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ORIGINAL ARTICLE

Effects of fire on tree species composition and carbon stocks of a peat swamp 
forest in Central Kalimantan, Indonesia
Laode Alhamd a, Siti Sundari a, Francis Q. Brearley b and Joeni Setijo Rahajoe a

aResearch Center for Ecology and Ethnobiology, National Research and Innovation Agency (BRIN), Jalan Raya Jakarta Bogor Km. 46, Cibinong, 
Indonesia; bDepartment of Natural Sciences, Manchester Metropolitan University, Manchester, UK

ABSTRACT
Peat swamp forests are important in the global carbon (C) budget because of the huge amount of 
C stored in these ecosystems, particularly in below-ground components. Indonesia has some of the 
greatest extent of peat swamp forests globally, yet many of them are being disturbed by fires that are 
becoming increasingly frequent. In Kalampangan, Central Kalimantan, the tree species (≥4.8 cm 
diameter) composition, aboveground biomass (AGB) and litter standing crop of peat swamp forests 
were sampled, and the overall ecosystem C stock estimated, within two 1-ha sampling plots, one of 
which was undisturbed (natural) and the other previously burned. The AGB and litter standing crop 
found in the natural forest totaled 341 and 6.77 Mg ha−1, respectively. The AGB declined more than 
six-fold to 53.2 Mg ha−1, and the litter standing crop declined by about half to 3.30 Mg ha−1 in the 
disturbed forest; the total number of tree species declined from 114 to 80 per hectare. The disturbed 
peat swamp lost just over 200 Mg C ha−1 to the atmosphere due to the combustion of tree biomass 
and the upper layer of the peat, but C stocks still remained very high overall (c. 1100 Mg ha−1) due to 
the thick layer of peat (>2 m) making peat swamp forest conservation imperative due to their huge 
carbon stocks.
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Introduction

Tropical peat swamp forests are unique ecosystems that play 
a crucial role in carbon (C) storage and water regulation, but 
they are fragile and vulnerable to disturbance, particularly 
fires. Indonesia has approximately 13.4 million ha of peat 
swamp forest, with Sumatra (5.85 million ha), Kalimantan 
(4.54 million ha) and Papua (3.01 million ha) hosting the 
majority of these forests (Anda et al. 2021). Indonesian peat 
C stocks were approximately 57.4 Gt, equating to about 
three-quarters of the total soil C pool of the country (Page 
et al. 2011). Since the 1960s, illegal logging, drainage, chan-
ging land uses such as plantation development, and fires have 
all contributed to the degradation of tropical peatlands 
releasing large amounts of carbon dioxide (CO2) to the 
atmosphere (Page et al. 2002). More recently, since the 
1990s, peat swamp forests in Kalimantan have undergone 
rapid and extensive deforestation (Page et al. 2009; 
Murdiyarso et al. 2010; Posa et al. 2011; Miettinen et al. 
2012). Now, the increasingly frequent fires, including in 
1997, 2002, 2006, 2015, and 2019 related to the El 
Niño-Southern Oscillation (Nurdiati et al. 2022), are majorly 
disrupting the dynamics and recovery of peat swamp forests. 
This is because fires lead to extensive changes in the forest 
habitats, microclimate, soil properties, biogeochemical 
cycling, and the presence of wildlife (Kinnaird and O’Brien 
1998; Yeager et al. 2003; Simbolon 2004; Simbolon et al. 
2004; Slik and van Balen 2006; Sazawa et al. 2018), in addi-
tion to human health (Hein et al. 2022) with forests that have 
burned being more susceptible to burning in the future. 
Forest structure (i.e. number of trees and their size 

distribution) is also altered by forest fires in peat swamp 
forests and, as a result, this will have an impact on their 
capacity to store C.

One of the mitigation strategies for increasing global CO2 
emissions is to reduce tropical forest degradation and defor-
estation, with the Indonesian government promising to cut 
CO2 emissions by up to 41% by 2030 in support of the Paris 
Agreement (Ministry of Environment and Forestry 2022). 
Non-sustainable drainage-based peatland management 
accounts for the majority of CO2 emissions. As a result, 
paludiculture programs (swamp cultivation) have been pro-
posed to mitigate the problem by planting beneficial peat 
swamp forest species that do not require drainage and may 
offer a sustainable and economically viable alternative 
(Giesen 2015, 2021). Either way, more sustainable use of 
peat swamp areas is urgently required if these key ecosystems 
are to remain as essential C stocks into the future (Wijedasa 
et al. 2016).

Above-ground biomass (AGB), litter (and deadwood), 
and soil organic matter are the three main pools of stored 
C in peat swamp forests. Organic matter includes litter, 
which is the remains of dead vegetation or dead materials 
such as wood, on the soil surface. The production of vegeta-
tion biomass requires the nutrients from the dead organic 
matter that are released during the decomposition process 
(Proctor et al. 1983; Aerts and Chapin 2000). However, there 
are few reports of litter production, or litter standing crop, in 
the peat swamp forest despite these being important for 
nutrient cycling (Rahajoe and Kohyama 2003; Basuki et al. 
2019).
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There have been a numerous studies done in the peat 
swamp forest of Kalimantan, yet comparative ecological stu-
dies that examine species diversity, AGB, litter, and their 
C stocks are still few as most studies focus on only one of 
these aspects. The majority of these previous studies focused 
on forest structure and floristics, species distribution in rela-
tion to peat depth, and changes in species composition after 
degradation (Simbolon 2008; Mirmanto 2010; Astiani 2016; 
Freund et al. 2018; Volkova et al. 2023). In the peat swamp 
forest of Kalampangan in Central Kalimantan, the objectives 
of this current study are to extend earlier studies by focusing 
on the change in tree species composition following fires, 
and to link this with AGB and litter production, using 
a permanent sampling plot methodology combined with 
estimate of the whole ecosystem C stocks, to determine 
how fires affect forest ecosystem diversity and functioning.

Methods

Study site

The study was carried out using two 1-ha sampling plots at 
Kalampangan in Central Kalimantan’s peat swamp forest. 
One plot was considered “natural” as, to the best of our 
knowledge, it had not been altered by logging or fire, and 
the other was a disturbed forest that had burned in 2015 and 
was 4 years post-fire at the time of the study in 2019. The plots 
were separated by about 1 km and centered on 114º 2′ E and 2º 
21′ S (Figure 1). Histosols were the major soil group (Taufik 

et al. 2019). Mean annual precipitation ranged between 2750 
and 3610 mm per year (2015–2020; Meteorology & 
Climatology Station of Tjilik Riwut, Central Kalimantan) 
with the drier season lasting from June to October.

Field sampling

Based on a survey of the uniformity of the vegetation, two 
representative plots of peat swamp forest were enumerated 
using sampling plots of 1 ha (100 m × 100 m) in natural 
forest near Sebangau National Park and in an adjacent 
disturbed forest. Each plot was subdivided into 100 sub-
plots measuring 10 m × 10 m. The height and diameter at 
breast height (1.3 m; DBH) of all trees ≥4.8 cm DBH were 
measured (or above buttresses as appropriate), they were 
numbered, and their coordinates were recorded. From the 
base to the top of the trunk, a telescopic pole was used to 
measure each tree’s height. The Herbarium Bogoriense, 
Research Center for Ecology and Ethnobiology, BRIN, 
identified species as needed; with only 0.6% of stems 
remaining unidentified to a morphospecies.

By removing only the organic portion of the material and 
the soil that was attached to the organic matter, litter was 
collected from 10 replicate quadrats of 50 cm × 50 cm in each 
plot. Leaves, twigs (small branches of diameter ≤2 cm), and 
branches (>2 cm diameter) were separated from the field- 
collected samples. After that, the samples were oven-dried 
for 2 days at 70°C, and weighed. A C-N analyzer (Yanako 

Figure 1. Locations of the natural and disturbed peat swamp forests in Central Kalimantan, Indonesia, based on local topography.
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Macro corder JM1000CN) was used to estimate the 
C content of the litter using 10 mg of ground sample from 
each category.

Data analysis

Basal area, relative density, relative dominance, and rela-
tive frequency were used to describe the structure and 
composition of the forest vegetation on a per species 
basis. 

The Importance Value Index (IVI) for each species was 
calculated by summing the last three parameters (Mueller- 
Dombois and Ellenberg 1974). 

Species diversity was determined using the Shannon-Wiener 
diversity index. 

where ni is the number of individuals of species i and N is 
total number of all individuals.

An equation designed specifically for mixed-species 
peat swamp forests was used to estimate the above- 
ground biomass (AGB) of individual trees (Manuri et al. 
2014) viz: 

where AGB is above-ground biomass (Mg), DBH is diameter 
at breast height at 1.3 m above the soil surface (cm), WD is 
wood density (g cm−3) taken from Soewarsono (1990), and 
H is tree height (m). To determine the AGB of each plot, the 
sum of all trees within the plot was calculated. To determine 
above-ground C, AGB values were multiplied by 0.456 which 
was the mean value of C concentrations (45.6%) of tropical 
tree wood (Martin et al. 2018). Belowground root biomass 
was calculated using the equation of Niiyama et al. (2010) 
and multiplied by 0.456 as above to give the C stocks (Martin 
et al. 2018).

Results

Forest structure and species composition

Within the natural forest, there were a total of 2,851 stems 
(DBH ≥4.8 cm) within 114 species, 60 genera, and 41 
families; the total basal area (BA) was 41.2 m2 ha−1 

(Table 1). In contrast, a total of 926 individual trees 
were recorded in the disturbed forest. There were 80 
species, 47 genera, and 32 families and a total BA of 
6.09 m2 ha−1 (Table 1). All of these values declined when 
stems ≥10 cm, and particularly stems ≥30cm were consid-
ered. Both forests were dominated by smaller-stemmed 
individuals (Figure 2a); 61% of stems in the natural forest 
were less than 10 cm DBH with that number increasing to 
88% in the disturbed forest. In terms of larger stems, only 
1.8% and 1.0% of them were 30 cm DBH or greater in the 
natural forest and disturbed forest, respectively. In the 
natural forest, the species with the greatest IVIs were 
Cratoxylum glaucum (Hypericaceae), Calophyllum canum 
(Calophyllaceae), Madhuca sp. (Sapotaceae), Ctenolophon 
parvifolius (Ctenolophonaceae) and Combretocarpus 
rotundatus (Rhizophoraceae), whereas Cratoxylum arbor-
escens (Hypericaceae), Combretocarpus rotundatus and 
Rubroshorea teysmanniana (Dipterocarpaceae) were the 
most important species (i.e. greatest IVI) in the disturbed 
forest (Supplementary Table S1), with the first two species 
continuing to sprout from the burned trunks that were 
still present. Species diversity (H’) was 3.62 in the natural 
forest compared with 3.22 in the disturbed forest 
(Table 1), indicating the area’s generally high diversity. 
Fifty-one species were shared between the two plots; 63 
were only found in the natural forest with about half that 
number (29) only found in the disturbed forest 
(Supplementary Table S1).

Aboveground biomass

The total standing AGB in the natural forest was 341 Mg ha−1, 
with Co. rotundatus, Cr. glaucum and Madhuca sp. accounting 
for 18.6%, 12.0% and 9.0%, of the total AGB, respectively 
(Figure 2b). The canopy height was about 18 m with only 
four trees (two each of Co. rotundatus and Cr. glaucum) taller 
than 25 m. Among the trees greater than 50 cm DBH (11 
stems), there were eight individuals of Co. rotundatus and 
one each of Calophyllum biflorum (Calophyllaceae), 
Drepananthus havilandii (Annonaceae) and Lithocarpus lep-
togyne (Fagacaee). In the disturbed forest, the total standing 
AGB was about one-sixth of the natural forest at 53.2 Mg ha−1, 
of which C. rotundatus accounted for 36.8% of the total. 
Cratoxylum arborescens and R. teysmanniana contributed 
8.2% and 6.3% of total AGB, respectively (Figure 2b). 
Although the largest trees may reach 20 m in height, the 

Table 1. Forest structural and diversity parameters in natural and disturbed peat swamp forests, Central Kalimantan, Indonesia.

DBH ≥4.8 cm DBH ≥10 cm DBH ≥30 cm

Natural Disturbed Natural Disturbed Natural Disturbed

Stem density (no. ha−1) 2851 926 1110 111 52 9
Basal area (m2 ha−1) 41.2 6.09 34.1 3.54 13.8 1.69
No. families 41 32 33 20 12 4
No. genera 60 47 48 26 14 4
No. species 114 80 72 33 17 4
H’ 3.62 3.22 3.44 3.11 2.11 1.00
No. species shared 51 22 4
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majority of trees were between 5 and 10 m tall. Six trees of Co. 
rotundatus were greater than 45 cm DBH but no other species 
had stems greater than 35 cm DBH.

Litter standing crop

Mass of each of the three litter standing crop categories in the 
natural forest was about double that in the disturbed forest, 
as was the total litter mass (6.77 ± s.e. 0.50 Mg ha−1 vs. 3.30 ±  
0.44 Mg ha−1). Leaves contributed about 60% of the total 
litter mass, whereas twigs and branches contributed about 
20% each to the total mass (Figure 3).

Ecosystem carbon stock

Standing trees in the natural and disturbed forests contrib-
uted 155.6 and 24.2 Mg ha−1 of C, respectively (Figure 4). In 
terms of the total ecosystem C stock, we used the values from 
this study for AGB and litter mass. The peat deposit C stock 
for the natural forest was estimated for a depth of 3.5 m, 
whereas for the disturbed forest we estimated C for a depth 
of 2.5 m; these depth measurements were based on Hirano 
et al. (2012). For the peat C stock estimation we used a bulk 
density of 0.09 g cm−3 and C content of 56% (Page et al. 

2011). In terms of C loss, we assumed that both forests had 
the same AGB, belowground biomass and litter mass prior to 
the fire(s) and therefore calculated the loss from each com-
ponent as the difference between the natural and disturbed 
forest. We used a combustion factor of 0.5 for wood 
(Toriyama et al. 2014) with half of the wood considered to 
remain in the ecosystem as deadwood or pyrogenic C after 
the fire. We further assumed that the fires burned to a depth 
of 25 cm as a typical depth shown in other studies (Ballhorn 
et al. 2009; Volkova et al. 2021) and calculated C loss accord-
ingly. Overall, burned forests lost just over 200 Mg C ha−1 

(Figure 4). The estimated total C stock for the natural forest 
was 1,945 Mg C ha−1, while that of the disturbed forest was 
1,105 Mg C ha−1, of which over 90% remained in the peat 
itself (Figure 4).

Discussion

The natural peat swamp forest in our study was dominated 
by tree species such as Calophyllum canum and Cratoxylum 
glaucum that are typical of other peat swamp forest locations 
in Kalimantan (Simbolon 2008; Mirmanto 2010; Volkova 
et al. 2021, 2023). Other species, such as Ctenolophon parvi-
folius and Madhuca sp., which are typical of natural peat 
swamp forests, were also abundant, as well as Elaeocarpus 
petiolatus (Elaeocarpaceae) and a few species belonging to 
the Dipterocarpaceae; the total number species recorded was 
114. In contrast, burning of the now disturbed tropical peat 
swamp forest lead to a clear decline in the number of species 
to 80, and Cratoxylum arborescens, Combretocarpus rotun-
datus and Rubroshorea teysmanniana were the species that 
were found most abundantly in the disturbed forest. 
Important biological features of late successional forests 
include habitats for large tree species-associated flora and 
fauna as well as a greater variety of stand structures 
(Brockerhoff et al. 2017). Other studies have shown 
a similar decline in tree species diversity following tropical 
peat fires, with areas that are repeatedly burned losing addi-
tional species (Astiani 2016; Volkova et al. 2023).

Since 1997, there has been a large fire almost every year in 
the peat swamp forests of Kalimantan. Fires in these forests 
not only remove much of the upper layer of the peat sub-
strate but also result in the loss of vegetation above the peat 

Figure 2. (a) Diameter distribution of trees and (b) above-ground biomass (AGB) in major tree species in natural and disturbed peat swamp forests, Central 
Kalimantan, Indonesia. The inset in (a) shows the number of stems of the larger diameter trees which cannot be seen clearly in the main panel due to their low 
abundance. Abbreviations: CR = Combretocarpus rotundatus; CG = Cratoxylum glaucum; M = Madhuca sp.; CC = Calophyllum canum; CP = Ctenolophon parvifolius; 
RT = Rubroshorea teysmanniana; LC = Litsea coriacea; ES = Elaeocarpus stipularis; LL = Lithocarpus leptogyne; RB = Rubroshorea balangeran; XE = Xylopia elliptica; 
CB = Calophyllum biflorum; XF = Xylopia fusca; DH = Drepananthus havilandii.

Figure 3. Litter standing crop in three categories, viz leaves, twigs (≤2 cm 
diameter) and branches (>2 cm diameter) in natural and disturbed peat swamp 
forests, Central Kalimantan, Indonesia. Values are mean ± standard error.

JOURNAL OF FOREST RESEARCH 45



surface and slow the process of succession. The burned trees 
may recover through resprouting if fires are not too severe. 
For example, Co. rotundatus was found in both forest types, 
but the disturbed forest had proportionally more trees with 
large diameters (>30 cm) because this species was able to 
survive under an open canopy where it grew well. This 
species is also important during regeneration in logged- 
over forests or after fires because the fallen Co. rotundatus 
stems can grow back and develop shoots that grow into 
larger trees (Blackham et al. 2014). Even though the dis-
turbed forest has begun to recover, fires that occur during 
the dry season prevent some of the smaller trees – those with 
a DBH of less than 5 cm – from growing back, leading to 
reduced vegetation biomass. In addition, open areas are often 
dominated by ferns and grasses and are accompanied by 
periodic flooding, particularly during the rainy season, 
which impairs the regeneration of peat swamp forest trees 
(Page et al. 2009).

Crown area and density are a major factor in forest litter 
production. Because of their low density, the smaller trees in 
the disturbed forest this will result in less litter production. 
There are few estimates of litter standing crop in peat swamp 
forests, but our results agree well with those of Volkova et al. 
(2021) who also found around 3.99 Mg ha−1 in a disturbed 
forest at another study site in Central Kalimantan. In natural 
forests, the litter typically comes from trees closest to the 
collection site, whereas in disturbed forests the leaf fall was 
dominated by pioneer plants, particularly ferns like 
Stenochlaena palustris (Aspleniaceae) and Nephrolepis fal-
cata (Polypodiaceae). The two predominant tree species, 
Co. rotundatus and Cr. arborescens, which have large leaf 
areas and thick leaves, also contributed substantially to the 
leaf litter production and, hence, standing crop.

The C stock of AGB in natural forests were comparable 
to than the average value for other Indonesian peat swamp 

forests, although at the lower end of the range (Darmawan 
et al. 2013; Hergoualc’h and Verchot 2011), and the low 
AGB of the disturbed forests suggested that this forest had 
actually burned previously (Hoscilo et al. 2011; Shiodera 
et al. 2016). The much reduced AGB in the disturbed forest 
can be attributable to the past land use history, with longer 
and more severe disturbances resulting in a longer period 
of time before a given biomass is recovered, if at all in the 
case of severe and repeated disturbances (Page et al. 2009). 
Large trees play an important role in forest C storage 
(Bastin et al. 2018) as evidenced by the high C stocks 
found in the natural forests compared to disturbed forests 
in our study area. Our findings indicate that when the 
forest is disturbed, the C stock of AGB, or standing trees, 
and litter production will change, and it will take some 
time for the forest to return to its natural state. The 
summation of AGB and litter in our study indicates that 
disturbed forest above-ground C stocks are about six times 
lower than those of natural forests. However, one impor-
tant C stock that we did not measure directly was that of 
deadwood which is important as charred wood can be 
a long-term store of C. We used a basic estimate of the 
combustion factor, i.e. the amount of living biomass con-
verted to deadwood rather than being combusted, but these 
need more study (Krisnawati et al. 2023).

We provided an estimate of the changes in the C stock 
following disturbance although this is based on a number of 
assumptions, including that AGB in both plots was equal prior 
to the fire, which may not be the case as the disturbed forest was 
on shallower peat which is known to host shorter trees 
(Mirmanto 2010). Additionally, our estimate of below-ground 
biomass was based on data from a lowland evergreen forests on 
more common mineral soils where root biomass may be differ-
ent. We note the shortcomings with the estimation of dead-
wood above. Finally, we assume that our natural forest had not 

Figure 4. Carbon stocks (filled ovals) and fluxes (dotted ovals and black arrows) in natural and disturbed peat swamp forests, Central Kalimantan, Indonesia. All 
values are Mg ha−1 with the size of the ovals (logarithmically) proportional to their value. AGB = above-ground biomass, DW = deadwood, BGB = below-ground 
biomass.
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been disturbed by fire although the relatively low stature and 
presence of some secondary forest species (Co. rotundatus and 
Cr. glaucum) suggests it might have been burned in the past. 
Further degradation of the disturbed forest may lead to addi-
tional C loss through peat subsidence and subsequent 
oxidation.

Conclusions

The findings of this study demonstrate the significance of the 
natural peat swamp forest in maintaining tree diversity and 
contributing to local, and indeed, global C cycles. The find-
ing that the natural peat swamp forest contains more C than 
disturbed forests indicates how disturbance may reduce for-
est C stocks in this region. Whilst around half of the above- 
ground C stock of peat swamp forests would be released as 
a result of fire damage to the forest, below-ground C stocks 
remain high and need conserving in situ. There are many 
areas of Indonesia with peat swamp forests and further 
studies in Sumatra and Papua, for example, would give us 
improved information on the role these forests play in bio-
geochemical cycles and how disturbances affect this.
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