storage during the
Late Holocene.
Although 10% (440 km2) of the Kutai peatlands were likely
affected by ﬁre, the associated release of 25 Tg C corresponds to
only 1% of the current carbon pool of Kutai. This cumulative ﬁrerelated carbon release from Kutai e which, at this stage, represents all known carbon losses from paleo-ﬁres of western Indonesia
e is less than the average carbon losses from modern peat ﬁres
across all of Borneo in one year (van der Werf et al., 2008). Fire
related carbon losses from western Indonesian peatlands over the
past 4000 years were an order of magnitude lower than the total

carbon release from aerobic peat decomposition over the past 2000
years.
5.7. Current and future anthropogenic carbon losses
Today, Indonesian peatlands release massive amounts of carbon
as a consequence of rapid deforestation, widespread drainage and
recurring peat ﬁres (Page et al., 2002; van der Werf et al., 2008;
Couwenberg et al., 2010; Hooijer et al., 2010; Frolking et al.,
2011). Dommain et al. (2012) estimated anthropogenic carbon
emissions of 123 Tg C yr 1 from drainage-based peat decomposition in western Indonesia in 2007 (Fig. 12), constituting 85% of
drainage related emissions in Southeast Asia (Dommain et al., in
press). Natural carbon release from aerobic peat decay (0.15 Tg C
yr 1) in inland Kalimantan is insigniﬁcant in comparison to the 820
times higher anthropogenic losses.
Considering the remaining extent of undrained, primary peat
swamp forest today, the rate of carbon storage in western Indonesian peatlands has been reduced to 1.2 Tg C yr 1 (Dommain et al.,
2012, in press; Fig. 12), equalling only 17% of the annual predisturbance rate. Thus, peatland degradation not only causes substantial losses from the existing carbon pool, but also a signiﬁcant
reduction in inputs.
In addition to drainage-based peat decomposition, ﬁres
currently contribute signiﬁcantly to regional carbon losses from
peatlands. Carbon emissions from ﬁres vary strongly between
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years. During wet La Niña years carbon emissions in western
Indonesia are much lower (w35 Tg C yr 1) than during dry El Niño
years (w130 Tg C yr 1; van der Werf et al., 2008). The ﬁres of the
major El Niño event of 1997/98 released approximately 700 Tg C
(Heil et al., 2007; van der Werf et al., 2010) equalling 100 years of
natural carbon accumulation for all western Indonesian peatlands.
Between the years 2000 and 2006 peat ﬁre emissions from Borneo
(mainly Kalimantan) and Sumatra averaged about 75 Tg C yr 1 (van
der Werf et al., 2008). The estimated carbon release from Late
Holocene peat ﬁres of 0.1e3.6 Tg C yr 1 is therefore small in comparison to current peat ﬁre emissions.
The combined carbon losses of modern peatland drainage and
peat ﬁres in western Indonesia amount to about 200 Tg C yr 1
(range: 160-250 Tg C yr 1; Fig. 12). This carbon loss is 28 times
higher than the pre-disturbance carbon uptake indicating that the
entire western Indonesian peatland region has switched from a
carbon sink to a signiﬁcant carbon source. If current carbon losses
continue at the same rate the total peat carbon pool will be
exhausted in 115 years (assuming full drainability). Yet, it seems
that the rate of carbon release will continue to increase, at least
over the coming 20 years. Miettinen et al. (2012) project the
expansion of drained oil-palm plantations in western Indonesian
peatlands to 25,000 km2 in 2020 and 36,700 km2 in 2030. This land
use change alone would cause an increase in carbon emissions to
227 Tg C yr 1 by 2020 and to 250 Tg C yr 1 by 2030 (Fig. 12).
Compared to the multi-millennial timescale it took to build up the
Indonesian carbon pool, beginning 19,000 years ago, the ongoing
carbon losses are highly disproportionate. Current human activities
are leaving a geological imprint in the western Indonesian landscape that also affects the CO2 concentration in the atmosphere.

Fig. 12. Modern human impact on the carbon ﬂuxes of western Indonesian peatlands.
Fluxes from 1950 (before large-scale human impact) are compared to present ﬂuxes
and future projections. Peatlands have switched from a carbon sink to a carbon source.
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6. Conclusions
Using a novel approach, based on peat depth maps, peat accumulation rates and available radiocarbon dates, we reconstruct the
spatial expansion of peatlands in western Indonesia since the LGM.
Our approach expands and improves upon the commonly applied
use of basal dates as a proxy for peatland area in the past. The basal
dates approach to peatland expansion underestimates young,
shallow peat areas, including lateral peatland expansion. The new
method shows that western Indonesian peatlands had their
greatest expansion during the past 3000 years, several millennia
later than suggested by the basal dates approach. The choice of
method has signiﬁcant consequences for the reconstruction of
peatland impacts on atmospheric greenhouse gas concentrations.
The basal dates approach is probably overestimating Holocene CO2
uptake by peatland regions.
Sea-level change was the primary driver for peatland formation
and expansion in the lowlands of the western Indonesian archipelago as it controls both the regional atmospheric moisture
availability and the hydrological gradient on the islands. A sea-level
height of 80 m bmsl seems to mark a threshold level for inland
peatland formation in Borneo during the Late Quaternary. Periods
of rapid deglacial sea-level rise of over 10 mm yr 1 induced peatland formation and expansion in inland Kalimantan between 20
and 7 ka. The formation of coastal peatlands in western Indonesia
started only when the rise in sea-level was reduced to a rate of
2.4 mm yr 1 which marks an important threshold above which any
future sea-level rise will likely lead to widespread inundation,
particularly in view of anthropogenic peatland subsidence.
Changes in sea level and hydroclimate were not only important
drivers for the growth of the carbon pool in western Indonesia but
also for the degradation of inland peatlands, which released
0.3 Pg C during the past 2000 years. Moisture supply is the primary
climatic control for peat accumulation in the tropics where high
temperatures drive rapid carbon turnover whenever water tables
are lowered. Perhumid conditions induced the highest rates of
carbon accumulation in the past, whereas higher seasonality and El
Niño droughts led to reduced accumulation and peat truncation.
Peat bog growth in the tropics is thus limited by aerobic decay and
not by anaerobic decay integrated over of the entire peat proﬁle,
which is insigniﬁcant in comparison to northern peatlands. This
observation provides an additional explanation for the enormous
thickness of Carboniferous and Tertiary coal deposits that are
derived from tropical peat swamp forests.
The high rates of carbon accumulation of coastal peatlands and
their uninterrupted expansion as a result of falling sea levels
enabled continuously increasing rates of carbon storage during the
Late Holocene. Increased land availability due to sea-level regression thus compensated for decreased moisture availability e as
driven by the southward migration of the ITCZ and enhanced ENSO
activity e to maintain the exponential growth of the western
Indonesian peat carbon pool. Although Indonesian peatlands were
a persistently growing carbon sink between 15 and 0 ka, they were
insigniﬁcant in contributing to the massive uptake of carbon by the
biosphere during the Early Holocene. However, after 5 ka this carbon sink increased substantially and partly compensated for
contemporaneous biospheric carbon release from other regions
and likely contributed to a reduced increase in atmospheric CO2
concentrations since 2 ka.
Although Indonesian peatlands have persisted as a carbon sink
for 15,000 years in spite of substantial changes in sea level and
climate, they cannot withstand the pressure of modern human
activities. Within the recent decades this important carbon sink has
switched to a signiﬁcant carbon source that contributes to currently
rising atmospheric CO2 concentrations.
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Abstract
Peatlands of Southeast Asia store large pools of carbon but the mechanisms that govern the accumulation of
carbon in this tropical setting remain to be resolved. In particular patch dynamics and forest disturbance have
seldom been considered as drivers that can amplify rather than dampen rates of carbon accumulation in
forested peatlands. Here we used a modified piston corer, non-invasive geophysical measurements, and
geochemical and paleobotanical techniques to establish the effect of tree fall on carbon accumulation rates for
a Shorea albida dominated peat swamp forest in Brunei (Borneo). Carbon initially accumulated at 135 g C m-2
yr-1 during a basal mangrove forest stage but declined to an average of about 36 g C m-2 yr-1 with the
establishment of a peat swamp forest. A rapid accumulation pulse of 720-960 g C m-2 yr-1 occurred 1080 years
ago that was associated with the infilling of a tip-up pool. Tip-up pools are now common features on the peat
domes of northwest Borneo where windthrow and lightning strikes produce tree falls at a rate of 4 trees ha-1
every decade. A simulation model indicates that tip-up pools, which are created across the entire forested peat
dome on centennial timescales, constitute local hotspots for carbon accumulation that obscure linkages between
landscape-scale rates of carbon accumulation and climate. Our results suggest that the high sink strength of
tropical peat swamps may be based on fundamentally different peat forming processes than those of northern
peatlands.
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1. Introduction
The tropical peatlands of equatorial Southeast Asia contain a globally significant reservoir of over 20 petagram
carbon that has been rapidly accumulating over the past several millennia (Dommain et al. 2011, 2014). Because these peatlands develop under a permanently hot climate their rapid rates of carbon accumulation
represent a paradox because organic matter decomposition normally increases with higher temperature
(Trumbore et al. 1996, Davidson et al. 2000, Knorr et al. 2005). High water tables and the recalcitrant woody
matter may decrease decay rates (Couwenberg et al. 2010), but the mechanisms that control peat accumulation
in tropical peatlands have rarely been studied systematically, in contrast to peatlands in the northern hemisphere
(e.g. Wieder & Vitt 2006, Baird et al. 2009).
On the regional scale (5.000-100.000 km2) and over millennial time spans, long-term rates of carbon
accumulation rates in Southeast Asian peatlands seem to be controlled by changes in sea level and hydroclimate,
such as long-term shifts in the mean position of the Intertropical Convergence Zone (Dommain et al. 2014).
How- ever, because of the extremely low number of available radiocarbon dated peat cores (e.g. Supardi et al.
1993, Neuzil 1997, Page et al. 2004), it remains unclear how carbon accumulation rates in individual peatlands
have varied over shorter time spans. In particular, variations in carbon accumulation rates on decadal to
centennial timescales have seldom been resolved, whereas the drivers behind fluctuations on these timescales
need to be identified to improve predictions on the future carbon balance of tropical peatlands.
In general, climate as manifested by regional temperatures and precipitation is believed to exert an
overwhelming control on peat carbon accumulation by influencing both plant productivity and organic matter
decomposition (e.g. Lottes & Ziegler 1994, Yu et al. 2009, Charman et al. 2013). However, studies in northern
peatlands showed that vegetation changes, autogenic peatland processes and ecosystem disturbances can also
produce variations in carbon accumulation rates in peatlands independent of climatic change (e.g. Kilian et al.
2000, Mauquoy et al. 2002, Turetsky et al. 2002, Couwenberg & Joosten 2005). For tropical peatlands of
northwest Borneo, Anderson (1961a, 1983) suggested that during peat swamp forest succession peat
accumulation declines because of changing vegetation. Moreover, hydrological feedback mechanisms seem to
mitigate variability in atmospheric moisture supply in the ombrotrophic peat swamp forests (Dommain et al.
2010) and thus likely affect long-term rates of carbon accumulation (Dommain et al. 2011). Similar to northern
forested peatlands, the patterns and dynamics of Southeast Asian peat swamp forests are also strongly influenced
by various disturbance agents (Anderson 1961a, Bruenig 1990). Susceptibility to disturbance is particularly high
in the Shorea albida peat swamp forests of northwest Borneo (Fig. 1), which are impacted by wind throw,
lightning damage, insect outbreaks, droughts, tree fires, and mass movements of peat (e.g. Anderson 1961a,
1961b, 1964, 1966, Brünig 1964, 1971, 1973, Wilford 1966, Fig. 2). Wind throw and to some extent lightning
will cause the generally shallow-rooted trees of peat swamps to uproot and fall thereby tearing a cavity into
the peat in which a tip-up pool forms (Yamada 1997, Fig. 2). This process has been hypothesized by Gastaldo
and Staub (1999) to create perennially flooded sites on the domed peatlands, which provide optimum conditions
for the preservation of delicate plant litter. This idea challenges the general paradigm that tropical peat swamp
forests mainly deposit woody peat (Polak 1933) with possible consequences for the rates and spatio-temporal
patterns of carbon accumulation. The effects of forest succession, disturbance regimes, and pool formation on
the accumulation of carbon over time have previously not been investigated in tropical peatlands and are
therefore the focus of this study. For more than two decades Southeast Asia suffers from widespread and
increasing deforestation that has resulted in little remaining tracts of natural peat swamp forests (Miettinen et
al. 2012) severely limiting research into the natural dynamics of these unique ecosystems. Brunei offers an
unparalleled opportunity for a representative baseline study because it harbors the last intact remnants of domed
peat swamps in Southeast Asia.

1.1. Methodological problems
Exploring long-term peatland dynamics with targeted peat core analyses provides a deeper mechanistic
understanding of the major peat accumulation processes and also offers important baseline information for
modern and future disturbance regimes (McLauchlan et al. 2014). Peat cores need to be analyzed at high
temporal resolution to provide detailed insights on paleo-vegetation and carbon dynamics. Regrettably, peat
core studies of Southeast Asian peat swamp forests are methodologically severely constrained by the large
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Figure 1: Peatland distribution on Borneo superimposed on a SRTM-digital elevation model. The brown
polygons mark peatlands that are located within the distributional range of Shorea albida. The red square
marks the area shown in Fig. 3. Numbers denote other peatlands mentioned in the text: 1) Rajang Delta, 2)
Teluk Keramat, and 3) Rasau Jaya.

amount of dense wood contained in the peat deposits (Fig. 2). The abundance of buried wood (1) often prevents
complete core recovery, (2) lowers the resolution of radiocarbon dating since the wood can be of different age
than that of the adjacent peat matrix, (3) complicates precise bulk density measurements, and (4) introduces
temporal gaps in paleoenvironmental reconstructions such as pollen records (e.g. Polak 1933, Anderson &
Muller 1975, Esterle & Ferm 1994, Shimada et al. 2001, Page et al. 2004, Sumawinata et al. 2008, Wüst et al.
2008). Incomplete recovery of the wood fraction in particular leads to uncertainties in estimating the bulk
density and carbon content of peat profiles. This important source of error directly affects reconstructed rates of
carbon accumulation (Dommain et al. 2011) and regional estimates of carbon pools (Dommain et al. 2014). The
few available peat core records typically suffer from wide sampling intervals for both radiocarbon dates and
bulk density, whereas carbon accumulation curves often lack supporting information on the paleo-vegetation
(Anderson and Muller 1975, Morley 1981, Diemont & Supardi 1987, Supardi et al. 1993, Neuzil 1997, Page et
al. 2004), which precludes insights in how climate, disturbance, or autogenic processes affect carbon
accumulation. Modern non-destructive techniques for geophysical, geochemical, and image analyses of cores
with very fine sampling intervals (Rothwell 2006) provide a means to overcome some of the difficulties in
measuring cores rich in wood.

1.2. Objectives
Here we present the first core record of carbon accumulation rates from a Shorea albida peat swamp forest of
Borneo. This study was designed to address four important questions concerning the carbon and ecosystem
dynamics of tropical peatlands: (1) what controls carbon accumulation over timescales of 10 to 100 years, (2)
what is the relative importance of external climatic vs. internal ecosystem drivers in influencing carbon
accumulation at these timescales, (3) which types of ecosystem disturbance altered rates of carbon accumulation
in the past and what is the spatial significance of these disturbance types on the scale of a peat dome, and (4)
what is the role of tip-up pools in the carbon dynamics of tropical domed peatlands? In particular, we tested the
hypothesis of Gastaldo and Staub (1999) that tip-up pools create favorable sites for plant litter deposition and
preservation. We addressed the last two questions by developing a simulation model of peat accumulation
dynamics based on the core record, analysis of aerial photographs, and field observations.
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Figure 2: Photographs of peat swamp forest and forest peat in Brunei. A) Tip-up pool in the Mendaram peat dome
formed from a fallen Shorea albida tree. The pool is 8 m across. B) Exposed peat wall along a ditch showing the
abundance of undecomposed large wood pieces and of smaller roots embedded in the peat. C) Orthophotograph of Shorea
albida dominated peat swamp forest on the Mendaram peat dome. Note the up to 50 m wide canopy gaps produced by
lightning and wind throw. Photo taken by Brunei Survey Department in 2009.

2. Study Area
The Mendaram peatland (4°20” N and 114°20” E, Fig. 1) lies 30 km south of the coast in the Belait District of
Brunei Darussalam in the northwestern part of the equatorial island of Borneo. The peatland is located on the
interfluvial divide between the Mendaram and the Baram River (Fig. 3a) and is one of the last pristine peatlands
on Borneo. It covers an area of approximately 43 km2 and has a surface elevation of 2.5 to 7 m above sea level.
The peatland is part of the 3130 km2 large peatland complex, which covers the deltas of the Baram and Belait
Rivers (Fig. 3a) and which consists of approximately 30 individual peat domes with peat depths ranging from
1 to 12 m (e.g. Anderson & Muller 1975, Furukawa 1988, Tie & Esterle 1992, Stoneman 1997). Late Holocene
delta progradation (Caline & Huong 1992) and progressive sea-ward expansion of peatlands is indicated by the
south to north chronosequence of basal mangrove and peat dates of 4800, 4400, 3900, and 1060 cal BP at
Marudi, Sungai Pagalayan, Lubok Belanak, and Kuala Baram, respectively (Fig. 3a, Tie & Esterle 1992,
Woodroffe 2000).
Brunei has an equatorial-humid-diurnal climate sensu Walter (1985) and the coastal belt an average annual
rainfall of 2880 mm (measured in Seria and Kuala Belait between 1947 and 2004). Monthly rainfall data
indicate constantly perhumid conditions because precipitation surpasses potential evapotranspiration (i.e. 100
mm, Walter 1985) in every month. The low seasonality in rainfall distribution can be explained by the
overwhelming year-round influence of the Intertropical Convergence Zone (ITCZ) over northern Borneo (Cobb
et al. 2007). Typically, rainfall is very localized and falls as heavy convective showers during the afternoon,
often associated with thunderstorms. Nearly 200 thunderstorms per year have been recorded at the Bandar Seri
Begawan International Airport (James 1984). Temperature remains remarkably constant throughout the year
with aver-age monthly temperatures fluctuating between 26 and 27°C, whereas the diurnal temperature range
is between 7 and 9°C (James 1984). Under such warm and wet climatic conditions the natural upland vegetation
is tropical rainforest.
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The type of rainforest covering the domed peatlands of the Baram-Belait Delta is peat swamp forest (Anderson
& Muller 1975). The peat domes show a clear concentric zonation of up to six so-called phasic communities
(P.C. 1-6) (Anderson 1983). The shallow peat dome margins are covered with species-rich mixed swamp forest
(P.C. 1) with Gonystylus bancanus and Dactylocladus stenostachys as dominant canopy trees. The largest
portions of the peat domes are covered with forest communities (P.C. 2-4) completely dominated by the
endemic Dipterocarp Shorea albida (Anderson 1963, Ashton 1964, Fig. 1). Shorea albida trees are between 30
to 70 m tall, can have a stem diameter of up to 2.5 m, and posses large buttress roots that extend up to 5 m up
the trunk and spread 6-7 m away from the tree (Ashton 1964, Anderson 1983, Furukawa 1988, Yamada 1997).
Almost pure stands of Shorea albida also dominate most of the Mendaram peat dome (Fig. 3b), whereas up to
3 m high stands of the monocot Pandanus andersonii form a dense understorey. Nearly circular canopy gaps
ranging in size from 5 to 50 m across occur regularly in the peat swamp forest (Fig. 3b).

3. Materials and Methods
3.1. Core collection
Between 31 October and 2 November 2011 four piston cores were collected from the Mendaram peat dome in
Brunei Darussalam using a modified Livingstone square rod piston corer equipped with a 100 cm long, 10 cm
diameter steel barrel, and a serrated cutting edge (Wright et al. 1984), which allowed the recovery of buried
wood up to 30 cm thick. Cores were collected in successive drives of up to 1 m length by a half-rotating sawing
motion and simultaneous downward thrust applied to a steel-handle. Core sections of each drive were extruded
in the field into split acrylonitrile butadiene styrene (ABS) pipes and shipped to the National Lacustrine Core
Facility (LacCore) at the University of Minnesota, Minneapolis for sampling, analysis, and permanent cold
storage. A complete peat profile of 1.80 m thickness was collected at 150 m from the peatland margin (i.e.
Mendaram River, Fig. 3b). At 1250 m from the peatland margin two cores were taken, but massive hard wood
layers at 1.60 m and 2.65 m depth, respectively, prevented collecting complete peat profiles. A 5.81 m long
profile up to the marine clay (piston core MDM11-2A, referred to as the “core”) was collected in six sections
900 m from the peatland margin (4°22'21.6" N Lat. and 114°21'18.1" E Long.) in a Shorea albida stand of
phasic community 3 (Fig. 3). The core was taken from a slight depression of the forest floor with the water table
located at the ground surface at the time of coring. This longest core was dated and analyzed in detail, except
for the lowermost section which consists entirely of marine clay.

3.2. Core logging and processing
At the LacCore facility the whole core sections of core MDM11-2A were first scanned with a Geotek MultiSensor Core Logger (MSCL) to automatically measure wet bulk density by gamma-ray attenuation at 0.5 cm
sampling intervals. Each core section was logged three times, with the core rotated 45º so that the gamma ray
beam passed through different cross-sectional profiles at the same depth interval to account for the
heterogeneities within the peat. A mean value of wet density was calculated from the three successive logging
runs for every 0.5 cm sampling interval. On the Geotek MSCL cores are horizontally pushed past a Caesium137 gamma radiation source and detector unit, which has a counting time of 10 sec. Wet bulk density is the
inverse proportion of the total amount of received gamma rays (e.g. Zolitschka et al. 2001). A calibration tube
consisting of a water filled 10 cm inner diameter ABS pipe with an inserted aluminum core of varying diameter
was used to calibrate the gamma-density values for the used core liner (Weber et al. 1997, Best & Gunn 1999).
The core sections were then split longitudinally with a diamond-bladed band saw. Fresh split-core surfaces were
imaged with a Geotek MSCL-CIS with GeoScan IV digital linescan camera at a resolution of 20 pixels per mm
for visual core description and subsequent image analysis. In addition, 2 cm wide X-ray radiographs were
taken along the center of the split core surfaces with an ITRAX X-ray core scanner at the Large Lakes
Observatory (University of Minnesota-Duluth).
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Figure 3: A) The Baram-Belait peatland complex of Brunei and Sarawak (Malaysia) in northwest Borneo with the coring
location in the Mendaram peat dome (red dot). Numbers 1-4 mark other peat core studies discussed in the text.
Interfluvial, forested peat domes are represented by dark green color. Regularly shaped, pink areas are oil palm
plantations. Landsat 7 ETM image from 10 July 2001. B) High resolution satellite image of the Mendaram peat dome
with the core location. The bright spots are canopy gaps. Image taken from Google Earth (Image © 2014 Digital Globe,
© 2014 CNES/Astrium).
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3.3. Image analysis and wood content
From the digital core images we extracted black and white masks of all well preserved wood pieces larger 0.2
cm2 with the image processing software ImageJ version 1.47 (Rasband 1997, Abràmoff et al. 2004). The fraction
of wood surface area from each successive 1 cm increment of core surface was estimated from the black and
white masks in ImageJ. In addition, the number of wood pieces were counted in each 1 cm increment using
these images.

3.4. Lithostratigraphic core description
Split cores were described visually and by means of smear slide analysis with a petrographic microscope to
establish lithostratigraphic units and to record botanical peat composition, degree of humification as well as the
general biological components, mineral composition, and charcoal presence. Pollen samples taken from the
major lithostratigraphic units were prepared according to standard procedures (Faegri & Iversen 1989) and the
most frequent pollen and non-pollen palynomorphs recorded. Identification and interpretation of microfossils
was aided by Anderson and Muller (1975), Maury et al. (1975), van Geel (1976), van Geel et al. (1981), Pals et
al. (1980), Simmons et al. (1999), Mao et al. (2012), and Ed Cushing (pers. commun.). A few samples of the
basal peat-sediment transition were examined for their mineral content with a Hitachi TM 1000 tabletop
scanning electron microscope (SEM) with an integrated X-ray diffraction (XRD) analyzer.

3.5. Radiocarbon dating and age model
Most radiocarbon dated profiles from tropical peatlands are based on the analysis of bulk peat samples (e.g.
Anderson & Muller 1975, Diemont & Supardi 1987, Supardi et al. 1993, Neuzil 1997, Page et al. 2004) despite
the susceptibility of bulk dates to chronological errors caused by the injection of younger material by roots
(Glaser et al. 2012). This post-depositional contamination by younger carbon may result in bulk dates being
several hundred years younger than macrofossils deposited contemporaneously with the peat matrix (Wüst et
al. 2008) leading to age inversions in densely dated profiles (Page et al. 2004). We therefore only sampled
material from above ground origin including selected plant macrofossils, fossil resin or in their absence
concentrates of the pollen-size fraction extracted from 1 cm thick peat slices for accelerator mass spectrometry
(AMS) radiocarbon dating (Table 1). Macrofossils were identified by comparison with reference material
collected at Mendaram or from the Botanical Garden of Greifswald University. Prior to submission all
macrofossil samples were thoroughly washed in high-purity water. Peat samples for the pollen-size fraction
were boiled in 10% KOH for 30 minutes, sieved through an 80 µm screen and the <80 µm fraction was sieved
again through a 20 µm screen to remove the smallest organic particles. Sieved samples (>20 – <80 µm) were
rinsed with high-purity water to remove dissolved organic compounds, then boiled in 2.5% NaClO for 3 minutes
and again in HCl for 30 minutes. The pollen-size concentrates were inspected for microscopic content and
discarded if pollen content was low or non-pollen components dominated. To determine the possible age offsets
between the pollen-size fraction concentrates and plant macrofossils we submitted a pair of both materials from
the same depth interval at 352-353 cm. Thirteen samples taken at intervals of 10 to 60 cm were submitted for
AMS dating to the Center for Accelerator Mass Spectrometry at Lawrence Livermoore National Laboratory
and the National Ocean Sciences AMS facility at Woods Hole Oceanographic Institution (Table 1). Radiocarbon
dates were calibrated into calendar years before present (cal BP, where present is 1950) using the IntCal13
calibration curve (Reimer et al. 2013) with the software Calib 7.02 (Stuiver & Reimer 1993). Single-year age
estimates were calculated as the weighted mean of the probability distribution of calibrated age ranges (Telford
et al. 2005, Table 1). An age-depth model was constructed by linear interpolation between the single-year age
estimates of neighboring dates. The sediment thickness between two neighboring dates was divided by its
respective time span to derive apparent rates of peat accumulation.

3.6. Peat and sediment geochemistry
Water content and loss-on-ignition were measured on 2 cm3 samples taken at 4 cm intervals. Wet samples were
dried in an oven at 100°C overnight, weighed, and then burnt at 550°C in a muffle furnace for four hours (Dean
1974). Samples of 2 cm3 volume were taken for elemental analysis at the same 4 cm intervals from the
peat/sediment matrix (n=98) or from wood pieces (n=19) as companion samples if wood was also located at the
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respective sampling interval or if it filled most of the core tube. The carbon and nitrogen concentrations of
freeze-dried and mechanically ground peat/sediment and wood samples were measured with a Vario-EL III
CHNOS analyzer at the Institute of Botany and Landscape Ecology (University of Greifswald). Carbon
concentrations represent total organic carbon because the peat at Mendaram is acidic with an average pH of 4.0
(Gandois et al. 2014) at which inorganic carbon (CaCO3) is generally absent (Succow & Stegmann 2001).

3.7. Rates of carbon accumulation
The proportions of wood and peat matrix in each 1 cm increment estimated by image analysis were multiplied
by the respective measured or interpolated carbon concentration values of wood and peat to arrive at weighted
carbon concentrations in 1 cm intervals for the entire peat profile. Dry bulk density was calculated as the
percentage dry mass from the mean wet bulk density. Dry bulk density values of the interval 131-151 cm in
which the core section did not completely fill the storage tube, were gravimetrically measured by analyzing 2.7
cm3 samples at 1 cm depth intervals using standard methods. Multiplying peat accumulation rates with dry bulk
density and weighted carbon concentration yielded apparent rates of carbon accumulation. Time-weighted mean
rates of carbon accumulation were calculated for each lithostratigraphic unit as well as for the entire peat stratum
by taking the average rate from all single year carbon accumulation values over the considered time span of
interest.

3.8 Tree fall dynamics
To assess the spatio-temporal importance of tip-up pools for peat accumulation, the frequency and spatial
distribution of recent tree-falls within the Mendaram peat swamp forest were determined by comparing georeferenced and ortho-corrected aerial photographs (1003.96 m x 1003.96 m, pixel size is 19 cm) from 2002 and
2009 (Fig. 2c). The number of tree falls during this seven year interval was established by counting the number
of trees present in the earlier photographs that were absent from the later ones in three separate 25.32 ha squares
in the northern, eastern, and western part of the central peat dome. This analysis is facilitated by the distinct and
non-overlapping canopies of individual Shorea albida trees. In addition, the total number of tree crowns from
canopy forming Shorea albida trees was also counted in each sample square of the 2009 ortho-photographs to
determine the tree density in the peat swamp forest.

4. Results
4.1. Litho-stratigraphy
The stratigraphy of the MDM11-2A core consists of basal marine silty clay (481-460 cm), overlain by a peaty
clay (460-350 cm), which is again overlain by pure peat from 350-0 cm (Fig. 4). The core can be divided into
six finer lithostratigraphic units (Fig. 4, Table 2, 3). Unit I from 0-130 cm consists of well humified (hemic)
woody peat with largely vertically oriented woody and herbaceous rootlets and several hard wood layers. The
well preserved wood pieces are often larger than 2 cm in diameter with the largest piece being 5 x 9.5 cm. Unit
II extends from 130-255 cm and is composed of very well preserved, fibrous peat with abundant herbaceous
rootlets, rhizomes, and fine roots (<2 mm) as well as horizontal layers of well preserved leaves embedded in an
organic, muddy matrix. Conspicuous leaf litter lenses occur at around 130 cm, 184 cm, and 237 cm depth. The
top of this unit, from 131-151 cm is very fibrous, dominated by vertically arranged herbaceous roots. This unit
contains wood pieces, which are generally smaller than in Unit I. Unit III from 255-340 cm consists of well
decomposed, hemic woody peat with numerous embedded wood fragments. This unit contains several wood
lenses at 257-277 cm and at 281-320 cm with the largest piece measuring 4.5 x 4.2 cm. The wood content
declines in the bottom of this unit, where the peat is still more humified and grades abruptly into Unit IV (340350 cm). This basal peat layer is mostly composed of charred, sapric (strongly decomposed) peat. Unit V (350460 cm) below consists of grey peaty clay with few small pieces of woody remnants and strongly humified
organic material. The base of this unit is composed of an agglomeration of fern roots (Acrostichium sp.). A sharp
contact forms the transition to the basal Unit VI (460-481 cm), which consists of marine clay and silty clay of
whitish to grey color. The results of pollen and mineral analyses indicate that these six lithostratigraphic units
fit a typical successional sequence from a basal inundated marine environment, to mangrove and freshwater
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Table 1: Radiocarbon Dates for the Mendaram core MDM11-2A.
13

Lab Code

Depth (cm)

Dated material

δ C
(‰
VDPD)

Radiocarbon
age (BP)

1σ calibrated age
range (cal BP) +
(probability)

2 σ calibrated age
range (cal BP) +
(probability)

Point age
estimate
(cal BP)

OS-106377
CAMS 158593

25.5-26
42.5-43.5

-28.9

460±25
660±30

100-101
101-102

>modern
755±25

503-520 (1.0)
565-587 (0.51)
644-665 (0.49)
>modern
671-694 (1.0)

CAMS 158595

131.5-132.5

1030±35

924-966 (1.0)

OS-106447

183.5-185

leaf fragments

-30.71

1150±25

OS-106696

237-238

2 leaf fragments

-29.25

1160±20

CAMS 158596

298.5-300

OS-106951

341-342

pollen size
concentrate
pollen size
concentrate

984-1033 (0.51)
1047-1082 (0.39)
1114-1117 (0.01)
1161-1171 (0.09)
1006-1025 (0.21)
1053-1088 (0.47)
1109-1124 (0.12)
1135-1142 (0.05)
1160-1172 (0.15)
1306-1353 (1.0)

494-534 (1.0)
558-603 (0.5)
628-673 (0.5)
>modern
667-710 (0.89)
712-726 (0.11)
804-807 (0.00)
831-853 (0.03)
905-1005 (0.91)
1027-1051 (0.05)
980-1098 (0.75)
1101-1149 (0.17)
1158-1173 (0.08)

512
615

CAMS 158594
OS-106378

wood
pollen size
concentrate
bracts
fossil resin
(3 pieces)
pollen size
concentrate

CAMS 158597

352-353.5

CAMS 158598

-29.67

1445±30
-23.39

2070±25

1994-2061 (0.89)
2089-2099 (0.11)

pollen size
concentrate

2465±30

352.5-353.5

seed

2315±40

2465-2540 (0.38)
2564-2573 (0.04)
2585-2617 (0.18)
2631-2700 (0.40)
2212-2219 (0.04)
2309-2358 (0.96)

CAMS 158599

399-400

pollen size
concentrate

2570±40

CAMS 158682

456-457

Acrostichum
(fern) root

2655±35

2542-2560 (0.11)
2618-2631 (0.08)
2701-2755 (0.81)
2747-2782 (1.0)

>modern
689
946

1063

989-992 (0.01)
996-1030 (0.20)
1049-1175 (0.79)

1083

1298-1385 (1.0)

1338

1951-1959 (0.01)
1971-1977 (0.01)
1986-2121 (0.97)
2379-2395 (0.02)
2398-2414 (0.02)
2421-2713 (0.95)

2042

2160-2171 (0.01)
2176-2247 (0.18)
2300-2438 (0.80)
2454-2455 (0.00)
2495-2597 (0.29)
2611-2638 (0.09)
2684-2762 (0.62)
2742-2809 (0.88)
2813-2844 (0.12)

2319

2563

2667

2776

swamp forest followed by a final peat swamp forest stage (Table 3).

4.2. Radiocarbon dates and age model
The Mendaram radiocarbon age vs depth profile shows no age reversals, except for a modern date that was
obtained from bracts at the top of section 2 (100-101 cm, Table 1). This date was rejected because a 14C date of
660 BP was obtained 60 cm above this dated sample and a 14C date of 755 BP directly below (101-102 cm,
Table 1). The dated bracts were most likely dragged from the surface when the core barrel was inserted into the
bore hole for the second drive. The radiocarbon dates from two sets of leaf fragments located 53 cm apart at
depths of 184 and 237 cm differ by only 10 years (Table 1). We accept those radiocarbon ages because leaves
are too large to move vertically within peat profiles. In contrast, in the adjacent samples of a pollen-size
concentrate and a seed from the depth interval 352-353 cm, the pollen-size concentrate is 215 radiocarbon years
older than the macrofossil and the calibrated age ranges between these materials are not overlapping. Because
the concentrate of the pollen-size fraction contained also non-pollen material of unknown age we discarded this
older date in the age model (Fig. 5). The peaty clay deposit has a basal date of ca 2780 cal BP and the peat layer
a basal age of 2250 cal BP of the probability distribution of calibrated age ranges
The age model derived from linear interpolation between weighted averages of calibrated radiocarbon dates is
characterized by a stepwise pattern with relatively long phases of steady, slow accumulation interrupted by rapid
accumulation pulses at the initiation of the mangrove stage and later for the herbaceous peat layer (Unit II, Fig.
5). Rates of peat accretion ranged from 0.4 to 26.6 mm yr-1. The highest apparent rate of peat accretion of 26.6
mm yr-1 occurred between 1083 and 1063 cal BP (Fig. 5). The accretion rate of the peaty clay sediment ranged
from 1.3 to 5.2 mm yr-1. The time-weighted mean accretion rate from the base of the peaty-clay layer to the core
top is 1.51 mm yr-1 and that of the entire peat layer is 1.38 mm yr-1.
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Figure 4: Mendaram peat core MDM11-2A stratigraphy with physical and geochemical core properties. Roman numbers
represent lithostratigraphic units: I is wood peat, II herbaceous peat with litter lenses, III wood peat, IV charred peat, V
mangrove sediment, and VI marine sediment; w indicates wood layers in the core. Original gamma-ray density data are
shown in green, blue, and pink and the mean values in black. Dotted lines from 131-151 cm denote rejected density data
due to insufficient core volume. Note the reversed scale for ash content.

4.3. Wood content
The wood content in the core varies considerably. Some portions of the core are dominated by numerous
hardwood pieces, whereas in other portions wood is completely absent (Fig. 6). Wood pieces >0.2 cm2 typically
cover about 7.7% of the surface of the split cores in Units I-IV (peat strata). The woody peat layers of Unit I
and Unit III contain about 13% and 12% wood respectively, including a peak value of 100% at 20 cm (Unit I)
and a maximum of 54% for Unit III at 304 cm (Fig. 6). The near absence of wood in the herbaceous peat of
Unit II is reflected in an average wood abundance of only 1.9% (Table 3). The quantity of wood fragments in
contiguous 1 cm thick layers of the core ranges from 0 to 5 pieces (Fig. 6).

4.4. Physical and chemical core properties of the deposits
The largest changes in the physical and geochemical core properties occur at the transition from marine
sediment to peaty clay at 460 cm and at the transition from the peaty clay layer to peat at 350 cm (Fig. 4). Out
of 2257 individual wet bulk density measurements from three logging runs 751 mean values of wet density
were calculated in 0.5 cm intervals corresponding to a temporal resolution of 0.2 to 12 years. Wet bulk density
ranges from 0.53 to 1.30 g cm-3 with a mean wet bulk density of 0.85 g cm-3 of the peat layer and 1.00 g cm-3
of the peaty clay sediment (Table 2, Fig. 4). Because the water content of the peat is around 92% (Table 2, Fig.
4) wet density values of less than 0.9 g cm-3 imply that portions of the peat core contain up to 5% gas.
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Physical and geochemical core parameters
Unit

Depth
(cm)

Age
(cal BP)

Peat /
sediment
type

Magnetic
suscept.
-6
(10 SI)

Gamma-ray
density
-3
(g cm )

Dry bulk
density
-3
(g cm )

Water
content
(%)

Ash
(% of solid
phase)

Organic
matter (%
of solid
phase)

Carbon
content
(%)
matrix

Nitrogen
content
(%)
matrix

I-IV

0-350

0-2220

Peat

-1.1 ± 0.4

0.845 ± 0.09

0.072 ± 0.02

91.9

1.9 ± 1.4

98.1 ± 1.4

54.6 ± 3.9

1.0 ± 0.3

(-2–0.6)

(0.530–1.059)

(0.039–0.176)

(82.2–95.1)

(0.4–7.2)

(92.8–99.6)

(34.2–60.9)

(0.3–1.5)

Hemic
wood peat

-0.9 ± 0.4

0.886 ± 0.10

0.092 ± 0.02

89.9

2.4 ± 1.6

97.6 ± 1.6

54.6 ± 5.9

1.1 ± 0.3

(-2–0.3)

(0.530–0.991)

(0.057–0.176)

(82.2–93.5)

(0.7–6.2)

(93.8–99.3)

(34.2–59.9)

(0.7–1.9)

9401150

Fibrous
herbaceous
peat

-1.1 ± 0.3

0.799 ± 0.09*

0.062 ± 0.01

92.2

1.5 ± 0.8

98.5 ± 0.8

54.2 ± 2.4

0.9 ± 0.2

(-1.6–0.6)

(0.629–1.059)

(0.043–0.090)

(90.3–93.7)

(0.4–4.1)

(95.6–99.6)

(46.4–57.9)

(0.3–1.2)

11502020

Hemic
wood peat

-1.3 ± 0.3

0.860 ± 0.07

0.063 ± 0.02

93.5

1.9 ± 1.7

98.1 ± 1.7

54.5 ± 3.6

1.0 ± 0.4

(-2–0.6)

(0.702–1.026)

(0.039–0.108)

(87.4–95.1)

(0.4–7.2)

(92.8–99.6)

(47.4–60.9)

(0.4–1.5)

20202250

Sapric,
charred
peat

-1.6 ± 0.1

0.924 ± 0.01

0.129 ± 0.01

85.5

3.7 ± 0.7

96.3 ± 0.7

60.4 ± 0.6

0.9 ± 0.1

(-1.8–1.4)

(0.900–0.945)

(0.095–0.144)

(84.3–89.6)

(3.0–4.5)

(95.5–97.0)

(59.7–60.8)

(0.8–0.9)

22502780

Peaty clay

-1.1 ± 0.3

1.004 ± 0.04

0.180 ± 0.05

83.2

40.2 ± 13.9

59.8 ± 13.9

37.4 ± 9.8

0.7 ± 0.1

(-1.7–0.3)

(0.843–1.064)

(0.089–0.427)

(74.4–90.5)

(4.6–55.9)

(44.1–95.4)

(25.6–59.1)

(0.5–1.0)

>2780

Clay/
silty clay

0.2 ± 0.5

1.195 ± 0.08

0.432 ± 0.04

63.7

69.1 ± 7.0

30.9 ± 7.0

23.2 ± 15.7

0.3 ± 0.1

(-1.3–1.1)

(0.902–1.302)

(0.344–0.491)

(58.1–68.7)

(62.3–80.8)

(19.2–37.7)

(13.1–51.0)

(0.3–0.4)

I

II

III

IV

V

VI

0-130

130-255

255-340

340-350

350-460

460-481

0-940

*excludes rejected values from 131-151 cm
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Table 2: Physical and geochemical core properties of core MDM11-2A. Values are given as means, standard deviations (in italics) and as ranges (in parentheses).
Water content is expressed as median.
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Figure 5: Age model of core MDM11-2A based on linear interpolation between calibrated point age
estimates (top). Shown are one-sigma calibrated age ranges; x denotes rejected dates. Peat accumulation
rates derived from the age model (bottom).

The dry bulk density of the peat layer ranges from 0.034 to 0.176 g cm-3 with the lowest values obtained from
the herbaceous peat layer (Unit II) and from the void-rich woody peat of Unit III (Fig. 4, 7). The largest
recovered wood piece located at 20 cm depth has the highest dry bulk density (0.176 g cm-3, Fig. 7). The bulk
density of the herbaceous peat of Unit II has the lowest mean (0.062 g cm-3) (Table 2). The highest dry bulk
density of the matrix peat is found in well decomposed peat layers of Unit I (mean 0.092 g cm-3) and Unit IV
(mean 0.130 g cm-3). The entire peat layer, including the wood particles, has a mean dry bulk density of 0.071
g cm-3, whereas the peaty clay sediment is more than twice as dense (0.180 g cm-3, Table 2).
The X-ray radiographs reveal the internal structure of the core and show that the peat contains abundant
macropores, voids, and root channels visible as white structures (i.e. low density) (Fig. 7). Root channels are
perceptible as bright, narrow, vertically oriented structures (e.g. from 103-110, 181-220, and 321-333 cm).
The peat layer has a mean ash content of 1.9% and the peaty clay layer (Unit V) a mean ash content of 40.2%
(Table 2). In general, both carbon and nitrogen concentrations are higher in the peat matrix than in embedded
wood pieces (Fig. 4, 8). The matrix of the peat (0-350 cm, n=68) has a mean carbon concentration of 54.6%, a
mean nitrogen concentration of 1.0%, and a mean C:N ratio of 60.5 (Table 2). The analyzed wood samples of
the core (n=21) have a mean carbon concentration of 48.5% (s.d. ±7.9%, range: 26.8–60.3%), and a mean
nitrogen concentration of 0.5±0.2%, and a mean C:N ratio of 125.1±75.1. Combining carbon concentrations
from peat matrix and wood yields a weighted mean carbon concentration of 54.4% for the entire peat layer. The
peaty clay layer (Unit V) shows highly varying concentrations of carbon (n=30) ranging from 25.6 to 59.1%
and on average a distinctly lower value (37.4%) than the peat layer above. Also the nitrogen concentration
(mean 0.7%) and the C:N ratio (mean 55) are lower in Unit V than in the peat (Fig. 8, Table 2).
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Figure 6: Wood content of core MDM11-2A. Shown are masks of hard wood pieces larger 0.2 cm2 taken from the digital
core images of each core section (1-5). Next to the bw-images is the frequency of wood pieces in every centimeter core
interval (bars) and the percentage of surface area of wood for each cm (silhouettes). Note the absence of wood in most
of section 3 corresponding to the filled pool stratum.

4.5. Carbon accumulation rates
Apparent rates of carbon accumulation at the coring site were slow but steady at less than 100 g C m-2 yr-1
during two long phases from 2680-1080 cal BP (Units V-III) and 950-0 cal BP (Unit I). However, this steady
rate was punctuated by two short pulses during: a) the initial peat accumulation stage before 2680 cal BP (Unit
V) with over 300 g C m-2 yr-1 and b) the upper portion of the peat swamp phase (Unit II) from ~1080 – 950 cal
BP with a 20 year pulse of over 700 g C m-2 yr-1 and a maximum of 960 g C m-2 yr-1 (Fig. 9). The wood peat
layers of units I, III, and IV, for example had very similar time-weighted mean rates of 33 to 40 g C m-2 yr-1,
whereas the mean carbon accumulation rate of herbaceous peat of unit II was five times as fast (205.9 g C m-2
yr-1, Table 3). The time-weighted mean rate of carbon accumulation was 53.5 g C m-2 yr-1 for the entire peat
layer (0-350 cm) and 70.0 g C m-2 yr-1 for the entire organic rich deposit (0-460 cm). The total cumulative
carbon accumulation was 183 kg C m-2 for almost 2800 years of peat and sediment deposition and 112 kg C
m-2 for 2250 years of peat deposition.

4.6. Tree fall dynamics
The Mendaram peat dome is marked by numerous canopy gaps created by tree falls that range in size between
5 and 50 meter. An analysis of aerial photographs indicates that the total number of trees in 2009 in the northern,
eastern, and western sample squares was 1367, 1567, and 1657 respectively, giving an average density of
emergent Shorea albida trees of 60.4 trees per hectare. The total number of tree falls between 2002 and 2009
was 50, 75, and 93, giving an average rate of tree fall of 0.4 trees ha-1 yr-1.
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Figure 7: Digital core images with interpolated age scales and superimposed stratigraphies for dry bulk density (yellow
line) and weighted carbon content (white line). To the right of each image are 2 cm wide (laterally stretched) x-ray
radiographs taken from the center of each split core. White color in the radiographs corresponds to low density and black
color to high density. Voids and roots are visible as whitish structures. Note the different scale in dry-bulk density for core
section 5 (right side). Units I and III represent woody peat swamp forest peat, Unit II pool deposit with herbaceous peat
and litter, Unit IV charred peat, Unit V mangrove sediment, and Unit VI marine sediment.
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Paleoenvironmental data
Unit

II

III

IV

V

VI

Depth
(cm)

Age
(cal
BP)

Peat /
sediment
type

0-130

0-940

Hemic wood
peat

130-255

255-340

340-350

350-460

460-481

9401150

Fibrous
herbaceous
peat

11502020

Hemic wood
peat

20202250

Sapric,
charred peat

22502780

Peaty clay

>2780

Clay/
silty clay

Peat
accumulation
-1
rate* (mm yr )

Carbon
accumulation
rate*
-2
-1
(g C m yr )

0.80

40.0

(0.50–
1.68)

(21.5–
106.2)

6.18

205.9

(1.19–
26.63)

(44.6–
960.0)
1.38

53.5

(0.42–
26.63)

(11.5–
960.0)

0.98

34.2

(0.60–
2.42)

(11.5–
119.2)

0.43

33.2

(0.42–
0.60)

(22.5–
39.3)
1.95

135.0

(0.42–5.23)

(13.6–771.1)

n.d.

n.d.

* time-weighted mean values are given; n.d. is not determined

Mean
wood
cover
(%)

Macrofossils

Microfossils
(only most abundant types
of pollen, fern and algae
spores), charcoal

Mineral
content

Reconstructed
ecosystem

13.1

Woody roots,
resin

Shorea albida type, Pandanus,
Ilex, Asplenium

absent

Shorea albida peat
swamp forest (P.C. 2-3)

1.9

Leaves,
herbaceous
roots (cf.
Pandanus sp.,
cf. Araceae,
cf. Hanguana
malayana)

Campnosperma, Stemonurus,
Pandanus, Garcinia cuspidata,
Stenochlaena palustris,
Shorea albida type, Spirogyra

absent

Tip-up pool in Shorea
albida peat swamp forest
gap (P.C. 2-3)

12.1

Woody roots,
resin

Eugenia/Tristania type,
Camnosperma, Shorea albida
type, Ilex, Stenochlaena
palustris, Polypodium

Quartz

Mixed peat swamp forest
(P.C. 1) in transition to
Shorea albida forest
(P.C.2)

0.2

absent

Stenochlaena palustris,
Campnosperma, Garcinia
cuspidata,
abundant charcoal

Silicate
minerals

Mixed peat swamp forest
(P.C. 1) with local fire
impact

3.4

Acrostichium
root pocket,
woody roots

Campnosperma,
Lophopetalum multinervum,
Pandanus, Stenochlaena
palustris, Nypa fruticans,
Rhizophora stylosa,
Acrostichium aureum,
Spirogyra

Halite,
Quartz,
Feldspar,
Pyrite

Coastal freshwater swamp
forest, Mangrove forest
(until ca. 2400 cal BP)

0.3

absent

Nypa fruticans

Pyrite,
Quartz

Shallow marine water
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Table 3: Paleoenvironmental data and rates of carbon and peat accumulation for core MDM11-2A. Values are given as means and ranges (in parentheses).
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Figure 8: Carbon and nitrogen concentration of peat, sediment, and wood samples of core MDM11-2A.
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Figure 9: Record of carbon accumulation rates. Top: cumulative carbon mass accumulation. Bottom:
apparent rates of carbon accumulation in annual time steps.
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5. Discussion
Peatlands are complex dynamic ecosystems, which are governed by both external drivers such as climate and
also by internal ecosystem processes. Insights on peatland development can be gleaned with paleoecological
techniques, but the reliability and value of these records strongly depend on the completeness of the recovered
peat profile, the depth resolution of the sampling intervals, and a precise chronology. When rates of peat and
carbon accumulation are to be determined the resolution and accuracy of the bulk density record are also critical
(Glaser et al. 2012). These methodological issues have not been adequately addressed in previous analyses of
tropical peat cores with high wood content, which create substantial sampling and analytical difficulties. Core
MDM11-2A yielded a 2800 year long record of carbon accumulation at very fine temporal resolution, a result
that could only be achieved through the application of targeted AMS dating and non-destructive density
measurements with very narrow sampling intervals.

5.1. Methodological advances: coring, dating, density
5.1.1. Coring
Peat deposits of tropical swamp forests present a major challenge for proper sampling due to the frequent
occurrence of undecomposed wood layers (Fig. 2b). Numerous studies from Southeast Asian peatlands report
that a core from a single borehole could not be completed due to the presence of dense wood layers (e.g.
Furukawa 1988, Esterle & Ferm 1994, Shimada et al. 2001). The present study demonstrates that the modified
Livingstone piston corer with a serrated cutting edge can fully cut through and recover thick layers of dense
tropical hardwoods that are up to 30 cm thick. From four coring attempts two did not reach the basal sediment,
because of the presence of even thicker wood, which failed to release when not completely penetrated. The wide
diameter (10 cm) of the core barrel prevents deformation and disturbance to the peat fabric (Glaser et al. 2012),
minimizes core compression (Wright et al. 1984, Wright 1993), and allows the recovery of cores that basically
contain the in situ water and biogenic gas content (Clymo 1983). The serrated core barrel allows coring through
substantial wood layers and fibrous peat matrix by a twisting motion, whereas any contamination is confined
to the outer perimeter of the wide diameter cores (Wright et al. 1984).
Morley (1981) faced in a peatland in southern Borneo difficulties in recovering unconsolidated and very fibrous
material with a piston corer, particularly from the uppermost meter. This observation could be confirmed for
Mendaram where at various locations below the forest floor a nearly fluidized layer that resembled a water
pocket was encountered that could not be fully sampled (Fig. 3). Another challenge remains in the recovery of
extremely thick buried tree trunks and stem bases (>1 m) that can be encountered at any depth.

5.1.2. Dating
The abundance of hardwood in tropical peat deposits can compromise the resolution of radiocarbon age-depth
models, because the woody materials may largely be derived from belowground root biomass that introduces
younger carbon to deeper depths. Surprisingly, herbaceous roots were also abundant in the peat core. The core
images and radiographs show that these roots penetrate at least 20 cm downcore (Fig. 7), a depth interval that
represents between 7.5 and 475 years of peat accumulation. This time span illustrates the potential age
contamination of bulk dates by herbaceous root material and supports the decision to refrain from dating bulk
peat samples. To some extent the herbaceous roots were likely derived from Pandanus (Table 3), which can
reach a rooting depth of over 1.50 m (Wüst & Bustin 2003).
Pollen concentrates provide an alternative for dating bulk samples of peat (Brown et al., 1992). However, this
study and that of Wüst et al. (2008) indicate that dated concentrates of the pollen size fraction of tropical peats
from any given depth level are consistently older than macrofossils from above-ground origin deposited
contemporaneously with the peat. The older ages of “pollen” concentrates may be attributable to translocation
of older carbon by fungi and other heterotrophic organisms, whose remnants are typical in tropical peats (Polak
1933). Resistant non-pollen palynomorphs of unknown age representation, including fungal spores and hyphae,
remains of decomposed wood cells, and chitin of soil-dwelling organisms are regular components of the pollen
size fraction and increase in proportion to pollen grains with higher peat humification (Barthelmes et al. 2006).
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In contrast, macrofossils derived from aboveground plant structures such as leaves and seeds as well as fossil
resin yield reliable dates and have a large probability of being recovered when using wide diameter cores. The
δ 13C values of the dated leaf fragments (Table 1) are nearly identical with the carbon isotopic signature of living
Shorea albida plant material (-29.7‰, Gandois et al. 2014) suggesting that these leaves were derived from this
dominant tree species. The carbon isotopic signature of dated fossil resin (-29.67‰) is also within the range of
measured δ 13C values from fresh resins of various Shorea species, including Shorea albida (-30.8‰) (Stout
1994, Murray et al. 1998).

5.1.3. Bulk density
Tropical peat deposits have variable density because the dense wood layers often contain an array of gas or
water filled voids (Fig. 7). Although dry bulk density is a fundamental parameter for the calculation of mass
accumulation rates, proper sampling of both dense wood and internal voids over the entire peat depth is difficult
with the most commonly used chamber peat corers (e.g. Eijkelkamp) (Polak 1933, Esterle & Ferm 1994,
Shimada et al. 2001, Sumawinata et al. 2008). The restricted sampling volume of chamber corers can lead to
twice as high bulk density values as compared to samples collected by large box samplers (30x30x30 cm) that
can recover the intervening void space (Sumawinata et al. 2008). These differences in density alone would
produce carbon accumulation rates that differ by a factor of two.
The Livingstone piston corer equipped with a 10 cm diameter core barrel is not only able to collect intact cores
with thick wood layers, but recovers also undisturbed voids, gas-filled macropores and hollow rhizomes and
roots as clearly revealed by X-ray radiography (Fig. 7). Non-invasive gamma-ray attenuation logging repeatedly
done from three different cross-sectional orientations on the same core allows the detection of these macropores
and gas voids, but also of smaller wood fragments within the peat fabric and thus produces representative mean
density values. The capacity of the gamma-ray attenuation method to capture the contributions of both voids
and dense wood at fine spatial resolution (0.5 cm, Fig. 3, 7) provides a significant advantage over destructive
methods.
The mean dry bulk density of the peat in the core is rather low (0.072 g cm-3, Table 2), even though the core is
rich in dense tropical hardwoods, which represent the densest material in the peat (max. 0.176 g cm-3). This low
density is the result of the frequent occurrence of macropores and voids, and also related to the significant
herbaceous peat layer of low dry bulk density (0.062 g cm-3) that constitutes 35% of the peat profile (Table 2).
Hardwood is clearly an important component of tropical peat deposits as shown by its average content of up to
13% in woody peat layers of the core (Table 3). However, hardwood is also completely absent over depth
intervals of up to 70 cm in this core (Fig. 6, 7), demonstrating that significant proportions of tropical swamp
forest peats may originate from herbaceous, rather than woody, plant material.
The average dry bulk density of 0.072 g cm-3 of the peat is nearly midway within the range of average values
(0.066 to 0.084 g cm-3) derived from dated cores of coastal Sumatran and Bornean peatlands (Cameron et al.
1989, Neuzil 1997) and corroborates the mean dry bulk density of 0.076 g cm-3 estimated for Southeast Asian
coastal peatlands by Dommain et al. (2011). However, the mean bulk density is substantially lower than that
reported for peatlands from Indonesian Borneo that range from 0.11-0.29 g cm-3 (Wahyunto et al. 2004).

5.2. The development of the Mendaram peat dome
Long-term vegetation succession and local patch dynamics had an important influence on the rates of carbon
accumulation in the Mendaram peat dome. The development of Mendaram follows the general pathway
described for Southeast Asian coastal peatlands: an initial marine and/or mangrove environment is succeeded
by a transitional freshwater swamp and finally by peat swamp forest (e.g. Anderson & Muller 1975, Anderson
1983, Staub & Esterle 1994, Dommain et al. 2011).
Marine sedimentation dominated at Mendaram until ca. 2800 cal BP as indicated by the regular occurrence of
euhedral pyrite in the basal silty clay layer (Fig. 7). The marine influence decreased during the ensuing
mangrove forest phase that lasted from about 2800 to 2400 cal BP, as is illustrated by roots and spores of the
mangrove fern Acrostichium, pollen of Nypa palm and Rhizophora stylosa (Table 3) and the mineral halite (Fig.
7) indicating flooding by saline water. The subsequent occurrence of Campnosperma and Lophopetalum

103

Late Quaternary Carbon Cycling of Southeast Asian peatlands - Paper III

multinervium pollen and Stenochlaena palustris spores at around 2400 cal BP (Table 3) represents the
Campnosperma-Cyrtostachys-Zalacca transitional phase between mangrove and mixed peat swamp forest
(Anderson 1963, 1983, Anderson & Muller 1975, Bruenig 1990). The generally large mineral content of Unit
V (Fig. 4) shows that carbon accumulation in both the mangrove and freshwater swamp forest was associated
with a regular influx of clastic sediments, which induced rapid rates of vertical sediment accretion of up to 5
mm yr-1.
At 2250 cal BP the final ombrotrophic peat swamp forest stage began as inferred from the abrupt increase in
organic matter content from less than 70% to 96% and the corresponding increase in carbon content from 30%
to 60% (Fig. 4). Abundant microscopic charcoal in Unit IV indicates that in its early stage the domed peatland
was locally influenced by fire, which left a 10 cm thick thermally altered charred peat layer comprising a 230
year long time interval (2250-2020 cal BP, Fig. 7). The apparent rate of peat accumulation for this period is low
(0.44 mm yr-1). Lightning has been observed to cause local tree fires even during heavy rainfall (Anderson 1966)
and such tree fires can apparently penetrate onto a desiccated forest floor as suggested by the charred layer. The
spatial extent of the fire event was, however, small as this charred peat layer was not found in a nearby core.
The following peat swamp forest developmental phase that lasted from 2020 to 1150 cal BP was characterized
by Eugenia or Tristania, Shorea albida, and Campnosperma trees. This peat swamp forest steadily deposited
peat with over 10% hard wood at an average accumulation rate of 1 mm yr-1 (Table 3). The transition from the
slowly accumulating wood peat to the rapidly accumulating herbaceous peat layer above implies a rapid
transformation of the local depositional environment. We interpret this new developmental phase, from ca. 1150940 cal BP, as an infilled fossil tip-up pool that had formed by a falling tree as described by Gastaldo and Staub
(1999). Uprooting and associated pool formation would have excavated a layer of woody peat that must have
oxidized rapidly while no longer water saturated. The pool rapidly filled up with recent material leaving a hiatus
between the (undated) end of Unit III and the bottom of the pool (Fig. 7).
The interpretation of tree fall and subsequent pool infilling is supported by four lines of stratigraphic evidence:
1) The thickness of this herbaceous peat layer is 125 cm which is typical of the depth range of ca. 70 to 150 cm
of modern pools in Mendaram. 2) The preservation of leaf litter lenses within this sequence indicates
permanently flooded conditions, an interpretation supported by the regular occurrence of spores of Spirogyra
algae (Table 3), which require stagnant open water bodies (Pals et al. 1980, van Geel et al. 1981). Leaf litter
normally decomposes within 0.5 to 2 years in Dipterocarp rain forests (Anderson et al. 1983, Burghouts et al.
1992, Baillie et al. 2006) and within 1.5 to 3 years in mixed peat swamp and Shorea albida forests (Tie 1990).
Leaf litter only survives consumption by detrivores and microbial decomposition when deposited in
permanently standing water (Esterle & Ferm 1994, Gastaldo & Staub 1999) and loss rates of litter mass are then
significantly lower (Yule & Gomez 2009). 3) The dates on leaf fragments within this layer that are 50 cm apart
in depth differ by only 20 years and demonstrate very rapid peat accretion of over 26 mm yr-1. Such rapid
upward accretion cannot have been associated with large scale rising water levels as such rise would soon have
killed the buttress roots of Shorea albida trees, which are restricted to the aerobic zone above the water table
(Furukawa 1988). 4) Finally, the general rarity of Shorea albida pollen and the high frequency of
Campnosperma pollen within the pool assemblage (Table 3) suggest a gap in the canopy, because
Campnosperma coriaceum is a long-lived pioneer species that thrives in disturbance gaps on deeper peat
(Whitmore 1975, Yule & Gomez 2009).
The frequent herbaceous roots and rhizomes that constitute the structural skeleton of the pool deposit must have
grown into the pool from the sides, but could also have penetrated into already deposited litter and detritus from
floating mats extending outward over the pool’s surface. The roots and rhizomes were probably derived from
non-woody monocotyledonous peat-forming plants, such as Pandanus andersonii (Pandanaceae, pollen
evidence, Table 3), Alocasia longiloba (Araceae, or other species of this family), and Hanguana malayana
(Hanguanaceae), which grow in and around pools of Mendaram and other Baram-Belait peatlands (pers.
observation, Anderson 1961a, 1963).
By around 940 cal BP the pool was eventually completely filled and trees such as Shorea albida and Ilex
established on site. The formed Shorea albida-Pandanus peat swamp forest community seems to have persisted
for over 900 years until today. This peat swamp forest accumulated the uppermost peat layer with a hard wood
content of 13% at a relatively slow mean rate of 0.8 mm yr-1.
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5.3. Rates and drivers of carbon accumulation
In general, the Mendaram record shows that vegetation changes, patch dynamics, and ecosystem disturbances
locally controlled rates of carbon accumulation during the development of this peat dome. Rapid pulses of
sedimentation were largely responsible for the very high rates of carbon accumulation (60-771 g C m-2 yr-1)
during the approximately 400 year-long mangrove forest phase. However, mangrove forests in prograding
deltaic settings such as the Baram-Belait Delta are ephemeral coastal environments that persist for only a few
hundred years before being succeeded by peat swamp forests (Anderson & Muller 1975, Staub & Esterle 1994,
Woodroffe 2000). Nevertheless, the mangrove-freshwater swamp forest stage accounts for 39% (71 kg C m-2)
of the total accumulated soil carbon at Mendaram (Fig. 9). Similar soil carbon densities have been reported for
modern Indo-Pacific mangroves (Donato et al. 2011).
The peat swamp forest stage in contrast is marked by generally lower and more steady rates of carbon
accumulation, but is also punctuated by a major pulse associated with the infilling phase of the tip-up pool.
During the first 900 years (2250-1340 cal BP) of the peat swamp forest phase the rate of carbon accumulation
declined slightly from about 30-to-15 g C m-2 yr-1. The higher rates during the first 400 years of that period
suggest that the local fire event indicated by charcoal at ca. 2020 cal BP affected the basal peat layer but did not
result in substantial carbon losses. Instead, carbon accumulation declined to less than 20 g C m-2 yr-1 when the
rate of wood burial began to increase at ca. 1680 cal BP (Fig. 6, 7). Voids among the buried wood pieces lead
to an overall low bulk density (sect. 5.1.3, Sumawinata et al. 2008), which produces unexpectedly low apparent
rates of carbon accumulation.
After formation of the tip-up pool carbon accumulation increased abruptly to maximum values of between 720
and 960 g C m-2 yr-1 as the lower portion of the pool was filled. These high rates are derived from herbaceous
peat and leaf litter and demonstrate that wood is not necessary to produce high carbon accumulation rates in
tropical peatlands as previously thought (Dommain et al. 2011). This rapid pulse in carbon accumulation only
lasted about 20 years and was followed by a period of slower rate of about 200 g C m-2 yr-1 from 1060 to 1010
cal BP and then by the even slower rate of 100 g C m-2 yr-1 over the following 60 years. This decline in carbon
accumulation probably occurred as the tip-up basin approached its capacity to hold and preserve plant detritus.
Superimposed on this declining trend in carbon accumulation were sub-decadal fluctuations of between 20 –
40 g C m-2 yr-1 (Fig. 9) that possibly reflect varying rates of litter deposition into the pool.
Once the pool was filled and overgrown the rate of carbon accumulation stabilized at ca. 55 g C m-2 yr-1. The
final Shorea albida forest stand that was present at the coring location accumulated organic carbon at a rate of
between 21 to 106 g C m-2 yr-1 over the past 900 years, of which the last 500 years were characterized by steady
accumulation of 30 g C m-2 yr-1.
The peat swamp forest phases that existed at the coring site from 2250-1150 cal BP and from 940-0 cal BP
deposited woody peat at a relatively low rate of 36 g C m-2 yr-1 on average. Together these two phases of wood
peat deposition accumulated a total mass of 69 kg C m-2 over 2040 years under a closed canopy peat swamp
forest. In contrast, herbaceous peat and plant litter accumulated a total of 43 kg C m-2 in a tip-up pool in only
210 years (Fig. 9). This tip-up pool therefore stored 38% of the total peat-carbon pool that accumulated at the
coring site in 10 times less time, which emphasizes the significance of tip-up pools as local hot spots for carbon
accumulation within peat swamp forests.
The overall time-weighted mean rate of carbon accumulation that integrates both these depositional settings is
53.5 g C m-2 yr-1 for the entire peat swamp forest stage, which is similar to the long-term rate of 56.2 g C m-2 yr1 of the inland Sebangau peat dome in southern Borneo (Page et al. 2004), but lower than the long-term rate of
86 g C m-2 yr-1 of the coastal Teluk Keramat peat dome in western Borneo (Neuzil 1997), and also somewhat
lower than the mean rates of 64 and 68 g C m-2 yr-1 estimated for the past two millennia of Indonesian coastal
peatlands (Dommain et al. 2014).

105

Late Quaternary Carbon Cycling of Southeast Asian peatlands - Paper III

5.4. Significance of pool deposits for regional carbon accumulation rates
Although the extremely high rates of past carbon accumulation associated with the tip-up pool stratum may
seem exceptional, similar centennial-scale pulses in carbon accumulation greater than 200 to 530 g C m-2 yr-1
have been reconstructed for Sumatran peatlands of Bengkalis Island and Siak Kanan with correspondingly high
rates of vertical peat growth of 10-12 mm yr-1 (Diemont & Supardi 1987, Supardi et al. 1993, Neuzil 1997,
Dommain et al. 2014). These high rates were previously interpreted as either climatically induced or considered
artifacts of dating errors (Dommain et al. 2011). However, they may be attributed to local pool deposits - an
interpretation supported by the low bulk density (0.05 g cm-3) and similar depth span (120 cm) of the high
accumulation sequence from the Siak Kanan core of Diemont and Supardi (1987). That the pool deposit
mechanism reported here is not an atypical feature of this core is supported by the presence of a 3 m layer of
well-preserved herbaceous peat with monocotyledonous roots, abundant Pandanus pollen, and fully preserved
moss remains in a peat core from Marudi (Anderson & Muller 1975, Fig. 3a) and also by a recovered thick leaf
litter lens from a peat swamp in the Rajang Delta (Gastaldo & Staub 1999, Fig. 1).
The exceptionally high carbon accumulation rates of up to 960 g C m-2 yr-1 of the pool deposit can partly be
explained by the constantly high rates of litterfall in Bornean Dipterocarp forests that range from 440 to 790 g
C m-2 yr-1, of which the leaf component is between 65% and 70% (Proctor et al. 1983, Burghouts et al. 1992,
Saner et al. 2012, Koh et al. 2013). Sulistiyanto et al. (2002) reported monthly litterfall rates of 61.6 and 76.4 g
dry mass m-2 for the Sebangau peat swamp in southern Borneo (66 and 70% by leaves), which would yield an
annual production of 828 and 917 g dry mass m-2 yr-1. Mixed peat swamp forest and Shorea albida forest of the
Marudi peat dome showed annual litterfall rates of 717 and 623 g dry mass m-2 yr-1, respectively, with leaves
contributing 74% to 78% of the deposited litter (Tie 1990, Tie & Esterle 1992,). These high rates of litterfall
together with the substantial proportion of root biomass allocated by herbaceous plants surrounding or invading
the pool are responsible for the high carbon accumulation rates in tip-up pools. In addition, pools can also
preserve falling branches and logs.
The pulses of high carbon accumulation rates reported for the Mendaram (this study) and other peat domes (e.g.
Neuzil 1997, Dommain et al. 2014) are too high to be driven by short-term climatic fluctuations alone.
Considering that the coastal Bornean climate is already very favorable for peat accumulation because of high
monthly rainfall (150-370 mm), which induces frequent waterlogging, and constantly high temperatures (2627°C), which favor high ecosystem productivity, shifts in climate could neither enhance productivity nor
suppress decomposition sufficiently to produce significantly higher carbon accumulation rates. The major
climate control on the carbon balance of tropical peatlands seems to be rainfall variability, largely related to
variations in the El Niño-Southern Oscillation (ENSO) (Dommain et al. 2014). Variability in ENSO causes
substantial interannual fluctuations in net ecosystem exchange of peat swamp forests, but has not been shown
to produce massive net carbon gains during wetter La Niña years (Hirano et al. 2012). Moreover, the occurrence
of the major carbon accumulation peak at around 1080-950 cal BP falls into the so-called Medieval Warm
Period (1200-800 cal BP) that in equatorial Southeast Asia was characterized by El Niño-like conditions and
reduced rainfall (Yan et al. 2011). If carbon accumulation rates were controlled primarily by climate,
accumulation rates should have decreased. Moreover, during the following Little Ice Age (600-150 cal BP) wet
La Niña-like conditions prevailed in Southeast Asia (Yan et al. 2011), but the core record shows reduced carbon
accumulation rates. In general, the high variability of ENSO during the past 2000 years (e.g. Conroy et al. 2008)
is not reflected in synchronous variations of carbon accumulation rates reconstructed from the core, suggesting
that decadal to centennial-scale climate variability has only minor impact on local rates of carbon accumulation
in comparison to peat swamp forest dynamics and disturbance events.

5.4. Implications of tip-up pools for the spatial pattern of peat radiocarbon ages
Tree fall and associated pool formation are not rare events in peat swamp forests because of inherent patch
dynamics and regular disturbance by wind throw and lightning (Anderson 1964, Bruenig 1990). Wind throw
can affect areas of up to 100 ha (Anderson 1964), whereas lightning typically creates circular canopy gaps with
an average size of about 2 ha (Brünig 1964, Fig. 2c). Lightning gaps alone take up 0.1–3% of the area in Shorea
albida forests (Brünig 1973), where a single lightning strike may kill more than 50 trees (Anderson 1964). These
important disturbance agents lead to frequent tree falls. When a tree falls, its roots excavate a hole in the peat
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Figure 10: A) Three-dimensional model simulation of idealized peatland growth with pool formation and infilling (black
squares) after a 5000 year simulation run (top). Peat accumulation is 10 cm/100 years, pools are 1 m deep and 6 m in
diameter and fill at a rate of 100 cm/100 years. Pool formation is set at 40 new pools per 100 years. B) Age distribution
from bottom to top of the simulated peatland (dark brown –oldest layer, yellow youngest (surface) layer). Note that
former pools are always younger than the surrounding peat layers.

surface that quickly fills with water to become a tip-up pool (Fig. 2a, Gastaldo & Staub 1999). The spatial
importance of pool formation on a peat dome and its effects on peat accumulation records across a large area
were explored with a simulation model (Fig. 10).
Tip-up pools are ideal environments for the rapid accumulation of new organic material consisting of fallen
wood, leaf litter and roots. Thus, peat derived from material deposited in a pool may be hundreds of years
younger than the peat adjacent that surrounds the pool. Tip-up pools thereby create a complex pattern of
isochrones throughout the peat dome (Fig. 10b).
The average frequency of tree falls and hence pool formation at Mendaram was estimated to be 0.4 trees ha-1
yr-1. A simple simulation of peat accumulation using this rate of tree falls shows how spatial heterogeneity in
peat core age profiles can arise from pool formation and infilling (Fig. 10). In each 100 year time step of the
5000 year simulation, a ten-centimeter layer of peat was added to a simulated peatland and 40 new tip-up pools
were created. The shape of each pool was six meters in diameter and one meter deep, which is within the size
range of modern pools of Mendaram.
The simulation produced a highly heterogeneous pattern of peat ages even though age increases with depth at
all locations (Fig. 10b). The simulated peat comprises former pools that were filled in at some point and regions
where no pool ever existed in the 5000 year development of the peatland (Fig. 10a). In regions never affected
by tip-up events, radiocarbon ages increase linearly with depth, but elsewhere the overlapping influence of
former pools leads to abrupt steps in radiocarbon age both vertically and horizontally. At the surface of the
simulated peatland, a minimum proportion of the peat was formed in pools, deeper in the top meter, in older
peat that has had more time to experience tip-up events, this proportion increases. Below the one-meter depth
of pools, peat is no longer affected by modern tip-up events and the proportion of peat formed in pools remains
constant at 60% (Fig. 11a). Perhaps surprisingly, the horizontally-averaged age does not increase linearly with
depth in the top meter because of the gradient in the proportion of peat formed in pools (Fig. 11a). At the very
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surface, the gradient in age matches the accumulation rate because there are no pools. Below the surface, age
increases more slowly with depth because more and more pools have penetrated the peat, depositing young
material, down to the depth of one meter, where new pools can no longer penetrate. At one meter depth, the
average age of peat is less than 1000 years, the time to accumulate one meter of peat at the average rate, because
many pools have penetrated the peat over the course of 1000 years replacing older peat with younger material
(Fig. 11a). Below one meter, the pool depth, the average age of peat increases linearly at the rate of peat
accumulation because the proportion of peat formed in pools remains constant (Fig. 11a).

Figure 11: Model results. A) Proportion of peat formed in pools, vertical age distribution, and average peat accumulation
over depth. B) Age-depth curves (green, blue) derived from contiguous dating of two simulated cores extracted from
arbitrary locations of the model domain. C) Age-depth curves from the same cores as in B) but dated in 1 m intervals.
Pool formation and infilling events become invisible at this dating interval.
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This simple simulation demonstrates two important points. First, because of the replacement of old by young
material in tip-up pools, the average radiocarbon age of peat at any depth below the surface is less than the time
since the paleosurface at that depth was initially formed. Second, radiocarbon ages in cores may be highly
heterogeneous across cores over short distances. To illustrate the effects of this heterogeneity on core
interpretation, we considered the age of peat in two hypothetical cores extracted from our simulated peatland.
Figure 11b shows the simulated age of peat with depth for the two cores. The age increases linearly as the rate
of accumulation in regions where the peat was not formed in a pool. Filled-in pools appear as discontinuous
segments with constant age. These age profiles correspond to the unrealistic case where continuous radiocarbon
ages are available along the full length of a core. In Figure 11c we plot the more realistic case where
radiocarbon dates are taken every meter along the cores and ages are interpolated linearly between these points.
Age profiles with dates at one meter intervals appear to show slow changes in accumulation rate over time,
resembling climate signals, when in fact 1) local accumulation rate changed abruptly and frequently because
of tree falls, and 2) the overall accumulation rate in the peatland was constant. The derived rates of vertical peat
accumulation from the age-depth model of the unrealistic case in which age is known continuously over the
length of the core, correspond to landscape-scale accumulation rates only in portions of the core never affected
by tip-up events. Thus, tip-up pools create local perturbations in radiocarbon age gradients in cores that do not
correspond to regional changes in peat accumulation rates.
The frequent formation of tip-up pools over time across a peat dome has important implications for
interpretation of core records from tropical peatlands. Abrupt increases in local apparent peat accumulation rate
after tip-up events should be frequently found in cores from peatlands with large-statured trees. Each tip-up
event affecting a core location can generate a temporal gap (hiatus) and a subsequent increase in apparent
accumulation rate. Dating of cores at 1 m or larger depth intervals likely result in smoothed local accumulation
records that fail to capture the full range in variations of carbon accumulation rates in these highly dynamic
systems (Fig. 11c). Most available dated peat cores from coastal western Borneo are dated at large vertical
intervals (Fig. 12). The apparent peat accumulation rates observed in core MDM11-2A span almost the entire
range of apparent rates from cores in coastal western Borneo, because its narrow dating interval captures both
slow and rapid accumulation phases. The removal of peat and its rapid replacement in tip-up pools, in addition
to the incorporation of large pieces of wood in tropical peat, makes inference of climatic signals from tropical
peat cores deeply challenging. Both larger numbers of cores for horizontal sampling and finer vertical resolution
in radiocarbon dates than are currently the norm will be required to use tropical peat cores confidently to
estimate landscape scale variations in past rates of carbon accumulation.
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Figure 12: Age-depth plot intercomparison of coastal peat domes from western Borneo. The core locations of Mendaram
to Marudi are shown in Fig. 3 and those of the Rajang Delta, Teluk Keramat, and Rasau Jaya in Fig. 1. Note the generally
large dating intervals and possibly smoothed accumulation records in comparison to core MDM11-2A. Data sources are
Tie (1990) and Dommain et al. (2011).
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6. Conclusions
Tropical peatlands present many challenges for reconstructing past carbon dynamics because of their inherent
difficulties with respect to field access, core recovery, radiocarbon dating, and analytical measurements.
However, by applying more-advanced and non-invasive methods it was possible to resolve fine-scale variations
in the rates of carbon accumulation over the past 2800 years for a domed Shorea albida peatland in Brunei
(Borneo). Reconstructed rates of carbon accumulation were largely controlled by local disturbance events,
forest patch dynamics and vegetation changes. Forest disturbance led to variations in the rates of carbon
accumulation that were an order of magnitude higher on decadal to centennial timescales than those previously
reported by interannual or millennial-scale moisture changes (Hirano et al. 2012, Dommain et al. 2014). Local
tip-up pools strongly control the carbon accumulation history derived from a single peat core. Deciphering the
climatic influence on landscape-scale carbon accumulation rates is therefore limited to long timescales (i.e.
millennia) and will require the analysis of a range of peat cores to reduce local accumulation signals.
Tree-fall and fire differ in their biogeochemical consequences and spatial extent. Tree fall and associated
formation of tip-up pools is an integral component of the ecosystem functioning of tropical forested peatlands,
whereas forest fires were extremely rare and under natural conditions spatially restricted. The Mendaram core
confirms the hypothesis of Staub and Gastaldo (1999) that pools permit rapid litter deposition and preservation,
but also permanent wood burial. Hence, tip-up pools create localized hot-spots for carbon accumulation in
which above ground plant biomass is rapidly and exceptionally transferred into the soil carbon reservoir. The
carbon dynamics of these tropical tip-up pools are therefore fundamentally different from that of pools in
northern peatlands, which function as important sources of atmospheric carbon (e.g. Hamilton et al. 1994,
Pelletier et al. 2014). The formation of pools through tree falls and their rapid infilling is a newly recognized
mechanism that contributes to the high rates of carbon accumulation characteristic for the coastal peat domes
of Southeast Asia (Dommain et al. 2011) and explains their extremely heterogeneous peat deposits rich in dense
wood. This peat accumulation mechanism is likely also common in other equatorial forested peatlands.

7. Acknowledgements
This research was supported by a research grant from the Institute for Sustainable Development of Landscapes
of the Earth (Duene e.V.) Greifswald to René Dommain, the National Research Foundation Singapore through
the Singapore MIT Alliance for Research and Technology's Center for Environmental Sensing and Modeling
interdisciplinary research program, and by NSF grants 1114155 and 1114161 given to Charles Harvey. We
thank Mr. Mahmud Yussof of Brunei Heart of Borneo Centre and Hajah Jamilah Jalil and Mr. Joffre Ali Ahmad
of the Brunei Forestry Department for their support of this project. We appreciate the help of Bernard Jun Long
Ng, Rahayu Sukmaria binti Haji Sukri, Jangarun Eri, Watu bin Awok, Azlan Pandai, Rosiaidi Mureh, and
Muhammad Wafiuddin Zainal Ariffin in collecting peat cores under difficult conditions. The LacCore facility
at the University of Minnesota, in particular Amy Myrbo, Kristina Brady, and Ryan O’Grady are gratefully
acknowledged for enabling core storage and analysis as well as for their analytical and technical support. We
also thank Aaron ‘Wally’ Lingwall for producing the X-ray radiographs and Sabine Kell for preparing pollen
and C-N samples. Peter König kindly helped with macrofossil identification and Ed Cushing with pollen
analysis. Original data are available from the first author.

110

Dommain et al. (subm.) Forest dynamics and tip-up pools drive carbon accumulation

References
Abràmoff, M.D., Magalhães, P.J. & Ram, S.J. (2004) Image processing with ImageJ. Biophotonics
international, 11, 36–43.
Anderson, J.A.R. (1961a) The ecology and forest types of the peat swamp forests of Sarawak and Brunei in
relation to their silviculture. Doctoral dissertation, University of Edinburgh, U.K.
Anderson, J.A.R. (1961b) The destruction of Shorea albida forest by an unidentified insect. Empire Forestry
Review, 40, 19–29.
Anderson, J.A.R. (1963) The flora of the peat swamp forests of Sarawak and Brunei, including a catalogue of
all recorded species of flowering plants, ferns and fern allies. Gardens Bulletin, Singapore, 20, 131–228.
Anderson, J.A.R. (1964) Observations on climatic damage in peat swamp forest in Sarawak. Commonwealth
Forestry Review, 43, 145–158.
Anderson, J.A.R. (1966) A note on two tree fires caused by lightning in Sarawak. Malay Forester, 29, 18–20.
Anderson, J.A.R. (1983) The tropical peat swamps of western Malesia. In: Gore, A.J.P. (eds.) Ecosystems of
the World 4B. Mires: Swamp, Bog, Fen and Moor. Regional Studies. Elsevier, Amsterdam, New York, pp.
181–199.
Anderson, J.A.R. & Muller, J. (1975) Palynological study of a Holocene peat and a Miocene coal deposit from
NW Borneo. Review of Palaeobotany and Palynology, 19, 291–351.
Anderson, J.M., Proctor, J. & Vallack, H.W. (1983) Ecological studies in four contrasting lowland rain forests
in Gunung Mulu National Park, Sarawak: III. Decomposition processes and nutrient losses from leaf litter.
Journal of Ecology, 71, 503–527.
Ashton, P.S. (1964) A manual of the Dipterocarp trees of Brunei State. Oxford University Press.
Baillie, I.C., Ashton, P.S., Chin, S.P., Davies, S.J., Palmiotto, P.A., Russo, S.E. & Tan, S. (2006) Spatial
associations of humus, nutrients and soils in mixed dipterocarp forest at Lambir, Sarawak, Malaysian Borneo.
Journal of Tropical Ecology, 22, 543–553.
Baird, A.J., Belyea, L.R.B., Comas, X., Reeve, A.S. & Slater, L.D. (2009) Carbon cycling in northern
peatlands. Geophysical Monographs vol. 184. AGU, Washington, D.C.
Barthelmes, A., Prager, A. & Joosten, H. (2006) Palaeoecological analysis of Alnus wood peats with special
attention to non-pollen palynomorphs. Review of Palaeobotany and Palynology, 141, 33–51.
Best, A.I. & Gunn, D.E. (1999) Calibration of marine sediment core loggers for quantitative acoustic
impedance studies. Marine Geology, 160, 137–146.
Brown, T.A., Farwell, G.W., Grootes, P.M. & Schmidt, F.H. (1992) Radiocarbon AMS dating of pollen
extracted from peat samples. Radiocarbon, 34, 550–556.
Brünig, E.F. (1964) A study of damage attributed to lightning in two areas of Shorea albida forest in Sarawak.
Commonwealth Forestry Review, 43, 134–144.
Brünig, E.F. (1971) On the ecological significance of drought in the equatorial wet evergreen (rain) forest of
Sarawak (Borneo). In: Flenley, J.R. (ed.) Transactions of the 1st symposium on Malesian ecology. Department
of Geography, Miscellaneous Series No. 11, University of Hull, U.K., pp. 66–88.
Brünig, E.F. (1973) Some further evidence on the amount of damage attributed to lightning and wind-throw
in Shorea albida-forest in Sarawak. Commonwealth Forestry Review, 52, 260–265.
Bruenig, E.F. (1990) Oligotrophic forested wetlands in Borneo. In: Lugo, A.E., Brinson, M. & Brown, S. (eds.)
Ecosystems of the World 15. Forested Wetlands. Elsevier, Amsterdam, Oxford, New York, Tokyo, pp.
299–334.
Burghouts, T., Ernsting, G., Korthals, G. & Vries, T.D. (1992) Litterfall, leaf litter decomposition and litter
invertebrates in primary and selectively logged dipterocarp forest in Sabah, Malaysia. Philosophical
Transactions: Biological Sciences, 335, 407–416.
Caline, B. & Huong, J. (1992) New insight into the recent evolution of the Baram Delta from satellite imagery.
Bulletin Geological Society Malaysia, 32, 1–13.

111

Late Quaternary Carbon Cycling of Southeast Asian peatlands - Paper III

Cameron, C.C., Esterle, J.S. & Palmer, C.A. (1989) The geology, botany and chemistry of selected peatforming environments from temperate and tropical latitudes. International Journal of Coal Geology, 12,
105–156.
Charman, D.J., Beilman, D.W., Blaauw, M., Booth, R.K., Brewer, S., Chambers, F.M., Christen, J.A., GallegoSala, A., Harrison, S.P., Hughes, P.D.M., Jackson, S.T., Korhola, A., Mauquoy, D., Mitchell, F.J.G., Prentice,
I.C., van der Linden, M., De Vleeschouwer, F., Yu, Z.C., Alm, J., Bauer, I.E., Corish, Y.M.C., Garneau, M.,
Hohl, V., Huang, Y., Karofeld, E., Le Roux, G., Loisel, J., Moschen, R., Nichols, J.E., Nieminen, T.M.,
MacDonald, G.M., Phadtare, N.R., Rausch, N., Sillasoo, Ü., Swindles, G.T., Tuittila, E.S., Ukonmaanaho, L.,
Väliranta, M., van Bellen, S., van Geel, B., Vitt, D. H. & Zhao, Y. (2013) Climate-related changes in peatland
carbon accumulation during the last millennium. Biogeosciences, 10, 929–944.
Clymo, R.S. (1983) Peat. In: Gore, A.J.P. (ed.) Ecosystems of the World 4A. Mires: Swamp, Bog, Fen and
Moor. General Studies. Elsevier, Amsterdam, New York, pp. 159–224,
Cobb, K.M., Adkins, J.F., Partin, J.W. & Clark, B. (2007) Regional-scale climate influences on temporal
variations of rainwater and cave dripwater oxygen isotopes in northern Borneo. Earth and Planetary Science
Letters, 263, 207–220.
Conroy, J.L., Overpeck, J.T., Cole, J.E., Shanahan, T.M. & Steinitz-Kannan, M. (2008) Holocene changes in
eastern tropical Pacific climate inferred from a Galápagos lake sediment record. Quaternary Science Reviews,
27, 1166–1180.
Couwenberg, J. & Joosten, H. (2005) Self-organisation in raised bog patterning: The origin of microtope
zonation and mesotope diversity. Journal of Ecology, 93, 1238–1248.
Couwenberg, J., Dommain, R. & Joosten, H. (2010) Greenhouse gas ﬂuxes from tropical peatlands in southeast Asia. Global Change Biology, 16, 1715–1732.
Davidson, E.A., Trumbore, S.E. & Amundson, R. (2000) Biogeochemistry – Soil warming and organic carbon
content. Nature, 408, 789–790.
Dean, W.E., Jr. (1974) Determination of carbonate and organic matter in calcareous sediments and sedimentary
rocks by loss on ignition: Comparison with other methods. Journal of Sedimentary Petrology, 44, 242–248.
Diemont, W.H. & Supardi (1987) Accumulation of organic matter and inorganic constituents in a peat dome
in Sumatra, Indonesia. In: International Peat Society Symposium on Tropical Peat and Peatlands for
Development, Yogyakarta, Indonesia, February 9-14, 1987, Abstracts, pp. 698–708.
Dommain, R., Couwenberg, J. & Joosten, H. (2010) Hydrological self-regulation of domed peat swamps in
south-east Asia and consequences for conservation and restoration. Mires & Peat, 6 (05). 1–17.
Dommain, R., Couwenberg, J. & Joosten, H. (2011) Development and carbon sequestration of tropical peat
domes in Southeast Asia: Links to post-glacial sea-level changes and Holocene climatic variability. Quaternary
Science Reviews, 30, 999–1010.
Dommain, R., Couwenberg, J., Glaser, P.H., Joosten, H. & Suryadiputra, I.N.N. (2014) Carbon storage and
release in Indonesian peatlands since the last deglaciation. Quaternary Science Reviews, 97, 1–32.
Donato, D.C., Kauffman, J.B., Murdiyarso, D., Kurnianto, S., Stidham, M. & Kanninen, M. (2011) Mangroves
among the most carbon-rich forests in the tropics. Nature Geoscience, 4, 293–297.
Esterle, J. & Ferm, J.C. (1994) Spatial variability in modern tropical peat deposits from Sarawak, Malaysia
and Sumatra, Indonesia: analogues for coal. International Journal of Coal Geology, 26, 1–41.
Faegri, K. & Iversen, J. (1989) Textbook of Pollen Analysis. Wiley, New York.
Furukawa, H. (1988) Stratigraphic and geomorphic studies of peat and giant podzols in Brunei: I. Peat.
Pedologist, 32, 26–42.
Gandois, L., Teisserenc, R., Cobb, A.R., Chieng, H.I., Lim, L.B.L., Kamariah, A.S., Hoyt, A. & Harvey, C.F.
(2014) Origin, composition, and transformation of dissolved organic matter in tropical peatlands. Geochimica
et Cosmochimica Acta, 137, 35–47.
Gastaldo, R.A. & J.R. Staub (1999) A mechanism to explain the preservation of leaf litter lenses in coals
derived from raised mires. Palaeogeography, Palaeoclimatology, Palaeoecology, 149, 1–14.

112

Dommain et al. (subm.) Forest dynamics and tip-up pools drive carbon accumulation

Glaser, P.H., Volin, J.C., Givnish, T.J., Hansen, B. & Stricker, C.A. (2012) Carbon and sediment accumulation
in the Everglades (USA) during the past 4000 years: Rates, drivers, and sources of error. Journal of
Geophysical Research: Biogeosciences, 117, G03026, doi:10.1029/2011JG001821.
Hamilton, J.D.,Kelly, C.A., Rudd, J.W.M., Hesslein, R.H. & N.T. Roulet (1994) Flux to the atmosphere of
CH4 and CO2 from wetland ponds on the Hudson Bay lowlands (HBLs). Journal of Geophysical Research,
99(D1), 1495–1510, doi:10.1029/93JD03020.
Hirano, T., Segah, H., Kusin, K., Limin, S., Takahashi, H. & Osaki, M. (2012) Effects of disturbances on the
carbon balance of tropical peat swamp forests. Global Change Biology, 18, 3410–3422.
James, D.M.D. (1984) The Geology and Hydrocarbon Resources of Negara Brunei Darussalam. Muzium
Brunei and Brunei Shell Petroleum Company Berhad, Bandar Seri Begawan.
Kilian, M.R., van Geel, B. & van der Plicht, J. (2000) 14C AMS wiggle matching of raised bog deposits and
models of peat accumulation. Quaternary Science Reviews, 19, 1011–1033.
Knorr, W., Prentice, I.C., House, J.I. & Holland, E.A. (2005) Long-term sensitivity of soil carbon turnover to
warming. Nature, 433, 298–301.
Kho, L.K., Malhi, Y. & Tan, S.K.S. (2013) Annual budget and seasonal variation of aboveground and
belowground net primary productivity in a lowland dipterocarp forest in Borneo. Journal of Geophysical
Research: Biogeosciences, 118, 1282–1296.
Lottes, A.L. & Ziegler, A.M. (1994) World peat occurrence and the seasonality of climate and vegetation.
Palaeogeography, Palaeoclimatology, Palaeoecology, 106, 23–37.
Mao, L., Batten, D.J., Fujiki, T., Li, Z., Dai, L. & Weng, C. (2012) Key to mangrove pollen and spores of
southern China: an aid to palynological interpretation of Quaternary deposits in the South China Sea. Review
of Palaeobotany and Palynology, 176, 41–67.
Mauquoy, D., Engelkes, T., Groot, M.H.M., Markesteijn, F., Oudejans, M.G., van der Plicht, J. & van Geel,
B. (2002) High-resolution records of late-Holocene climate change and carbon accumulation in two northwest European ombrotrophic peat bogs. Palaeogeography, Palaeoclimatology, Palaeoecology, 186, 275–310.
Maury, G., Muller, J. & Lugardon, B. (1975) Notes on the morphology and fine structure of the exine of some
pollen types in Dipterocarpaceae. Review of Palaeobotany and Palynology, 19, 241–289.
McLauchlan, K.K., Higuera, P.E., Gavin, D.G., Perakis, S.S., Mack, M.C., Alexander, H., Battles, J., Biondi,
F., Buma, B., Colombaroli, D., Enders, S.K., Engstrom, D.R., Hu, F.S., Marlon, J.R., Marshall, J., McGlone,
M., Morris, J.L., Nave, L.E., Shuman, B., Smithwick, E.A.H., Urrego, D.H., Wardle, D.A., Williams C.J. &
Williams J.J. (2014) Reconstructing disturbances and their biogeochemical consequences over multiple
timescales, BioScience, XX, 1–12, doi:10.1093/biosci/bit017.
Miettinen, J., Shi, C. & Liew, S.C. (2012) Two decades of destruction in Southeast Asia's peat swamp forests.
Frontiers in Ecology and the Environment, 10, 124–128.
Morley, R.J. (1981) Development and vegetation dynamics of a lowland ombrogenous peat swamp in
Kalimantan Tengah, Indonesia. Journal of Biogeography, 8, 383–404.
Murray, A.P., Edwards, D., Hope, J.M., Boreham, C.J., Booth, W.E., Alexander, R.A. & Summons, R.E.
(1998) Carbon isotope biogeochemistry of plant resins and derived hydrocarbons. Organic Geochemistry, 29,
1199–1214.
Neuzil, S.G. (1997) Onset and rate of peat and carbon accumulation in four domed ombrogenous peat
deposits, Indonesia. In: Rieley, J.O. & Page, S.E. (eds.) Biodiversity and Sustainability of Tropical Peatlands.
Samara, Cardigan, pp. 55–72.
Page, S.E., Wüst, R.A.J., Weiss, D., Rieley, J.O., Shotyk, W. & Limin, S.H. (2004) A record of Late
Pleistocene and Holocene carbon accumulation and climate change from an equatorial peat bog (Kalimantan,
Indonesia): Implications for past, present and future carbon dynamics. Journal of Quaternary Science, 19,
625–635.
Pals, J.P., van Geel, B. & Delfos, A. (1980) Paleoecological studies in the Klokkeweel bog near Hoogkarspel
(prov. of Noord-Holland). Review of Palaeobotany and Palynology, 30, 371–418.

113

Late Quaternary Carbon Cycling of Southeast Asian peatlands - Paper III

Pelletier, L., Strachan, I.B., Garneau, M. & Roulet, N.T. (2014) Carbon release from boreal peatland open
water pools: Implication for the contemporary C exchange. Journal of Geophysical Research: Biogeosciences,
119, 207–222.
Polak, E. (1933) Ueber Torf und Moor in Niederländisch Indien. Verhandelingen der Koninklijke Academie
van Wetenschappen te Amsterdam, Afdeeling Natuurkunde (tweede sectie), 3, 1–85.
Proctor, J., Anderson, J.M., Fogden, S.C.L. & Vallack, H.W. (1983) Ecological studies in four contrasting
lowland rain forests in Gunung Mulu National Park, Sarawak: II. Litterfall, litter standing crop and preliminary
observations on herbivory. Journal of Ecology, 71, 261–283.
Rasband, W.S. (1997) ImageJ. US National Institutes of Health, Bethesda, Maryland, USA.
Reimer, P.J., Bard, E., Bayliss, A., Beck, J.W., Blackwell, P.G., Bronk Ramsey, C., Buck, C.E., Edwards, R.L.,
Friedrich, M., Grootes, P.M., Guilderson, T.P., Haflidason, H., Hajdas, I., Hatté, C., Heaton, T.J., Hoffmann,
D.L., Hogg, A.G., Hughen, K.A., Kaiser, K.F., Kromer, B., Manning, S.W., Niu, M., Reimer, R.W., Richards,
D.A., Scott, M.E., Southon, J.R., Turney, C.S.M. & van der Plicht, J. (2013) IntCal13 and Marine13
radiocarbon age calibration curves 0-50,000 yr cal BP. Radiocarbon, 55, 1869–1887.
Rothwell, R.G. (2006) New Techniques in Sediment Core Analysis, Geological Society of London Special
Publication 267. Geological Society of London, Bath.
Saner, P., Loh, Y.Y., Ong, R.C. & Hector, A. (2012) Carbon stocks and ﬂuxes in tropical lowland dipterocarp
rainforests in Sabah, Malaysian Borneo. PLoS ONE, 7, e29642.
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.
Simmons, M.D., Bidgood, M.D., Brenac, P., Crevello, P.D., Lambiase, J.J. & Morley, C.K. (1999) Microfossil
assemblages as proxies for precise palaeoenvironmental determination - an example from Miocene sediments
of northwest Borneo In: Jones, R.W. & Simmons, M.D. (eds.) Biostratigraphy in Production and Development
Geology. Geological Society, London, Special Publications 152. Geological Society, London, pp. 219–241.
Staub, J.R. & Esterle, J.S. (1994) Peat-accumulating depositional systems of Sarawak East Malaysia.
Sedimentary Geology, 89, 91–106.
Stoneman, R. (1997) Ecological studies in the Badas peat swamps, Brunei Darussalam. In: Rieley, J.O. &
Page, S.E. (eds.) Biodiversity and Sustainability of Tropical Peatlands. Samara, Cardigan, pp. 221–242.
Stout, S.A. (1995) Resin-derived hydrocarbons in fresh and fossil dammar resins and Miocene rocks and oils
in the Mahakam Delta, Indonesia. In: Anderson, K.B. & Crelling, J.C. (eds.) Amber, Resinite, and Fossil
Resins. ACS Symposium Series 617. American Chemical Society, Washington D.C., pp. 43–75.
Stuiver, M. & Reimer, P.J. (1993) Extended 14C data base and revised Calib 3.0 14C age calibration program.
Radiocarbon, 35, 215–230.
Succow, M. & Stegmann, H. (2001) Nährstoffökologisch-chemische Kennzeichnung. In: Succow, M. &
Joosten, H. (eds.) Landschaftsökologische Moorkunde. Schweizerbart, Stuttgart, pp. 75–84.
Sulistiyanto, Y., Limin, S.H. & Rieley, J.O. (2002) Litterfall of tropical peat swamp forest in Central
Kalimantan, Indonesia. In: Rieley, J.O. & Page, S.E. (eds.) Peatlands for People: Natural Resource Functions
and Sustainable Management. Proceedings of the International Symposium on Tropical Peatland, Jakarta 2223 August 2001. BPPT and Indonesian Peat Association, Jakarta, pp. 29–34.
Sumawinata, B., Mulyanto, B., Djajakirana, G. & Pulunggono, H.B. (2008) Some considerations of tropical
peat for energy. In: Rieley, J.O., Banks, C.J. & Radjagukguk, B. (eds.) Carbon-climate-human interaction on
tropical peatland. Proceedings of the International Symposium and Workshop on Tropical Peatland,
Yogyakarta, 27-29 August 2007. Department of Geography, University of Leicester, pp. 243–247.
Supardi, Subekty, A.D. & Neuzil, S.G. (1993) General geology and peat resources of the Siak Kanan and
Bengkalis island peat deposits, Sumatra, Indonesia. In: Cobb, J.C. & Cecil, C.B. (eds.) Modern and Ancient
Coal-Forming Environments Geological Society of America Special Paper 286. GSA, Boulder, pp. 45–62.
Telford, R.J., Heegaard, E. & Birks, H.J.B. (2004) The intercept is a poor estimate of a calibrated radiocarbon
age. The Holocene, 14, 296–298.
Tie, Y. L. (1990) Studies of peat swamps in Sarawak with particular reference to soil-forest relationships and
development of dome-shaped structures. Doctoral dissertation, Polytechnic of North London, London U.K.
114

Dommain et al. (subm.) Forest dynamics and tip-up pools drive carbon accumulation

Tie, Y.L. & Esterle, J.S. (1992) Formation of lowland peat domes in Sarawak, Malaysia.In: Aminuddin, B.Y.,
Tan, S.L., Aziz, B., Samy, J., Salmah, Z., Siti Petimah, H. & Choo, S.T. (eds.) Proceedings of the International
Symposium on Tropical Peatland, 6-10 May 1991, Kuching, Sarawak. Malaysia. Malaysian Agricultural
Research and Development Institute, Kuala Lumpur, pp. 81–89.
Trumbore, S.E., Chadwick, O.A. & Amundson, R. (1996) Rapid exchange between soil carbon and
atmospheric carbon dioxide driven by temperature change. Science, 272, 393–396.
Turetsky, M., Wieder, K., Halsey, L. & Vitt, D. (2002) Current disturbance and the diminishing peatland carbon
sink. Geophysical Research Letters, 29, 1526, doi:10.1029/2001GL014000.
van Geel, B. (1976) Fossil spores of Zygnemataceae in ditches of a pre-historic settlement in Hoogkarspel (The
Netherlands). Review of Palaeobotany and Palynology, 22, 337–344.
van Geel, B., Bohncke, S.J.P. & Dee, H. (1981) A palaeoecological study of an upper Late Glacial and
Holocene sequence from “De Borchert”. The Netherlands. Review of Palaeobotany and Palynology, 31,
367–448.
Wahyunto, Ritung, S. & Subagjo, H. (2004) Peta Sebaran Lahan Gambut, Luas dan Kandungan Karbon di
Kalimantan/Map of Peatland Distribution Area and Carbon Content in Kalimantan, 2000-2002. Wetlands
International – Indonesia Programme and Wildlife Habitat Canada, Bogor.
Walter, H. (1985) Vegetation of the Earth and Ecological Systems of the Geo-biosphere. Springer, Berlin,
Heidelberg.
Weber, M.E., Niessen, F., Kuhn, G. & Wiedicke, M. (1997) Calibration and application of marine sedimentary
physical properties using a multi-sensor core logger. Marine Geology, 136, 151–172.
Wieder, R.K., & D.H. Vitt (2006) Boreal Peatland Ecosystems, Ecological Studies, Vol. 188. Springer, Berlin,
Heidelberg.
Whitmore, T.C. (1975) Tropical rain forests of the Far East. Clarendon Press, Oxford.
Wilford, G.E. (1966) A peat landslide in Sarawak, Malaysia, and its significance in relation to washouts in coal
seams. Journal of Sedimentary Research, 36, 244–247.
Woodroffe, C.D. (2000) Deltaic and estuarine environments and their Late Quaternary dynamics on the Sunda
and Sahul shelves. Journal of Asian Earth Sciences, 18, 393–413.
Wright, H.E. (1993) Core compression. Limnology and Oceanography, 38, 699–701.
Wright, H.E., Jr., Mann, D.H. & Glaser, P.H. (1984) Piston corers for peat and lake sediment. Ecology, 65,
657–659.
Wüst, R.A.J. & Bustin, R.M. (2003) Opaline and Al–Si phytoliths from a tropical mire system of West
Malaysia: abundance, habit, elemental composition, preservation and significance. Chemical Geology, 200,
267–292.
Wüst, R.J., Jacobsen, G.E., van der Gaast, H. & Smith, A.M. (2008) Comparison of radiocarbon ages from
different organic fractions in tropical peat cores: insights from Kalimantan, Indonesia. Radiocarbon, 50,
359–372.
Yamada, I. (1997) Tropical Rain Forests of Southeast Asia: a Forest Ecologist’s View. University of Hawai'i
Press, Honolulu.
Yan, H., Sun, L., Wang, Y., Huang, W., Qiu, S. & Yang, C. (2011) A record of the Southern Oscillation Index
for the past 2,000 years from precipitation proxies. Nature Geoscience, 4, 611–614.
Yu, Z., Beilman, D.W. & Jones, M.C. (2009) Sensitivity of northern peatland carbon dynamics to Holocene
climate change. In: Baird, A.J., Belyea, L.R.B., Comas, X., Reeve, A.S. & Slater, L.D. (eds.) Carbon Cycling
in Northern Peatlands, Geophysical Monographs vol. 184. AGU, Washington, D.C., pp. 55–69,
Yule, C.M. & Gomez, L.N. (2009) Leaf litter decomposition in a tropical peat swamp forest in Peninsular
Malaysia. Wetlands Ecology and Management, 17, 231–241.
Zolitschka, B., Mingram, J., van der Gaast, S., Jansen, J.H.F. & Naumann, R. (2001) Sediment logging
techniques. In: Last, W.M. & Smol, J.P. (eds.) Tracking environmental change using lake sediments: Volume
1: Basin Analysis, Coring, and Chronological Techniques. Kluwer Academic Publishers, Dordrecht, pp.
137–153.

115

116

Paper IV
Greenhouse gas ﬂuxes from tropical peatlands in south-east Asia

117

118

Global Change Biology (2010) 16, 1715–1732, doi: 10.1111/j.1365-2486.2009.02016.x

Greenhouse gas fluxes from tropical peatlands in
south-east Asia
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Institute of Botany and Landscape Ecology, University of Greifswald, Grimmer Strae 88, D-17487 Greifswald, Germany

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 (CO2)
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 900 g CO2 m 2 a 1 ( 250 g C m 2 a 1) for each 10 cm 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 CO2 flux measurements from southeast 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 CO2 emissions than peat fires. Methane fluxes are negligible at low water levels
and amount to up to 3 mg CH4 m 2 h 1 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. N2O fluxes are erratic with
extremely high values upon application of fertilizer to wet peat soils. Current data on
CO2 and CH4 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.
Keywords: carbon, CH4, CO2, fire, greenhouse gas emissions, N2O, peat soil, south-east Asia,
subsidence, tropical peatswamp
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Introduction
The peatlands of south-east Asia, covering approximately 250 000 km2 (Carbopeat, 2008), represent an
immense reservoir of fossil carbon (Jaenicke et al., 2008)
that has largely accumulated over the past 13 000 years
(Dommain et al., 2009). Their current large scale degradation by drainage and associated peat fires has been
reported to be responsible for possibly up to 30% of the
global carbon dioxide (CO2) emissions from Land Use,
Land Use Change and Forestry (LULUCF; Hooijer et al.,
2006). The increased awareness of these CO2 emissions
has created strong political support for reducing deforCorrespondence: John Couwenberg, tel. 1 49 3834 864177, fax
1 49 3834 864114, e-mail: couw@gmx.net.

r 2010 Blackwell Publishing Ltd

estation and peatland degradation (REDD: Reducing
Emissions from Deforestation and Degradation,
UNFCCC, 2007), specifically in Indonesia that is responsible 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 accounting, baseline assessment, emission monitoring and peatland 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 ade1715
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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; Wösten et al., 1997), 5 (Taylor & Ali, 2001), 8 (Wösten & 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 et 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 et 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, demonstrable, transparent and verifiable, and estimated consistently 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 southeast 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 publications 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 information 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 mechanically 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 (CH4,
CO2, N2O) 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 measurements 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.
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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  50 cm below surface
only (slope 5 0.09, r2 5 0.95). Land use: (&) agriculture, from
Taylor & Ali (2001), on ‘old’ and ‘recently’ cleared fields (n 5 2),
Tie & Kueh (1979), date of drainage unknown (n 5 1) and DID &
LAWOO (1996), recorded 13–18 years after drainage (n 5 1); (  )
oil palm, from DID & LAWOO (1996), recorded 13–16 or 18–21
years after drainage (n 5 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 5 15), (  ) drained
forested plots, from CIMTROP in Hooijer et al. (2008), recorded
 10–12 years after drainage (n 5 2) and Taylor & Ali (2001), date
of impact unknown (n 5 1).

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 (D) boreal and (&)
temperate sites (data from: Jungkunst & Fiedler, 2007 and
references therein; Augustin et al., 1996; Huttunen et al., 2003).
Note the fivefold difference in scale.

Whereas many individual studies reveal dependencies 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 20 cm. At
higher water levels negative values are rarer and values
tend to be higher and more variable. High emissions to
the atmosphere of 3.5–14 mg CH4 m 1 h 1 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
35 mg CH4 m 1 h 1 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 0.5 mg CH4 m 1 h 1,
found one aberrant value of 12.5 mg CH4 m 1 h 1,
which they attributed to ebullition. A similar outlier of
16.8 mg CH4 m 1 h 1 was recorded in a cassava field by
Takakai et 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 CH4 m 1 a 1 for

forested sites, between 0.025 and 3.4 g (outlier of
12 g) CH4 m 1 a 1 for agriculture sites and between
3.62 and 49.52 g CH4 m 1 a 1 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) CO2 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. 1900 g CO2 m 2 a 1 ( 522 and 532 g C m 1 a 1) 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),  3 km from the river
a net emission to the atmosphere of  370 g CO2 m 2 a 1
( 100 g C m 2 a 1) 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 Kalimantan) Hirano et al. (2007a, 2009) measured net emissions of 2178, 1386, 1085 and 1617 g CO2 m 2 a 1 (594,
378, 296, 441 g C m 2 a 1) in 2002, 2003, 2004 and 2005,
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respectively. Between May 2004 and May 2005, within
500 m from this selectively logged site, Hirano et al.
(2007b) found a net emission of  2900 g CO2 m 2 a 1
( 800 g C m 2 a 1) in a deforested, abandoned area
previously affected by fires. At  1.1 km distance in
the same deforested, abandoned area, Jauhiainen et al.
(2008a) recorded similar values of 2969 g CO2 m 2 a 1
(SD 235) for burnt, bare peat patches at mean annual
water levels of
33 cm and, after rewetting,
2809 g CO2 m 2 a 1 (SD 278) at mean annual water
levels of 21 cm, using a closed dark chamber method.
The vast majority of the published CO2 flux data from
south-east Asian peatlands stems from such dark chamber measurements of total (soil) respiration. These measurements 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 autotrophic 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 mg N2O m 2 h 1, with 90% of the measured values
below 125 mg N2O m 2 h 1. 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 mg N2O m 2 h 1 are restricted
to agricultural lands. Fluxes from fertilized agricultural
sites vary between 16 and 19 000 mg N2O m 2 h 1, with
90% of the measured values below 2000 mg N2O m 2 h 1;
fluxes from abandoned sites are between 63 and
190 mg N2O m 2 h 1, with 90% below 50 mg N2O m 2 h 1.
The highest emissions occur during the rainy season.
Although no clear overall correlations with main
site parameters (water level, C/N ratio, pH, soil temperature) 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-

Fig. 4 Total (soil) respiration in relation to water level and land
use: (&) agricultural fields; (D) deforested, unused; (  ) agroforestry fields; (  ) forested plots (includes primary, secondary,
selectively logged). Note that the graphs represent total (soil)
respiration not net CO2 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; Wösten
et al., 1997). Oxidation first removes easily decomposable material (Eggelsmann, 1960; Mundel, 1976; Wösten
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et al., 1997) and also therefore oxidative losses decline with time. Tillage, fertilization and root exudates
counteract this effect, resulting in continued high oxidative 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 0.9 cm a 1 for each 10 cm of
additional drainage depth. A similar value (1.1 cm a 1)
is found in the Kampar study of Hooijer (2008), albeit
only for water levels below 20 cm. Such a threshold
water level is also present in peat subsidence studies
from other parts of the world where every 10 cm of
additional drainage leads to an increase in peat subsidence of 0.64 and 0.34 cm a 1 (Florida and Indiana,
USA, respectively; Stephens & Speir, 1970), 0.43 cm a 1
(Balaton, Hungary; Eggelsmann, 1978) and 0.34 cm a 1
(Zegvelderbroek, the Netherlands; Schothorst, 1977,
1982). The limited number of observations from deeper
drained tropical peatlands seems to suggest that subsidence levels off and remains at  4.5 cm a 1 at drainage 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 levelling off. A similar pattern of stabilizing (and ultimately
decreasing) losses below a threshold water level is
observed in annual peat oxidation rates (CO2 emissions)
of temperate European peatlands (Fig. 5). It can be
ascribed to moisture stress and changes in microbial
communities (Mäkiranta et al., 2009).
The relative role of shrinkage in subsidence can be
assessed by the increase it causes in dry bulk density of

Fig. 5 Net annual CO2 fluxes in kg CO2 m 2 a 1 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  40 cm
below surface only (slope 5 0.086, r2 5 0.75). Data from Mundel
(1976), Müller et al. (1997), Drösler (2005), Bortoluzzi et al. (2006),
Flessa et al. (1997), Jacobs et al. (2003, 2007), Hendriks et al. (2007),
Veenendaal et al. (2007).

1719

the peat (van der Molen & Smits, 1962; Schothorst, 1977,
1982; Wösten 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 substitution). 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);
Wösten et 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; Grnlund 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) represent emissions from peat decomposition only (i.e. exclude 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 0.068 g C cm 3
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
CO2 emissions from peatland degradation if the oxidative component is known. Assuming an oxidative
component of secondary subsidence of 40%, which is
at the lower end of the range presented above, CO2
emissions from drained tropical peat soils amount to
900 g CO2 m 2 a 1 ( 250 g C m 2 a 1) 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, Wösten et al. (1997) estimate that emissions range from 1330 to 3970 g CO2 m 2 a 1 ( 360 to
 1100 g C m 2 a 1) for each 10 cm of additional drainage depth, depending on assumed bulk density of the
peat. Emissions from temperate European peatlands
(Fig. 5) show a similar dependency on water level
of  900 g CO2 m 2 a 1 for each additional 10 cm
of drainage, but become positive only at water levels
more than  10 cm below the surface and level off at
a drainage depth of  40 cm. To arrive at more accurate 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.
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The CO2 data from temperate Europe (Fig. 5) represent 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 reliability. With the possible exception of some of the measurements 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 respiration may be responsible for o10 to 490% of total soil
respiration (Happell & Chanton, 1993; Hanson et al., 2000;
Crow & Wieder, 2005; Kuzyakov & Larionova, 2005), total
soil respiration measurements are inadequate for determining the net CO2 fluxes that contribute to global
warming. Consequently, comparison of total soil CO2
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 et 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 aerobic 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) measurements offer reliable estimates of total net ecosystem
CO2 exchange with the (local) atmosphere. Relating
these to changes in soil carbon is impossible, however,
without simultaneous assessment of changes in biomass and litter stocks (cf. Lohila et al., 2007) and emissions 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 decomposition 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 severing roots well before flux measurements (Alm et al.,
2007; Mäkiranta et al., 2008) and – without indication
of drainage depth – arrive at heterotrophic soil
flux rates from a 5 year old oil palm plantation of
3400–4100 g CO2 m 2 a 1 (930–1120 g C m 2 a 1). The
measurement method (chamber design and sampling
method) used by Melling et al. (2007a) tends to underestimate CO2 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;
Mäkiranta et al., 2008) and reduces the stimulating ‘priming effect’ labile organic substances (root exudates, recent
dead root material) have on decomposition of the recalcitrant peat (Mäkiranta 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 45000 g CO2 m 2 a 1. In open, unforested sites, a
combination of transparent and dark closed chambers
and a rigorous measurement scheme allows for reliable
measurements of CO2 emissions from heterotrophic
soil respiration (Drösler, 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 CO2 fluxes from tropical
peatlands.
Methane emissions are restricted to high water levels
when methanogenesis occurs under anaerobic conditions close to the surface and re-oxidation of methane is
limited (Segers, 1998; Fig. 3). In comparison to temperate 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 compounds 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 CO2 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 CO2) is explained by methanogenesis
through reduction of CO2 (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 et al., 2008). As young CO2 and CH4
are brought in directly from upper layers as well, the
dissolved gases will be of younger age than the dissolved 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.
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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
35 mg CH4 m 2 h 1 from peaty alluvial soils at high
water levels. Similarly, Hadi et al. (2005) found emissions of up to 14 mg CH4 m 2 h 1 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 fermentation 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 cultivation by Melling et al. (2005c), who ascribed these to
higher soil temperature (Ludang et al., 2007) and rate of
decomposition. The accumulated methane may contribute substantially to emission rates when these subsurface 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 et al., 2007; Denmead, 2008). Using the
eddy covariance technique in a Finnish fen, Rinne et 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 et al.
(2007). Small-scale ebullition may be responsible for
spikes in methane emission observed when soil moisture 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 19 000 mg N2O m 2 h 1)
and particularly consumption values (up to
63 mgN2O m 2 h 1) 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; Münchmeyer, 2001; Maljanen et al., 2004; Regina
et al., 2004; Von Arnold et al., 2005a, b), where peak
emission values reach  5000 mg N2O m 2 h 1 (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

g N2 O m

Tropical south-east Asia

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

14.28
0.11
0.54
0.10

Temperate Europe*

Drained agricultural land (fens/fertilized), n 5 80
Forested (drained and undrained), n 5 14
(Semi-) natural (incl. rewetted), n 5 23

2

a

1

mean (range)

(1.12–40.7)
( 0.17–0.63)
( 0.08–2.10)
( 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); Drösler (2005); Flessa et al.
(1997); Hendriks et al. (2007); Jacobs et al. (2003); Müller (1999); Tauchnitz et al. (2008); Velthof et al. (1996); Von Arnold et al. (2005a, b);
Wild et al. (2001).

ca. 8 mg N2O m 2 h 1 (Münchmeyer, 2001). Factors
regulating N2O consumption by the soil are not yet
well understood and need further study (Chapuis-Lardy et al., 2007). Emissions of N2O 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 N2O emissions were from drained and fertilized 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 NH41 -N, nitrification must also play an important role, either as direct source of N2O, or by providing
the necessary NO3 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 N2O production; Hashidoko
et al., 2008), also fungi may play a major role in N2O
production in tropical peat soils (Yanai et al., 2007). The
role of plants in mediating N2O emissions (cf. Rusch &
Rennenberg, 1998; Kreuzwieser et al., 2003) needs to be
assessed. In light of the complex dependencies and
resulting erratic behaviour of N2O 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 interpolations, arrive at emissions from fertilized agricultural
lands of 3.3–40.7 g N2O m 2 a 1 (with a global warming
potential
equivalent
to
980–1210 g CO2 m 2 a 1;
cf. Forster et al., 2007), which are very high compared
with emissions from agricultural peatlands of temperate Europe (Table 1), by far exceed the IPPC default
value of 2.5 g N2O m 2 a 1 (IPCC, 2006) and emphasize
the need for further studies and proper land use guidelines. 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 N2O 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 g C m 2 a 1, Suzuki
et al., 1999) is an order of magnitude higher than the
long-term carbon accumulation rates of tropical
peatswamps as determined with palaeoecological techniques (Dommain et al., 2009). This discrepancy points
to additional sequestration or considerable unaccounted 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

37
51
55
21
27
12

1988, 1994
1997
1997
2002
2002
2001, 2002

(25–60)
(20–150)
(25–85)
(3.5–44.5)
(15–30)w
(0–32)

Mean
34

1723

Bulk density (g cm 3)

Carbon content

Emission
(kg C m 2)

0.100*
0.160 (0.100–0.220)
0.160 (0.100–0.220)

0.57*
0.54 (0.53–0.56)
0.54 (0.53–0.56)

29.1 (11.4- 85.5)
47.5 (13.3–104)
18.6 (6.3–37.1)

0.155 (0.060–0.220)

0.50 (0.46–0.54)

0.144

0.54

9.0 (0–27.4)

Fire
type
C
W
W
W
W
E

Reference
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)

26.1

Data are mean values (range in parentheses).
*Data from Neuzil (1997).
wOwn 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 firerelated 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 Niño drought (Table 2; Page et al., 2000,
2002). Page et al. (2002) arrive at an average loss of
29.1 kg C m 2 for the 1997 peatland fires (Table 2). Using
a higher volumetric carbon density of 0.070 g cm 3 (bulk
density of 0.13 g cm 3  carbon content of 0.54; Shimada
et al., 2001), Heil et al. (2007) arrive at a slightly higher
estimate of 34.9 kg C m 2 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 considerably 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 g cm 3, Limin et al. (2004) report fire-related emissions in the EMRP area of 47.5 and 18.6 kg C m 2,
respectively, for the El Niño years 1997 and 2002 (Table
2). The limited number of available measurements
(Table 2) implies emissions of  26 kg C m 2 from a

typical fire event. Compared with emissions from oxidative peat loss of 0.9 kg C m 2 a 1 for each 10 cm of
additional drainage depth, peat fire emissions are considerably larger, exceeding Holocene carbon accumulation 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 et 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  109 m2 of peat soil burnt during the
1997 fires in south-east Asia (Heil et al., 2007), with each
m2 emitting 26 kg C (Table 2), peat carbon emissions
from the 1997 fires would have amounted to
 494 Tg C. 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 91.5 Tg C 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
 385 Tg C, with  340 Tg C 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 longer 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
CO2 emissions from peat degradation assumed in these
studies range from 1.8 kg CO2 m 2 a 1 (Germer & Sauerborn, 2007), to 3.7–5.5 kg CO2 m 2 a 1 (Reijnders & Huijbregts, 2008), 3.9 kg CO2 m 2 a 1 (Wicke et al., 2008) and
5.5–7.3 kgCO2 m 2 a 1 (Fargione et al., 2008). The measurements of Melling et al. (2007a) indicate emission
values from oxidizing peat of 5 kg CO2 m 2 a 1 or more.

Conclusions
Subsidence in south-east Asian peatlands shows a clear
linear dependency on water level, increasing by
0.9 cm a 1 for each 10 cm of additional drainage depth.
Whereas subsidence seems to level off to remain at
 4.5 cm a 1 at mean annual water levels deeper than
50 cm, recent evidence suggests there is further increase
in subsidence until drainage depths of  1 m are attained. With a conservative estimate of 40% for the
oxidative component in subsidence, CO2 emissions
amount to at least 900 g CO2 m 2 a 1 ( 5 9 t CO2 ha 1 a 1)
for each 10 cm of additional drainage depth (up to a
depth of 50–100 cm). Hooijer et al. (2006) use a similar
relationship of 910 g CO2 m 2 a 1 and arrive at total annual emissions from peat oxidation in degrading southeast Asian peatlands of  600 Mt CO2 (170 Tg C). Should
emissions cease to increase with drainage depths below
50 cm, these total emissions would still amount to
 475 Mt CO2 (130 Tg C). 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 CO2 emissions from drained peatlands.
Based on the limited amount of direct measurements,
34 cm 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. Dommain et al., 2009). Applying this peat loss estimate to the
total area of peat soil burnt during the 1997 fires in
south-east Asia ( 19 000 km2; Heil et al., 2007), peat
carbon emissions from this event would have amounted
to  494 Tg C, 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
 90 Tg C, which is considerably lower than the
often cited estimate of Hooijer et al. (2006) of
 385 Tg C. In contrast to hitherto assumed (Hooijer
et al., 2006), regular peat oxidation after drainage on
the longer run seems to contribute more to annual CO2
emissions from south-east Asia than peat fires.
The database on CO2 emissions from drainage and
fire in tropical peatlands is still poor. Most drainagerelated emission data stem from dark chamber measurements that are inadequate for determining net CO2
fluxes to the atmosphere. Hardly any publication sufficiently considers and discusses biases, pitfalls and uncertainties associated with the flux measurement
method chosen (chamber design, method of flux derivation, measurement frequency and time of day). Considering its diurnal and seasonal patterns, measurement
of CO2 fluxes must be frequent and intensive. To arrive
at reliable net CO2 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 furthermore involves quantifying fluxes of methane and dissolved and particulate carbon.
Total soil respiration fluxes from dark chamber measurements do not represent net-emissions and addressing 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 plantations, reach similar values as those derived from
subsidence measurements, i.e.  5 kg CO2 m 2 a 1
(5 50 t CO2 ha 1 a 1) or more. This implies that the
emission factor of biofuel derived from oil palm grown
on tropical peat soil amounts to at least  400 g CO2eq MJ 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 information lost is particularly valuable as it covers the development of peatswamps in relation to Late Holocene
climate variability, particularly El Niño activity, and
thus provides necessary baseline information for climate 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 20 cm and higher and more variable when
water levels are above this threshold. Whereas plantmediated 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 agricultural peat soils are high, sometimes even extremely high,
compared with those from agricultural peatlands of temperate 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 tropical peat soils, i.e. the radiative forcing of CO2, 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 CO2, the most important anthropogenic greenhouse gas (Forster et al., 2007), nor for N2O.
Their predominant dependence on water level shows
that rewetting of drained tropical peat soils will lead to
large reductions of CO2 emissions, also when conditions 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 N2O emissions during the rainy season are restricted to heavily fertilized drained sites and it is
highly improbable that rewetting will induce N2O
emissions that negate the CO2 emission reductions.
There is, however, an urgent need for further quantitative research on greenhouse gas exchange to support
the development of consistent policies for climate
change mitigation.
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Summary
Peatlands are an important component in the global carbon cycle as they act as both long-term sinks for carbon
dioxide and significant sources for methane. Over the Holocene period (the past 11,700 years) continuous CO2
uptake by peat accumulation exceeded methane emissions in northern peatlands and resulted in a net-radiative
cooling effect on the global climate. Although 11% of the global peatland area is located in the tropics, the role
of tropical peatlands in the global carbon cycle and in influencing the Earth’s radiative budget has not been
resolved. Climate-carbon cycle models have thus far not included tropical peatlands because reliable data on
their past rates of carbon uptake and release are not available. In this thesis this problem has been approached
by reconstructing peatland expansion and rates of carbon storage and release over the Late Quaternary (Latest
Pleistocene and Holocene) for the largest tropical peatland area, which is located in equatorial Southeast Asia
(i.e. Sumatra, Borneo, Peninsular Malaysia). Peat accumulation in the tropics remains an enigmatic
phenomenon, because the constantly high temperatures of 26-27°C should theoretically drive rapid soil carbon
turnover and thus not enable the accumulation of peat. Therefore this thesis also explores the mechanisms that
cause peat formation in the Southeast Asian tropics as well as the drivers behind changing rates of carbon
accumulation. Carbon dynamics were analyzed at the regional scale (103–105 km2) of Southeast Asia over
millennial timescales (paper, I, II) and at the local scale (101–102 m2) of a peatland site on annual to centennial
timescales (paper III, IV).
Paper I presents the first systematic classification of the nearly 160,000 km2 Southeast Asian lowland peatlands
(below 70 m a.s.l.) into geographic peatland types. The peatlands were divided into 1) coastal peatlands of
Peninsular Malaysia, Sumatra, and Borneo (~130,000 km2) and into inland peatlands (~30,000 km2) of 2)
Central Kalimantan (southern Borneo), 3) the Kutai basin (eastern Borneo), and 4) the Upper Kapuas basin
(western Borneo). Coastal peatlands formed by primary mire formation directly on freshly exposed marine or
mangrove soils with the lowering of the sea level during the Late Holocene. In contrast, inland peatlands formed
via paludification on either terrestrial sand soils (Central Kalimantan) or by both paludification and
terrestrialization (Kutai basin, Upper Kapuas basin). The sequence of peatland initiation was established by
applying the common cumulative basal date frequency approach (paper I). This method revealed clear
differences in the timing of peatland initiation: 1) the Upper Kapuas peatlands are the oldest postglacial peat
formations and date from 20,000-13,000 cal BP (calendar years before present), 2) inland Central Kalimantan
peatlands date from 14,500-9000 cal BP, 3) the Kutai peatlands date from 8300-4900 cal BP, and 4) and the
coastal peatlands date from 7700-200 cal BP.
Coastal peatlands have a Holocene average carbon accumulation rate of 77 g C m-2 yr-1, being recognized as
the globally most effective terrestrial ecosystems in terms of long-term carbon sequestration. Except for the
Kutai peatlands, the Holocene average carbon accumulation rates of inland peatlands are significantly lower
(20-30 g C m-2 yr-1) and very similar to the average long-term rates of northern peatlands.
Fluctuations in past rates of carbon accumulation of Southeast Asian peatlands could for the first time be linked
to paleoclimatic changes, primarily variations in moisture availability (paper I, II). Hydroclimatic influences
on carbon accumulation rates were related to shifts in the mean position of the Intertropical Convergence Zone,
changes in the intensity of the Austral-Asian monsoon system, and variations in the frequency of the El NiñoSouthern Oscillation.
In contrast, peatland initiation and expansion was driven by sea-level change (paper I, II). The deglacial rise in
sea-level is identified as the primary driver for inland peatland formation in Borneo, because the rising sea-level
1) lowered the hydrological gradients in the Southeast Asian island archipelago inducing rising ground and
surface water levels on these islands, and 2) led to higher atmospheric moisture availability due to the associated
expansion of marine water masses on the shelf floor. Paper II shows that inland peatland initiation and
expansion was most extensive during deglacial meltwater pulses, when the rate of sea-level rise exceeded 10
mm yr-1. Only when the rate of sea-level rise had slowed down to a threshold of 2.4 mm yr-1 by ~7000 cal BP
could peat accumulation along the coasts keep up with the sea-level rise and coastal peatlands could form.
Hydro-isostatic adjustment of the Sunda Shelf led to a sea-level lowering by ca. 5 m over the past 4500 years.
Falling sea levels exposed extensive marine areas that were rapidly colonized by peat swamp forests. A newly
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developed method for the reconstruction of past peatland area based on transfer functions (paper II) reveals that
70% of the peatlands of Sumatra and Kalimantan only formed during the past 4000 years. Moreover, this new
transfer function approach shows that the common basal dates approach overestimated the extent of peatlands
in the past. This method, in general, leads to higher rates of reconstructed cumulative peat carbon uptake for the
past.
By combining reconstructed peatland areas and mean rates of carbon accumulation over millennial timescales
from each peatland type the carbon uptake of all peatlands from Sumatra and Kalimantan could be quantified
for the past 15,000 years (paper II). Carbon uptake remained below 1 Teragram (Tg) C yr-1 from 15,000-5000
cal BP because the total area of peatlands was less than 30,000 km2. Rapid peatland expansion driven by the
lowering of sea-level over the past 5000 years increased carbon uptake on Sumatra and Kalimantan to over 7
Tg C yr-1 and resulted in an exponential growth of the regional peat-carbon reservoir to a size of over 20 Pg C.
Southeast Asian peatlands therefore had no significant role in the Late Pleistocene and Early Holocene global
carbon cycle. However, because of their rapid expansion after 5000 cal BP by over 100,000 km2 the peatlands
of Southeast Asia became a globally important carbon sink during the Late Holocene and likely caused an
atmospheric CO2 drawdown of 1-2 ppm (paper II). This previously unrecognized biospheric carbon sink partly
compensated for contemporaneous terrestrial carbon losses associated with the desertification of Northern
Africa.
The mechanisms that enable high rates of carbon accumulation of coastal peatlands were explored in a peat core
study presented in paper III. Here the use of a new coring technique for the tropics and the application of noninvasive geophysical measurements were employed to derive a high-resolution record of carbon accumulation
rates. This study provides the first description of peatland pools for Southeast Asia, which form as tip-up pools
from falling trees such as Shorea albida. Based on a pollen and macrofossil record a fossil tip-up pool could be
identified in the core and an associated carbon accumulation rate of 100 to over 900 g C m-2 yr-1 determined.
Thus tip-up pools function as local hot spots for carbon accumulation, fundamentally different from northern
hemisphere peatland pools, which act as net-carbon sources. From a time-series of aerial photographs the rate
of tree fall and thus pool formation was determined at 0.4 tree ha-1 yr-1 (paper III). A simulation model indicates
that up to 60% of the peat deposited in peat domes of Borneo is derived from filled up fossil pools – changing
the paradigm that Southeast Asian peatlands mainly form from belowground biomass and providing an
explanation for the rapid carbon accumulation of these ecosystems.
The climate impact of peatlands is, however, not only related to their capacity to rapidly store carbon, because
peatlands also release the strong greenhouse gas methane – a by-product of anaerobic decomposition. A metaanalysis of methane emission data from Southeast Asian peatlands (paper IV) shows that their average annual
methane release of 3 g CH4 m-2 yr-1 is lower than the average annual release of ~9 g CH4 m-2 yr-1 from northern
peatlands, although the higher tropical soil temperatures should lead to significantly higher emissions. The
limited degree of anaerobic decay is explained by the recalcitrance of the deposited biomass, which contains
high amounts of lignin and tannin, providing another explanation for rapid carbon accumulation. Low anaerobic
decomposition together with high rates of carbon accumulation imply that limits to vertical peat bog growth in
Southeast Asia are not set by cumulative anaerobic decay as in northern raised bogs. Instead peat bog growth
is limited by aerobic decomposition related to water-table lowering as shown by a derived linear relationship
between the amount of released CO2 from aerobic peat decomposition and the mean annual depth of the
peatland water-table (paper IV).
The climatic effect of Southeast Asian peatlands was determined by the global warming potential (GWP)
method, which compares carbon uptake with methane emissions in terms of CO2-equivalents. The low methane
emissions and high carbon accumulation rates of coastal peatlands result in a net annual uptake of 1340 kg CO2equiv. ha-1 yr-1 over a 100 year GWP time-horizon. Under natural conditions coastal Southeast peatlands exert
a significant net cooling effect on the global climate in contrast to northern peatlands, which have a warming
effect or act climatic neutral on this time frame. It can be concluded that the tropical peatlands of Southeast Asia
are the strongest carbon sinks among all peatlands globally with a notable influence on the Earth’s radiative
budget.
However, today an estimated 90,000 km2 of peatlands in Southeast Asia is drained for agriculture (e.g. oil palm
plantations) and deforestation. These drained peatlands release annually over 140 Tg C yr-1 from aerobic peat
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decomposition. Drainage also facilitates the regular spread of peat fires in this region, which on average release
around 75 Tg C yr-1. Ongoing total carbon losses (~220 Tg C yr-1) exceed the natural carbon uptake by a factor
of 25 and demonstrate that the entire Southeast Asian peatland region has recently switched from a globally
important carbon sink to a globally significant source of atmospheric CO2 (paper II, IV).
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Zusammenfassung
Moore sind eine wichtige Komponente im globalen Kohlenstoffkreislauf, da sie langfristige
Kohlendioxidsenken und bedeutenden Quellen von Methan darstellen. Im Verlauf des Holozäns (die
vergangenen 11.700 Jahre) übertraf die kontinuierliche CO2-Festlegung durch Torfakkumulation die
Methanemissionen nordischer Moore. Dies führte zu einem Netto-Kühlungseffekt auf das Erdklima. Die
Bedeutung tropischer Moore im globalen Kohlenstoffkreislauf und bezüglich der Beeinflussung des
Strahlungshaushalts der Erde ist bisher jedoch nicht geklärt, obwohl 11% der weltweiten Moorflächen in den
Tropen liegen. Klimamodelle mit integriertem Kohlenstoffkreislauf haben tropische Moore bisher nicht
berücksichtigen können, da keine zuverlässigen Daten zu deren langfristiger Kohlenstofffestlegung und
–freisetzung existieren. In dieser Dissertation wurde das Problem angegangen, indem Moorausbreitung und
Raten der Kohlenstofffestlegung und –freisetzung für das Spätquartär (spätes Pleistozän, Holozän) des größten
tropischen Moorgebietes, welches in Südostasien liegt, detailliert rekonstruiert wurden. Torfakkumulation in
den Tropen bleibt ein rätselhaftes Phänomen, da die konstant hohen Temperaturen von 26-27°C theoretisch die
rasche Umsetzung von Bodenkohlenstoff vorantreiben sollten. Daher wurde in dieser Arbeit auch versucht die
primären Mechanismen, welche Torfbildung in den südostasiatischen Tropen verursachen, zu identifizieren und
die Triebkräfte hinter Veränderungen in Kohlenstoffakkumulationsraten genau zu bestimmen. Die
Kohlenstoffdynamik wurde sowohl auf regionaler Ebene (103-105 km2) von Südostasien über tausendjährige
Zeitskalen (Artikel I, II), als auch auf lokaler Ebene (101-102 m2) eines Moorstandortes über jährliche bis
hundertjährige Zeitskalen untersucht (Artikel III, IV).
Artikel I beinhaltet die erste systematische Gliederung der 160.000 km2 südostasiatischer Tieflandsmoore (unter
70 m ü.d.M.) in geographische Moortypen. Die Moore wurden in 1) Küstenmoore der Halbinsel Malaysia,
Sumatra und Borneo (~130.000 km2) und in 2) Inlandsmoore (~30.000 km2) von Zentralkalimantan
(Südborneo), Kutaibecken (Ostborneo) und Oberes Kapuasbecken (Westborneo) eingeteilt. Küstenmoore
entstanden durch primäre Moorbildung direkt auf frisch exponierten marinen Sedimenten oder
Mangrovenböden als Folge der Meerespiegelabsenkung im Späten Holozän. Inlandsmoore entstanden durch
Versumpfung von terrestrischen Sandböden (Zentralkalimantan) oder durch die Prozesse Versumpfung und
Verlandung (Kutaibecken, Oberes Kapuasbecken).
Die zeitliche Abfolge der Moorentstehung wurde durch die kumulative Frequenz basaler Torfdatierungen
ermittelt (Artikel I). Diese Methode zeigte klare Unterschiede in der zeitlichen Abfolge der Moorinitiierung: 1)
die Moore im Oberen Kapuasbecken sind die ältesten Moorbildungen und datieren auf einen Zeitraum
zwischen 20.000-13.000 cal BP (Kalenderjahre vor heute), 2) die Moore Zentralkalimantans auf 14.500-9000
cal BP, 3) die Moore des Kutaibeckens auf 8300-4900 cal BP und 4) die Küstenmoore auf 7700-200 cal BP.
Mit 77 g C m-2 a-1 besitzen Küstenmoore die höchste holozäne Durchschnittsrate in der Kohlenstoffakkumulation und konnten damit als global effizienteste terrestrische Ökosysteme für langfristige
Kohlenstofffestlegung identifiziert werden. Mit Ausnahme der Moore des Kutaibeckens haben Inlandsmoore
deutlich niedrigere holozäne Durchschnittsraten in der Kohlenstoffakkumulation (20-30 g C m-2 a-1) – sehr
ähnlich den langfristigen Raten nordischer Moore.
Fluktuationen der Kohlenstofffestlegungsraten südostasiatischer Moore in der Vergangenheit konnten erstmalig
Schwankungen des Paläoklimas zugeordnet werden, hauptsächlich den Variationen in der
Niederschlagsverfügbarkeit (Artikel I, II). Hydroklimatische Einflüsse auf die langfristige
Kohlenstoffakkumulation wurden verursacht durch Verschiebungen in der mittleren Position der
Innertropischen Konvergenzzone, Veränderungen der Intensität des Austral-Asiatischen Monsunsystems und
Variationen in der Aktivität der El Niño-Oszillation.
Im Gegensatz dazu verursachten postglaziale Meeresspiegeländerungen die Entstehung und Ausbreitung von
Mooren in Südostasien (Artikel I, II). Deglazialer Meeresspiegelanstieg wurde als notwendige Randbedingung
für Moorbildung im Inland von Borneo identifiziert, da der ansteigende Meeresspiegel den hydrologischen
Gradienten im südostasiatischen Archipel verringerte. Dies erhöhte den Grund- und Oberflächenwasserspiegel
auf den Inseln. Zusätzlich führte die Flutung des Sunda-Schelfs zu höherer atmosphärischer
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Wasserverfügbarkeit. Artikel II zeigt, dass Moorinitiierung und Moorausbreitung im Inland von Borneo
während Phasen besonders schnellen Meeresspiegelanstiegs (sog. deglaziale Schmelzwasserpulse) von über
10 mm yr-1 am größten waren. Erst als vor ca. 7000 Jahren die Rate des Meeresspiegelanstiegs unter den
Schwellenwert von 2.4 mm a-1 fiel, konnte Torfakkumulation entlang der Küste mit der postglazialen
Transgression mithalten und Küstenmoore entstehen lassen. Die hydroisostatische Senkung des Sunda-Schelfs
führte über die letzten 4500 Jahre zu einer Meeresspiegelabsenkung von ca. 5 m. Der fallende Meeresspiegel
legte großflächig Meeressedimente und Mangrovenböden frei, welche direkt von Hochmoorwäldern besiedelt
wurden. Eine neu entwickelte Methode zur genauen Rekonstruktion früherer Moorflächen basierend auf
Transferfunktionen (Artikel II) verdeutlicht, dass 70% der Gesamtmoorfläche von Sumatra und Kalimantan
erst während der letzten 4000 Jahre, überwiegend entlang der Küsten, gebildet wurden. Außerdem zeigt der
neue Transferfunktionenansatz, dass die herkömmliche Methode der kumulativen Frequenz basaler Datierungen
die Moorfläche in der Vergangenheit überschätzte. Damit führt letztere Methode grundsätzlich zur Ermittlung
zu hoher Mengen gespeicherten Kohlenstoffs in Mooren in der Vergangenheit.
Die Integration von rekonstruierten Moorflächen mit mittleren tausendjährigen Raten von
Kohlenstoffakkumulation für die vier Moortypen ermöglichte es, die Kohlenstofffestlegung von allen Mooren
Sumatras und Kalimantans (Indonesisch Borneo) für die letzten 15.000 Jahre zu quantifizieren (Artikel II). Die
Kohlenstofffestlegung blieb unter 1 Teragramm (Tg) C a-1 von 15.000-5000 cal BP, da die verfügbare
Moorfläche mit weniger als 30.000 km2 relativ gering war. Schnelle Moorausbreitung während der letzten 5000
Jahre, ermöglicht durch die Meeresspiegelabsenkung, führte zu einem rasanten Anstieg der regionalen
Kohlenstofffestlegungsrate bis zu mehr als 7 Tg C a-1 und damit zu einem exponentiellen Wachstum des TorfKohlenstoffspeichers zu über 20 Petagramm (Pg) C. Südostasiatische Moore spielten daher keine bedeutende
Rolle im spätpleistozänen und frühholozänen globalen Kohlenstoffhaushalt. Wegen der massiven
Flächenzunahme von über 100.000 km2 über die letzten 5000 Jahre sind südostasiatische Moore eine global
bedeutende Kohlenstoffsenke während des Späten Holozäns geworden und reduzierten den atmosphärischen
CO2 Gehalt um geschätzte 1-2 ppm (Artikel II). Diese bisher unerkannt gebliebene biosphärische
Kohlenstoffsenke hatte daher zum Teil zeitgleiche terrestrische Kohlenstoffverluste im Späten Holozän,
überwiegend als Folge der Desertifizierung Nordafrikas, kompensiert.
Die Mechanismen, welche die hohen Kohlenstoffakkumulationsraten der Küstenmoore ermöglichten, wurden
in einer Torfkernstudie untersucht (Artikel III). Mittels Nutzung einer neuen Bohrtechnik für die Tropen und
der Anwendung nicht-invasiver geophysikalischer Messungen konnte eine zeitlich hochauflösende
Rekonstruktion von Kohlenstoffakkumulationsraten erreicht werden. Diese Studie ist gleichzeitig die erste
Darstellung der Kohlenstoffdynamik von stehenden Moorgewässern in Südostasien, die durch Windwurf von
Bäumen (z.B. Shorea albida) in dadurch ausgehobenen Bodenöffnungen entstehen (tip-up pools). Basierend
auf Pollen- und Makrofossildaten konnte ein fossiler (gefüllter) Pool mit einer entsprechenden
Kohlenstoffakkumulationsrate von 100 bis über 900 g C m-2 a-1 identifiziert werden. Tip-up pools funktionieren
als lokal bedeutsame Kohlenstoffsenken innerhalb einzelner Moore und damit grundsätzlich anders als
Moorgewässer nördlicher Moore, welche als Kohlenstoffquellen agieren. Durch die Zeitreihenanalyse von
Luftbildern wurde eine gegenwärtige Rate von Baumwurf (und gekoppelter Poolbildung) von 0,4 Bäumen ha1 a-1 bestimmt (Artikel III). Berechnungen eines Simulationsmodels ergeben, dass bis zu 60% des Torfkörpers
der Hochmoore Borneos aus aufgefüllten Pools bestehen können – was das bestehende Paradigma der
Wurzeltorfbildung teilweise ersetzt und eine Erklärung für die allgemein hohen Kohlenstoffakkumulationsraten
liefert.
Der Klimaeinfluss von Mooren ist jedoch nicht nur auf deren Kapazität Kohlenstoff zu speichern zu reduzieren,
sondern ist auch eine Funktion der emittierten Menge des starken Treibhausgases Methan – ein Endprodukt von
anaerobem Abbau organischer Substanz. Eine Metaanalyse von Methanemissionen südostasiatischer Moore
(Artikel IV) belegt, dass der jährliche durchschnittliche Methanausstoß von 3 g CH4 m-2 a-1 geringer ist, als der
jährliche Ausstoß von durchschnittlich 9 g CH4 m-2 a-1 aus nordischen Mooren, obwohl die hohen tropischen
Bodentemperaturen bedeutend höhere Methanemissionen ermöglichen sollten. Der geringe anaerobe Abbau
wird durch die Rekalzitranz der abgelagerten Biomasse, die einen hohen Lignin- und Tanningehalt aufweist,
verursacht und stellt eine weitere Erklärung für die hohen Kohlenstoffakkumulationsraten tropischer Moore
dar. Geringer anaerober Torfabbau zusammen mit hohen Raten von Kohlenstoffakkumulation bedeutet, dass
Hochmoorwachstum in Südostasien nicht durch kumulativen anaeroben Abbau begrenzt ist, wie in einigen
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nordischen Hochmooren. Das Höhenwachstum der Moore ist dagegen durch aeroben Torfabbau limitiert. Dieser
wird durch Wasserstandsabsenkung verursacht, wie es sich anhand einer hergeleiteten linearen Beziehung von
CO2-Freisetzung aus aerober Torfmineralisierung und dem mittleren, jährlichen Wasserstand in Artikel IV zeigt.
Der Klimaeffekt südostasiatischer Moore wurde durch die Treibhauspotential-Methode, welche
Kohlenstoffakkumulation mit Methanausstoß in CO2-Equivalenten vergleicht, ermittelt. Die geringen
Methanemissionen und die hohen Kohlenstoffakkumulationsraten der dominierenden Küstenmoore resultieren
in einer Netto-CO2 Speicherung von 1340 kg CO2-equiv. ha-1 a-1 ermittelt für einen 100-jährigen Zeithorizont.
Unter natürlichen Bedingungen haben südostasiatische Küstenmoore somit ein deutlich kühlendes
Treibhauspotential - im Gegensatz zu nordischen Mooren, die auf diesem Zeithorizont klimaerwärmend oder
allenfalls klimaneutral wirken. Es kann geschlussfolgert werden, dass die tropischen Moore Südostasiens die
räumlich stärksten Kohlenstoffsenken aller globalen Moortypen darstellen und natürlicherweise einen
deutlichen Einfluss auf den Strahlungshaushalt der Erde haben.
Allerdings sind gegenwärtig schon geschätzte 90.000 km2 Moorfläche in Südostasien für Landwirtschaft (z.B.
Ölpalmplantagen) und für Abholzung entwässert. Diese dränierten Moorflächen emittieren jährlich über 140
Tg C a-1 durch aeroben Torfabbau. Die Entwässerung ermöglicht außerdem die Ausbreitung von Moorbränden,
die zusätzlich jährlich ca. 75 Tg C a-1 freisetzen. Die gegenwärtigen anthropogen verursachten
Kohlenstoffverluste (~220 Tg C a-1) übersteigen die natürliche jährliche Kohlenstofffestlegung mit einem
Faktor von 25 und belegen, dass sich rezent die gesamte Moorregion Südostasiens von einer global
bedeutsamen Kohlenstoffsenke zu einer global bedeutenden Quelle für CO2 gewandelt hat (Artikel II, IV).
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