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Indonesia has the largest tropical peatlands in the Asia-Pacific region and the world’s second largest tropical 

peatlands. Growing concerns on peatland conservation and restoration emphasise the importance of these 

ecosystems for climate change mitigation and adaptation. Although Indonesia’s peatlands are well-studied 

compared with other tropical countries, there are still uncertainties regarding its peat volume and carbon 

stock estimations, and how important it is locally and globally. To solve these uncertainties, this study 

estimated peat volume and carbon stock in Indonesia using the national peatlands data published by the 

Ministry of Agriculture, Republic of Indonesia and analysed greenhouse gas emissions among the major 

industrial sectors in the country and global emissions by peatland degradation. Our study posited that 

anthropogenic disturbance degraded Indonesian peatlands and that the country could become the largest 

greenhouse gas emitter in the world. Therefore, successful conservation and restoration of Indonesia’s 

peatlands could significantly contribute to global climate change mitigation and adaptation.

Keywords: Carbon stock, climate change mitigation, greenhouse gas emissions, peatland conservation and 

restoration

INTRODUCTION

Peatlands are carbon-rich ecosystems formed by 

the accumulation of organic matter in oxygen-

deprived and water-saturated environments. 

These ecosystems play an important role in 

mitigating climate change by serving as a vital 

carbon sink for carbon storage (Finlayson 

& Milton 2016, Osaki et al. 2016). Peatlands 

are found in 178 countries across different 

continents and diverse climatic conditions (FAO 

2022). The global peatland area is estimated at 

around 185–423 mil ha, equivalent to about 

2.84% of the world’s land area (Xu et al. 2018). 

In the tropics, tropical peatland area covers 

around 44.1 mil ha (Page et al. 2011), which are 

equal to 10% of the global peatland area, and 

of this, 24.7 mil ha are found in South-East Asia. 

Tropical peatlands in South-East Asia are mainly 

concentrated in Indonesia, i.e. 36% of the 

world’s tropical peatlands, making Indonesia 

the largest tropical peatland area in the world 

after Brazil (Page et al. 2011, Gumbricht et al. 

2017, Xu et al. 2018).

Peatlands deposit 550–600 Gt (25%) of 

global soil carbon (C) stock and can store 

twice as much carbon as all the forests in the 

world combined (Joosten et al. 2016, Leifeld 

& Menichetti 2018). Tropical peatlands 

sequester more carbon compared with other 

terrestrial ecosystems (Page et al. 2011). In 

Indonesia, peatlands are estimated to store 

about 40.5–57.4 Gt C (Page et al. 2011, Warren 

et al. 2017). Aside from their importance as an 

immense carbon pool, tropical peatlands also 

provide numerous ecosystem functions such as 

preventing fire and flooding, providing timber 

and non-timber forest products, supporting 

biodiversity, regulating global climate change, 

and providing socio-cultural, recreation and 

education purposes. 

Despite these important values, tropical 

peatlands have undergone significant 

anthropogenic disturbances. Over the past 

few decades, peatlands have been logged 

and drained for plantation and agricultural 
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purposes, which have caused them to dry up 

and become vulnerable to fire (Glauber et 

al. 2016, Osaki et al. 2016). Consequently, 

due to land degradation and deforestation, 

peatlands can act as a source of greenhouse gas 

(GHG) emission (Smith et al. 2017, Astiani et 

al. 2018). For instance, during the period of 

June to October 2015, fire events especially 

in South Sumatra, Central Kalimantan and 

East Kalimantan contributed approximately 

1.75 bil t CO
2
 to global emissions (Field et al. 

2016), resulting in an estimated cost of USD16.1 

billion (Glauber 2016). In line with the global 

target of reducing GHG emissions towards 

net zero CO
2
, restoring degraded peatlands is 

important to reverse this ecosystem as a source 

of GHG emissions to carbon sequestration that 

contribute to mitigate climate change (Leifeld 

& Menichetti 2018, Tanneberger et al. 2020).

Despite the increasing research on peatlands, 

there are still discrepancies in the extent and 

distribution of peatlands in Indonesia (Page 

et al. 2011, Warren et al. 2017, Anda et al. 

2021). According to Radjagukguk (1997), there 

are 20.1 mil ha peatlands in Indonesia while 

Wahyunto et al. (2006) reported the value as 

20.94 mil ha. More recently, some Indonesian 

government institutions published varying 

data on Indonesian peatlands, for example, the 

Ministry of Environment and Forestry (MoEF) 

of Indonesia reported an area of 24.6 mil ha 

(MoEF 2017) and the Ministry of Agriculture 

(MoA) reported an area of 14.9 mil ha (Ritung 

et al. 2011), which was then updated to 13.4 mil 

ha (Anda et al. 2021). The varieties of methods, 

assumptions and technologies used to obtain 

the peatland data have resulted in differences in 

estimates about peatlands in Indonesia (Osaki 

et al. 2016). Unfortunately, discrepancies 

in peatland data influence the inconsistent 

estimation of carbon storage and emissions 

generated from peatlands (Xu et al. 2018).

To deal with the uncertainty on information 

of peatland distribution, peat volume and 

estimation of carbon storage in Indonesia, this 

study was aimed at comprehensively assessing 

and estimating the potential carbon storage 

of the country’s tropical peatlands. This study 

examined two datasets published by the MoA 

in 2011 and 2019 (Ritung et al. 2011, 2019 

respectively). These datasets incorporated data 

published by the government as well as the 

Wetlands International Indonesia Programme 

(Warren et al. 2017, Anda et al. 2021), both 

of which adhered to national guidelines for 

peatland inventory that involved ground 

truthing methods (Anda et al. 2021). The 

objective of this study was to determine the 

volume of peat and estimate carbon content to 

assess the value resources of peatlands within 

the country. These findings are crucial for 

promoting sustainable peatland management, 

estimating carbon potential, and safeguarding 

ecosystem functions that contribute to 

mitigation of climate change and adaptation 

efforts.

MATERIALS AND METHODS

Study data

This study acquired principal data from the 

national peatlands inventory conducted by 

the Indonesian Center for Agricultural Land 

Resources Research and Development, a 

research agency under Indonesia’s Ministry of 

Agriculture. The acquired datasets included 

a peatlands map of Indonesia at a scale of 

1:250,000 published in 2011 (hereinafter 

referred to as MoA-2011), and the recent semi-

detailed peatlands map at a scale of 1:50,000, 

published in 2019 (MoA-2019). These maps 

comprehensively present data on peatland area, 

distribution and peat thickness throughout 

Indonesia.

MoA-2011 and MoA-2019 classified 

Indonesia’s peat thickness on an interval scale. 

MoA-2011 classified peat depth into four: 50–

100 cm (shallow), 100–200 cm (moderately 

deep), 200–300 cm (deep), and > 300 cm (very 

deep). Meanwhile, MoA-2019 classified peat 

depth into six: 50–100 cm (shallow), 100–200 

cm (moderately deep), 200–300 cm (deep), 

300–500 cm (very deep), 500–700 cm (extra very 

deep), and > 700 cm (exceptionally very deep).

As the data of peat depth was provided in 

interval scale, this study employed low, medium, 

and high estimate for each dataset as performed 

by Warren et al. (2017). A similar methodology 

and approach can also be found in the practical 

guidelines for peat carbon measurement 

published by the World Agroforestry Centre 

and the Indonesian Agricultural Land 

Resources Research and Development (Agus 
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et al. 2011). However, it should be noted that 

the guidelines only calculate peat carbon based 

on the average peat thickness class. Therefore, 

medium estimate assumed the depth of 

peatlands within a given class at the midpoint. 

For instance, depth class of 50–100 cm used 

75 cm as the midpoint while low estimates and 

high estimates of this interval used 50 and 100 

cm as the low end and high end of depth class 

respectively. In the > 300 cm depth class, 300, 

500 and 700 cm were used for low, medium and 

high estimates respectively. The low estimate of 

300 cm was the upper end of depth reported by 

MoA-2011 while the high estimate of 700 cm 

was the upper end of depth reported by MoA-

2019 and medium estimate of 500 cm was the 

midpoint of the 300 cm minimum and 700 cm 

maximum reported for the deepest depth class 

in the MoA-2011 and MoA-2019 respectively. 

Employing medium estimates assumed the 

depth of peatlands within a given class at the 

midpoint and prevented underestimates and 

overestimates (Warren et al. 2017).

Calculation of carbon storage

In order to estimate the volume of peat and 

carbon storage, we analysed the collected data 

by calculating the minimum, medium and 

maximum values. To enable comparison with 

MoA-2011, we merged the peat thickness classes 

of 300–500, 500–700, and > 700 cm from MoA-

2019 into a single category of > 300 cm. 

To determine the peat volume estimate, we 

examined data for four islands (i.e. Sumatra, 

Kalimantan, Sulawesi and Papua) and their 

respective provinces from both MoA-2011 

and MoA-2019. To calculate the peat volume, 

we multiplied the area of peatland by the 

corresponding peat thickness, using the 

following equation:

V
p
= A

p
× T

p

where, V
p
, A

p
, and T

p
 indicate peat volume (m

3
), 

peatland area (m
2
), and peat thickness (m) 

respectively. 

To calculate the peat carbon stock estimate, 

the same formula used by Warren et al. (2017) 

was employed:

C
peat

= V × C
d

where, C
peat

, V, and C
d
 represent carbon 

storage (Gt C), peat volume (m
3
), and peat 

carbon density (kg m
-3
) respectively. However, 

since there were limited sources available for 

peat carbon density data, we collected such 

information from alternative sources (Table 1). 

Province Carbon

density (kg m
-3
)

Reference

Aceh 55.5 *

Bangka Belitung 65.1 *

Bengkulu 65.1 *

Jambi 54.5 Warren et al. 

(2017)

Lampung 65.1 *

North Sumatra 65.1 *

Riau 69.8 Brady (1997), 

Neuzil (1997)

Riau Islands 69.8 *

South Sumatra 65.1 *

West Sumatra 65.1 *

Central 

Kalimantan

61.6 Page et al. (2004)

East Kalimantan 65.1 *

North 

Kalimantan

65.1 *

South 

Kalimantan

61.6 Page et al. (2004)

West Kalimantan 55.5 Warren et al. 

(2017)

Central Sulawesi 65.1 Neuzil (1997), 

Page et al. (2004)

West Sulawesi 65.1 *

Papua 65.1 *

West Papua 65.1 *

Table 1	 Peat carbon density of each province 

obtained from literatures

*The average of peat carbon densities suggested by Brady 

(1997), Neuzil (1997), Page et al. (2004), and Warren 

et al. (2017) was used for provinces without peat carbon 

density value

RESULTS

Peatland area

According to MoA-2011 (Figure 1a), the peatland 

area of Indonesia covers around 14,905,486 ha, 

distributed across 10 provinces in Sumatra 

(6.44 mil ha), 4 provinces in Kalimantan (4.78 

mil ha), and 2 provinces in Papua (3.69 mil 
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ha). On the other hand, MoA-2019 (Figure 1b) 

indicates that the peatland area in Indonesia 

is around 13,430,511 ha, distributed into 10 

provinces in Sumatra (5.85 mil ha), 5 provinces 

in Kalimantan (4.54 mil ha), 2 provinces in 

Sulawesi (0.03 mil ha), and 2 provinces in Papua 

(3.01 mil ha). There are some major differences 

in peatland area and distribution between the 

MoA-2011 and MoA-2019 maps (Figure 1c). The 

peatland area in MoA-2019 is smaller by about 

1,474,975 ha compared with the data in MoA-

2011. MoA-2019 shows that peatland area in 

all islands have decreased except in Sulawesi, 

which was newly inventoried at that time. The 

major decrease is in Papua, which accounts for 

629,008 ha, followed by Sumatra with 586,276 ha, 

and the lowest decrease is in Kalimantan, which 

accounts for 234,639 ha (Figure 1c). 

Looking into the peatland area by province, 

data from MoA-2011 shows that Riau province 

in Sumatra has the biggest peatland area 

(3.87 mil ha), followed by Central Kalimantan 

province in Kalimantan (2.66 mil ha), and 

Papua province in Papua (2.64 mil ha) (Figure 

2a). In the MoA-2019 data, the provinces with 

the biggest peatland area are the same, i.e. Riau 

province (3.57 mil ha), followed by Central 

Kalimantan province (2.55 mil ha), and Papua 

province (2.21 mil ha) (Figure 2b). There are 

decreases and increases in the peatland area 

between MoA-2019 and MoA-2011 (Figure 

2c). The largest decreases are found in Papua 

province (424,932 ha) and Riau province 

(293,459 ha), while the largest increase occur in 

North Kalimantan province (216,994 ha). The 

establishment of North Kalimantan province as 

a new autonomous region in 2012, a year after 

the MoA-2011 was published, has contributed to 

the alteration of the peatland areas, specifically 

within North Kalimantan and East Kalimantan 

provinces, where North Kalimantan was 

previously part of East Kalimantan province.

Peat volume

The larger area of peatlands and deeper peat 

depth delineated on the maps resulted in 

larger estimates of peat volume. Low, medium 

and high estimates of the peatland volume of 

the MoA-2011 data are 210, 346 and 392 km
3
 

Figure 1	 Peatland area by island in (a) 2011 and (b) 2019 published by the Ministry of Agriculture, 

Indonesian and (c) the difference in peatland areas between 2011 and 2019
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respectively (Figure 3a). On the other hand, the 

low, medium and high estimates of peat volume in 

the MoA-2019 data are 241.94, 393.18, and 447.91 

km
3
 respectively (Figure 3b). The overall difference 

in the medium estimates of peat volume by island 

between these datasets is 46.94 km
3
, with the biggest 

gap found in Sumatra (increase of 46.89 km
3
). 

Peat volume in Papua decreased 4.27 km
3
 in 2019 

compared with 2011 (Figure 3c). 

The medium estimates of peat volume 

calculated from MoA-2011 (Figure 4a) are 

mostly concentrated in certain provinces, 

including Riau (135.08 km
3
), followed by Central 

Kalimantan (84.46 km
3
) and West Kalimantan 

(35.08 km
3
). From the MoA-2019 data, medium 

estimates of peat volume by province are mostly 

concentrated in Riau (143.56 km
3
), West 

Kalimantan (48.13 km
3
) and South Sumatra 

(43.95 km
3
) (Figure 4b). The overall difference 

in peat volume by province between MoA-

2011 and MoA-2019 is concentrated in South 

Sumatra, West Kalimantan and Riau provinces, 

with increases of 29.89, 13.05 and 8.48 km
3
 

respectively (Figure 4c). 

Peat carbon

The difference in peat volume between the 2011 

and 2019 data sets reflects the difference in peat 

carbon estimates. The low, medium and high 

estimates of peat carbon by island in the MoA-

2011 are 13.55, 22.39 and 25.35 Gt C respectively 

(Figure 5a). The medium estimate of peat carbon 

in MoA-2011 shows that the largest amount of 

peat carbon is found in Sumatra (11.75 Gt C), 

followed by Kalimantan (8.09 Gt C), and Papua 

(2.71 Gt C). The MoA-2019 data (Figure 5b) 

show that the largest peat carbon amount is 

Figure 2	 Peatland area by province in (a) 2011 and (b) 2019 published by the Indonesian Ministry of 

Agriculture and (c) the difference in peatland areas between 2011 and 2019
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mostly concentrated in Sumatra (14.81 Gt C), 

followed by Kalimantan (8.09 Gt C) and Papua 

(2.43 Gt C). Overall, the medium estimates of 

peat carbon by island between MoA-2011 and 

MoA-2019 (Figure 5c) show a decrease of 1.79 

Gt C. The largest decreases occur in Kalimantan 

(4.60 Gt C) and Papua (0.28 Gt C). Sumatra (3.05 

Gt C) and Sulawesi (0.03 Gt C) experienced an 

increase in peat carbon between the two years.

The medium estimate of peat carbon by 

province in the MoA-2011 data (Figure 6a) is mostly 

concentrated in Riau (9.43 Gt C), Kalimantan (5.20 

Gt C) and Papua (2.05 Gt C). For the MoA-2019 

data (Figure 6b), the largest medium estimates 

of peat carbon mostly occur in Riau (10.02 Gt 

C), Central Kalimantan (4.55 Gt C), and South 

Sumatra (2.86 Gt C). The overall difference in 

medium estimates of peat carbon by province 

between MoA-2011 and MoA-2019 is a decrease 

of 1.79 Gt C, which mostly occur in Central 

Kalimantan (3.21 Gt C), West Kalimantan (1.03 

Gt C) and East Kalimantan (0.42 Gt C) (Figure 

6c). However, a significant increase in peat 

carbon estimate is recorded in Riau (1.35 Gt C). 

DISCUSSION

The data of Indonesia’s peatland areas 

published in the MoA-2019 show that the 

peatland areas cover 13.4 mil ha (Ritung et al. 

2019), which are lower than the previous dataset 

of the 1:250,000 scale map covering an area of 

14.9 mil ha (Ritung et al. 2011). The values of 

peatland areas published on these datasets are 

lower than the estimates reported in the last two 

decades varying from 20.94 mil ha (Wahyunto 

et al. 2003, 2004, 2006) to 20.6 mil ha (Page et 

al. 2011). An assessment conducted through 

meta-analysis by Xu et al. (2018) found that the 

Indonesian peatlands cover an area of 14.8 mil 

ha, which is close to the data in MoA-2011.

The fundamental issue in mapping peatlands 

is the lack of a standardised criteria by which 

peatlands are defined and identified, and the 

Figure 3 	 Peat volume by island in (a) 2011 and (b) 2019 published by the Indonesian Ministry of 

Agriculture and (c) the difference in peatland volume between 2011 and 2019
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lack of classification systems that consider 

specific hydrological conditions and respective 

plant communities (Junk et al. 2011, 2014). 

As evidence, Indonesia was cited as having 

the largest tropical peatland area in the world 

(Page et al. 2011, Joosten et al. 2016). However, 

in other studies, Brazil was listed as having the 

largest tropical peatlands in the world, followed 

by Indonesia (Gumbricht et al. 2017, Ribeiro 

et al. 2021). The aim of this study was not to 

criticise these discrepancies but to highlight 

the range of values used to define peatlands; 

therefore, future research on carbon cycle and 

landuse management on this ecosystem should 

consider this issue. 

In the process of compilation of the MoA-

2019 dataset, previously published government 

and organisation’s data were included as 

reference for ground truthing and verification 

(Anda et al. 2021). The process of data 

compilation and ground truthing follow the 

official Indonesian guidelines published by the 

National Standardization Agency (2013, 2019), 

which potentially cause changes in peatland 

area across Indonesia. In this study, we found 

decreases in the peatland areas in Sumatra 

(586,276 ha), Kalimantan (234,639 ha) and 

Papua (629,008 ha). On the other hand, Sulawesi 

experienced an increase of 25,052 ha, even 

though it was not accounted for in MoA-2011 

inventories. According to Anda et al. (2021) the 

MoA-2019 data on peatlands are more accurate 

because mineral soil has been subtracted 

from the values but was previously included 

in the inventory of 2011. The improvement in 

accuracy in inventory methods also affected the 

Figure 4 	 Peat volume by province in (a) 2011 and (b) 2019 published by the Indonesian Ministry of 

Agriculture and (c) the difference peatland volume between 2011 and 2019
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determination of peat thickness in MoA-2019. 

The peat volume estimate of this study is 

lower compared with estimations by Warren et 

al. (2017) (391.03 km
3
) and Page et al. (2011) 

(1138.23 km
3
). Subsequently, the values of peat 

volume were used to calculate the amount of 

carbon stored in peatlands, multiplied by the 

appropriate carbon density. Due to limited data, 

selected published papers were used to obtain 

the value of peat density for each province. 

Nevertheless, the most reliable data are derived 

from the field, but require more time to obtain 

(Page et al. 2007). By estimating the peat carbon 

storage using peatland area and thickness from 

the MoA-2011 data (Ritung et al. 2011), this 

study revealed that the peat carbon storage 

ranged from 13.55 to 25.35 Gt C, with the best 

estimate of 22.9 Gt C. The estimation of this 

study is relatively lower than the peat carbon 

estimated by Warren et al. (2017) (25.33 Gt C) 

in the MoA-2011 map. Furthermore, compared 

with the earlier estimation of Indonesia’s peat 

carbon storage, which varied from 53.367 Gt C 

(Page et al. 2011) to 30 Gt C (Rudiyanto et al. 

2015) and 23.2 Gt C (Dommain et al. 2014), 

our recent estimates are considerably low. The 

variation in the values of estimated peatland 

carbon stock occurred as a result of different 

methodological approaches used for estimating 

peatland areas as well as the variety source of 

data as reference (Gumbricht et al. 2017, Anda 

et al. 2021). The wide range of peat carbon 

estimates are mainly caused by differences in 

estimations of peat area, thickness and volume 

among studies (Warren et al. 2017). 

Although the MoA-2019 dataset has 

undergone significant improvements, this 

dataset is still lacking in comprehensive coverage 

of landuse in peatlands across Indonesia. Thus, 

additional field data particularly for provinces 

Figure 5 	 Peatland carbon estimate by island in (a) 2011 and (b) 2019 published by the Indonesian Ministry 

of Agriculture and (c) the difference in peatland carbon storage between 2011 and 2019
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Figure 6 	 Peatland carbon estimate by province in (a) 2011 and (b) 2019 published by the Indonesian 

Ministry of Agriculture and (c) the difference in peatland storage between 2011 and 2019

in Papua is needed to better constrain the 

estimate of Indonesia’s total peat carbon store 

(Warren et al. 2017). Acquiring information on 

landuse of peatlands is crucial for accurately 

estimating potential emissions from peatlands 

and is considered a prerequisite for effective 

peatlands restoration and management (Osaki 

et al. 2016).

Major emissions of Indonesia’s peatlands 

from fires mainly occurred in 1997, 2015, and 

2019, which burnt large areas of Indonesia’s 

peatlands (Field et al. 2016, Cole et al. 2022). 

As a result, between 2000 and 2020, peat fires 

have emerged as the second largest contributor 

to GHG emissions in the country, ranking right 

after energy sector, and followed by forestry 

and other landuses (Figure 7). Indonesia is the 

largest contributor of emissions generated from 

degraded peatlands globally (Joosten 2009). In 

addition, Indonesia alone contributed the most 

GHG from degraded peatlands, excluding peat 

fires, which accounted for 666.7 mil t CO
2
e 

year
−1

 followed by the Russian Federation, 

China, Malaysia, and Mongolia (Figure 8). 

According to this study, MoA-2019 reported 

that approximately 70% of the peatland areas 

in Indonesia have less than 300 cm depth, 

which potentially led to their legal conversion 

of landuse (Warren et al. 2017). According to 

the Presidential Decree number 39 of 1990 

and Government Regulation number 26 of 

2008, conversion of landuse is allowable on 
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Figure 7 	 Indonesia’s national greenhouse gas (GHG) emissions from major sectors for the period 2000–

2021: (a) annual trends and (b) mean annual emissions of six sectors; IPPU = industrial processes 

and product use, FOLU = forest and other landuse

Figure 8 	 Estimations of greenhouse gas emissions (GHG) from the 25 largest peat-emitting countries in the 

world; data was taken from UNEP (2022)
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peatlands up to 300 cm deep. Implementing 

stringent control measures such as supportive 

policy and regulation will effectively safeguard 

an area encompassing approximately 9.2 ha 

of peatlands from land conversion, thereby 

mitigating the potential exacerbation of 

national GHG emissions.

CONCLUSION

The estimation of Indonesia’s tropical 

peatland area and depth has varied widely 

between studies, leading to uncertainties when 

determining peat volume and carbon storage. 

The result of this study highlighted the range 

of values for the estimated peatland carbon 

storage. Based on our study, the medium 

estimate of carbon storage in the peatlands 

of Indonesia is 22.39 Gt C. The latest survey 

of Indonesia’s peatland area has significantly 

improved accuracy by subtracting mineral 

soil from the peatland survey, although some 

uncertainties remain. Conducting a systematic 

and comprehensive inventory could improve 

the data on national peatland distribution, 

thickness and carbon storage estimates. 

The uncertainties of peatland inventory 

and mapping could be addressed by using 

advanced earth observation technologies and 

comprehensive ground truthing. There is 

an urgent need to develop a comprehensive 

national peatland map that includes 

information on the degradation status of 

peatlands and artificial canal networks of 

each landscape, so that it can be a reliable and 

accurate data that can be used for national and 

international reference.
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