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 The amount of CO2 gas emissions in drained peatland for oil palm 
cultivation has been widely reported. However, the research addressing the 
contribution of litter respiration to peat and total respiration and its 
relationship with several environmental factors is found rare. The aim of 
this study was to measure peat and heterogeneous litter respiration of 
drained tropical peat in one year at a distance of 2.25 m and 4.50 m from 
mature oil palm trees of 14 years using the chamber method (Licor Li-830). 
In addition to CO2 efflux, we measured other environmental parameters, 
including peat temperature (10 cm depth), air temperature, groundwater 
table (GWL), and rainfall. Results showed that the mean total peat 
respiration (Rt) was 12.06 g CO2 m-2 day-1, which consisted of 68% (8.24 g 
CO2 m-2 day-1) peat (Rp) and root (Rr) respiration and 32% (3.84 g CO2      
m-2 day-1) of litter respiration (Rl) at the distance of 2.25 m from the palm 
tree. Meanwhile, at a farther distance, the Rt was 12.49 g CO2 m-2 day-1, the 
contribution of Rp was 56% (6.78 g CO2 m-2 day-1), and Rl was higher than 
the closest distance (46%; 5.71 g CO2 m-2 day-1). Thus, one-year observation 
resulting the mean Rt and Rr was 0.07–0.08 Mg CO2 ha-1 day-1, while Rl 
was 0.04–0.06 Mg CO2 ha-1 day-1. The means of Rt, Rp, and Rl were 
significantly different in the dry season than those recorded in the rainy 
season. The climatic-related variable such as peat and air temperature were 
chiefly governing respiration in peat under mature oil palm plantation, 
whereas the importance of other variables present at particular conditions. 
This paper provides valuable information concerning respiration in peat, 
especially for litter contribution and its relationship with environmental 
factors in peatland, contributing to global CO2 emission.  
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Introduction 

Sumatera Island possesses the most considerable 
extent of peatland area in Indonesia. Covering around 

5.85 million ha or 43.6% of Indonesian peatlands, 
Sumatran peat is distributed mainly in Riau and South 
Sumatera province (3.57 and 1.12 million ha, 
respectively). Around a half fraction of peatland in the 
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Riau area is occupied by very deep peat (>3 m thick), 
and another portion was identified predominantly as 
moderately deep and deep peat (1-3 m thick) (Anda et 
al., 2021). Regarding its extensive coverage and high 
carbon content, the peatland in this area is considered 
critical to sequester huge C reserve (Warren et al., 
2017; Leifield et al., 2019). 

Being utilized extensively for the agricultural 
sector, such as oil palm plantation with an alarming 
rate, the uprising risk of C emission in peatland has 
raised global concern (Wijedasa et al., 2017; Leifeld  et 
al., 2019; Dadap et al., 2021). Recent reports revealed 
that a large peatland area in the Riau region had been 
cultivated by oil palm plantations (Ramdani and Hino 
2013; Adrianto et al., 2020), ranked Riau as the largest 
holder and producer of oil palm plantation over the 
country (BPS, 2021). Despite its importance as a 
profitable and efficient oil producer that outperformed 
other crops (Murphy, 2014), oil palm transformed the 
peat landscape (Sayer et al., 2012) and was believed to 
aggravate a considerable amount of C emission from 
peat (Hooijer, 2010; Page et al., 2011). Since CO2 
emission from drained tropical peatland is recognized 
as a pivotal part of the global C cycle (Sjögersten et al., 
2014), the research that encompasses peat respiration 
in this area must be conducted. 

Naturally, peat undergoes the reduction state 
during prolonged saturation due to the lack of oxygen 
availability, resulting in a slower rate of organic matter 
decomposition (Andriesse, 1988; Law et al., 2019). 
Radically shifted condition from its natural state, 
causing significant peat changes from C sink to source 
(Miettinen et al., 2017). Emitted from roots and 
heterotrophic respiration, C emission in peat 
constituted mainly of CH4 and CO2 gasses, depending 
on the oxygen availability and also peat material. 
Under the waterlogged and strong reductive condition, 
peat can emit CH4. However, some researchers pointed 
out that high lignin content in Southeast Asian 
peatlands inhibits CH4 production (Hirano et al., 2009; 
Arai 2014), notably with oxic (Swails et al., 2021) and 
compacted conditions (Busman et al., 2021) in drained 
oil palm plantation. Oppositely, a considerable amount 
of CO2 emanates in the peat surface after clearing and 
draining the peat for cultivation purposes (Prananto et 
al., 2020) owing to enhanced aerobic microorganism 
activity under excessive O2 presence (Xu et al., 2021). 
This condition, hence, also generates CO2 as 
prominent gas emitted from drained and cultivated 
peatland.  

There is a large body of knowledge discussing 
CO2 emission and peat respiration in tropical peatland, 
particularly for oil palm plantations (Murayama and 
Bakar, 1996; Melling et al., 2005; Hooijer et al., 2010; 
Sabiham et al., 2011; Dariah et al., 2014; Comeau et 
al., 2016; McCalmont et al., 2020). The total peat 
respiration represents a mixture of autotrophic and 
heterotrophic components (Epron, 2010). Their 
reported value varies widely among many sources with 
high discrepancies. In Indonesian peat, total 

respiration recorded around 13.8 to 178 Mg CO2 ha−1 
yr−1 (Hooijer et al., 2012; Hergoualc’h et al., 2017); 
meanwhile, heterotrophic respiration ranges from 5.2 
to 66.3 Mg CO2 ha−1 yr−1 (Dariah et al., 2014; Husnain 
et al., 2014; Marwanto and Agus, 2014; Comeau et al., 
2016; Hergoualc’h et al., 2017). Estimated the relative 
autotrophic or root respiration was contributed around 
62 to 74% to total CO2 flux (Meiling et al., 2013; 
Sabiham et al., 2014). Among these myriad-spreading 
reports, research concerning the contribution of litter 
to the total soil respiration had received little attention.  

With respect to their difference in origin, 
heterotrophic respiration from litters may release a 
different magnitude and pattern of CO2 fluxes 
compared to peat and root-related respiration. The 
litter in tropical peat swamp forest is composed 
predominantly of woody debris, coarse and fine roots, 
and leaf litter (Miyajima et al., 1997), contributing a 
remarkable portion for total and heterotrophic 
respiration on the surface (Hirano et al., 2009; Sundari 
et al., 2012), also similar within the mineral soil 
rainforest (Zhou et al., 2013). However, different 
species are grown as primary plants and understory 
cover in oil palm plantations (Sabiham et al., 2012; 
Ashton-Butt et al., 2018; Novita et al., 2020). Peatland 
monoculture ecosystem sequestered C with a broad 
range (Khasanah et al., 2015; Novita et al., 2020), 
releasing heterogeneous C sources ranging from 
pruned palm fronds with high lignin content (Moradi 
et al., 2014; Pulunggono et al., 2019) to the easily 
degraded understory cover material (Amatangelo and 
Vitousek, 2009). This is a clear indication that CO2 
emissions measured from the decomposed litter will 
give different records.  

In oil palm plantations, litter roughly consisted 
of oil palm decomposing fronds and understory cover 
crops. Different litter source had their own space 
following the widespread best practice (Corley and 
Tinker, 2016). Moreover, the mixing between both 
sources is generally found in all plantations, as 
observed in this study. Respiration from fronds pile 
and understory cover row as well as total, root, and 
collection drains respiration of Malaysian peat at 
Kalimantan had been studied and reported well by 
Manning et al. (2019), although, with no reference to 
the peat maturity stage. They found that around 6% of 
the total soil respiration came from understory cover 
litter, while oil palm fronds contributed around 4.7%. 
Using the litter bag method, Wakhid and Hirano 
(2021) reported that the decomposition of an oil palm 
frond in Indonesian peat released 109 g C m-2 year-1, 
accounting for approximately 13 and 8% of 
heterotrophic and soil respiration, respectively. 
Despite the fact that no references pinpointed the CO2 
emission of heterogeneous litter composed of palm 
fronds and understory cover dead material, we 
hypothesized that their value and contribution to the 
total or heterotrophic respiration in tropical peat are 
somewhat higher than both previous authors’ denoted. 
One of the reasons is favorable microhabitat and 
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microclimate that occur in the dense understory cover 
on fronds pile, promoting more diverse and abundant 
decomposer than the adjacent microsite close to the oil 
palm tree (Eisenhauer 2016; Ashton-Butt et al., 2018;). 
Fast-growing and ubiquitous ferns might act as 
nutrient accumulators, providing detrital materials that 
decompose at a rapid rate (Amatangelo and Vitousek 
2009; Talbot et al., 2011), which are potential to 
enhance microbial respiration in high-lignin content 
tissue, e.g., palm leaflets, rachis, and fronds (Khalid et 
al., 2000; Pulunggono et al., 2019). 

The dynamic of CO2 efflux under oil palm 
plantation at tropical peatland is considered a function 
of various environmental factors, closely linked to the 
source, site, and season (Dariah et al., 2014; Manning 
et al., 2019; Dhandapani et al., 2019). Current reports 
demonstrated that CO2 flux in peat at oil palm 
plantations primarily emanates from root/autotrophic 
respiration in less than three meters of oil palm radius. 
Oppositely, the heterotrophic respiration was found to 
contribute predominantly at a farther distance due to 
the decline in palm root density (Khalid et al., 1999; 
Dariah et al., 2014; Sabiham et al., 2014). Several 
researchers found that water table level (GWL) 
dictated CO2 flux (Hirano et al., 2009; Sundari et al., 
2012; Itoh et al., 2017), intensifying particularly 
during its rise near the peat surface (Ishikura et al., 
2017). Otherwise, opposite (Couwenberg et al., 2010; 
Marwanto and Agus 2014; Ishikura et al., 2018) and 
obscured effect (Husnain et al., 2014) of GWL in 
governing CO2 flux were also observed. 
Notwithstanding that, Meiling et al. (2005) and 
Ishikura et al. (2018) reported that peat temperature 
was significantly related to CO2 flux, albeit its effects 
might be restricted under dense canopy cover of the 

mature oil palm tree (Jauhainen et al., 2014). 
Therefore, to fill the knowledge gap in this field, this 
paper investigates the seasonal peat, heterotrophic, and 
litter respiration observed from drained tropical 
peatland located at a mature oil palm plantation in 
Indonesia. This paper also presents valuable 
information regarding the relationship of observed 
respiration with several environmental factors.  

Materials and Methods  

Study site 

The study was conducted in the mature oil palm 
plantation (around 14 years old) of the drained 
peatland dominated by ± 5 m thick peat. The 
decomposition stage consisted of hemic-sapric, and 
the bulk density is around 0.10 to 0.18 g cm-3

, 
according to Pulunggono et al. (2019). 
Astronomically, the study area is located at 
0°44’55.89” N dan 101°45’14.04” E in Koto Gasib, 
Siak Regency, Riau Province, Indonesia, as shown in 
Figure 1. The oil palm trees in this plantation were 
grown in a triangular grid spacing system, with a 
planting distance of approximately 9 m resulting in 
around 140 to 143 palms per hectare. The soil was left 
bare with minimum understory cover on the fertilizer 
circle with a radius of around 2.5 to 3 meters from the 
palm tree. The fertilizer was broadcasted consistently 
every semester (six months) inside the fertilizer circle 
with the dosage of 3.5 kg NPK 15-6-24, while 1.5 kg 
dolomite was added in semester 2, 2020. Understory 
cover crops grew in the rows outside the fertilizer 
circle and consisted predominantly of Nephrolepis 
bisserata (Figure 2). 

  

 

Figure 1. The study site location. 
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CO2 flux monitoring: sampling location, design, and 
measurement 

To calculate and characterize the CO2 flux partition 
emitted from total peat respiration (Rt), a CO2 flux 
measurement tool was installed inside the trenched 
peat (established on October 24, 2019, in three palm 
trees) located at two distances from the oil palm tree. 
The closest distance is located 2.25 m from the oil 
palm tree and inside the fertilization circle. The farther 
was 4.50 m from the oil palm tree, located at the fronds 
pile. However, a dense understory cover, mainly N. 
bisserata, was observed covering the piles. More 
heterogeneous litter was found here, consisting of 
newly pruned and decomposed leaflets, rachis, and 
petioles combined with fern’s dead materials. In this 

study, Rt was considered as the combination of peat or 
heterotroph respiration (Rp), root or autotroph 
respiration (Rr), and litter respiration (Rl). The 
observation was done in three treatments (T1, T2, and 
T3) using trenching collars made from PVC pipe (6 
inches in diameter), which were placed at both 
distances from the oil palm tree (Figure 2). Each 
trenching collar was covered with the perforated hood 
with one mesh hole diameter to avoid insects or other 
animals. The cap was opened when measuring the CO2 
flux. The trenching collar installation followed Jovani-
Sancho et al. (2018) method. In the T1 treatment that 
represents Rp + Rl, trenching collars of 35 cm long 
were penetrated 30 cm into the peat, cutting the active 
root inside and leaving 5 cm height above the surface. 

 

 

Figure 2. Experimental design of the study: (a) sampling location of trenching collars, (b) the trenching collars 
design, (c) and (d) field photos depicting the location and design of the trenching collars. 
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The litter that originated from decomposed parts of 
fronds and understory cover was then inserted into the 
collars’ headspace. T2 treatment represents total soil 
respiration (Rt = Rp + Rl + Rr). In this treatment, 
trenching collars of 10 cm long were inserted into the 
peat without cutting the root inside, leaving 5 cm 
height above the surface for litter. T3 treatment was 
considered heterotroph/peat respiration (Rp), was done 
by inserting 30 cm long trenching collar, cutting the 
root inside, and leaving 5 cm of the headspace 
unoccupied by litter. The entire weeds that grow inside 
the trenching collar were removed in the initial and 
during the research. The litter respiration (Rl) was 
calculated by subtracting T1 with T3. Measurements 

were taken at a depth of 30 cm due to the concentration 
of tertiary root biomass in this area (Khalid et al., 
1999). CO2 flux was measured consistently every 1 
second for 2 minutes in the morning between 8.00–
10.00 a.m., using the close chamber method with a 
portable Infrared Gas tool Analyzer (IRGA) LICOR 
Li-830. The observation was executed periodically 
between the 25th–28th once every month for 13 months 
from May 2020 to May 2021 (Figure 3). From this time 
range, a total of 120 measurement data were obtained. 
Other environmental parameters were measured 
simultaneously: peat and air temperature, chamber 
temperature, headspace’s height level, and the 
groundwater table (water table level/GWL). 

 

 
 

Figure 3. Measurement of CO2 flux at the study site using a portable LI-COR 830 Gas Analyzer. 

 
CO2 flux was calculated following Madsen et al. 
(2009) equation: 

F =   
( . )

                                         (1) 

Fc: CO2 flux (µmol-1m-2 s-1); V: chamber volume (m3); 
A: chamber area (m2); P0: initial atmospheric pressure; 
R: gas constant (8.314 Pa m3 K-1 mol-1); T0: air 
temperature inside the chamber; dC

dT: the change of 
CO2 concentration per unit time (mol ppm m-2 sec-1). 

Statistical analyses 

Datasets collection and compilation were conducted 
using Microsoft Excel; meanwhile, statistical analyses 
were done using Minitab 19. Prior to the analysis, all 
outliers (entire and subsequent datasets) were 
removed. The sqrt-transformation was employed to the 
CO2 flux to normalize its distribution after being tested 
using Kolmogorov-Smirnov normality test. The 
relationship between CO2 efflux and several 
environmental factors was assessed by applying linear 
regression (LR), multiple linear regression (MLR), 
Pearson correlation (Rp), and Spearman correlation 
(Rs). Meanwhile, the mean and median differences of 
environmental variables and CO2 fluxes at each 
treatment, distance, and season were evaluated using 
the nonparametric Kruskal-Wallis test, continued by 
Mann-Whitney test at 99% confidence interval. 

Results and Discussion 

Seasonal and spatial change on environmental 
variables 

The annual rainfall collected at the weather station of 
PT KTU from May 2020 to April 2021 is 2,045 mm 
per year, averaging around 170.4 mm per month. The 
difference between the dry and rainy seasons is not 
very clear, which is typical for tropical climates. The 
relatively dry and firm months are only January and 
February 2021. The number of rainy days varies 
between 12 days month-1 (June 2020), and the highest 
is 26 days month-1 in November 2020, averaging 
around 16 days month-1.  

The trends and magnitudes of soil and air 
temperatures are relatively similar during the 
observations, accounted at the range of 23 to 28 ºC. 
During the study from May 2020 to May 2021, the 
mean air temperature and soil temperature were 
relatively almost similar and stable, varying between 
25–28 ºC. The lowest mean soil temperature in January 
2021 is 23.31 ºC, and the highest in July 2020 is 26.61 
ºC. The lowest mean air temperature in May 2020 and 
January 2021 is 24.31 ºC and 23.31 ºC, and the highest 
in July 2020 is 26.89 ºC. During the 13 months of 
observation, the mean soil temperature was 25.50 ºC, 
while the mean air temperature was 25.66 ºC. 
According to the Kruskal-Wallis test, there are no 
significant means differences of soil and air 



H.B. Pulunggono et al. / Journal of Degraded and Mining Lands Management 9(2):3247-3263 (2022) 
  

Open Access                                                                                                                                                        3252 
 

temperature in both distances (p = 0.675 and p = 
0.094; respectively), as the previous reports denoted 
(Comeau et al., 2016). Seasonal change slightly 

affected the mean of soil temperature (p = 0.053); 
however, having a strong impact on the mean 
difference of the air temperature (p = 0.001). 

 

 
Figure 4. Annual rainfall, GWL, peat, and air temperature in the study area. Annual rainfall was collected at    

PT KTU’s weather station; meanwhile, GWL, peat, and air temperature were measured simultaneously                 
with CO2 flux. 

 
GWL was exhibited variation that seemingly related to 
the rainfall (Figure 4). The lowest GWL was around 
10 cm from the soil surface in May 2020, then 
increased to around 60 cm until August 2020. A 
relatively stable GWL was observed for the next five 
months in the range of around 40 to 60 cm from the 
peat surface. That level was increased to 85 cm in 
February 2021 and then decreased to 20 to 30 cm in 
April and May 2021. The highest GWL (± 86.5 cm) 
occurred in February 2021, also indicated by very low 
rainfall at the beginning of the dry season. On the 
contrary, the highest rainfall recorded in both months 
(283.2 mm and 289.4 mm, respectively) also marked 
the lowest GWL in May 2020 and April 2021. The 
normal curve of GWL frequency distribution 
apparently follows a similar pattern in both distances 
from the oil palm tree. The contrary result was 
observed using season separation. However, means 
GWL were not significantly different either in both 
distances or seasons (Kruskal-Wallis: p = 0.458 and p 
= 0.175; respectively).  

Spatiotemporal variability in peat and litter 
respiration  

The importance of seasonal change governing total, 
peat, and litter respiration is demonstrated in this 
study. The monthly respiration in T1 (represent peat 
plus litter respiration) was fluctuated in a relatively 
similar trend in both distances following the seasonal 
pattern, as shown in Figure 5 and Figure 6. Higher CO2 
fluxes were recorded in the initial five months (dry 
season), then declined from October to December 
2020 (rainy season). Moreover, CO2 fluxes were 
increased again during the transitional and dry season 
(January 2021 to May 2021). Nonparametric analyses 
using Kruskal-Wallis, continued by Mann-Whitney 
test, revealed that means T1, T2, T3, T4, and all data 

in the dry season were significantly different from 
those observed in the wet season (p = 0.002, p = 0.006,  
p = 0.017, p = 0.042, and p < 0.001; CI = 95%; 
respectively). On the other hand, the effects of distance 
from the oil palm tree were distinct, only observed at 
T1 (p = 0.01). In contrast, other treatments possessed 
similar means at both distances (p > 0.05).  

Despite remarkable differences of T1 means 
recorded at both distances from the oil palm tree, a 
particular pattern variation was also observed, marked 
the contribution of litter to heterotrophic respiration on 
the onset of our measurement. CO2 fluxes in T1 were 
recorded around 12.09 to 15.63 g CO2 m-2 days-1 
(Figure 5 above) in the initial five months (May to 
September 2020; dry season). At the same period, the 
T1 respiration at the distance of 4.50 m was higher, in 
the range of 15.93 to 22.18 g CO2 m-2 days-1 (Figure 5c 
and 5d). Furthermore, the percentage of litter 
respiration (compared to T1) remained below the peat 
respiration at 2.25 m distant from the oil palm tree in 
the entire month. However, it accounted for more than 
50% in 4.50 m at four initial observations (May to 
August 2020). The litter contributions in the following 
months were recorded relatively similar to the closest 
observation. Dariah et al. (2014) reported that the low 
total soil respiration in peat at the oil palm plantation 
is associated with low root densities; in this case, it is 
the farthest distance from the oil palm tree. Enhanced 
respiration observed at 4.5 m distant from the oil palm 
tree in the initial four months probably occurred due to 
the higher decomposition rate. In that distance, an 
improved microclimate occurs under fern N. bisserata, 
possibly promoting a higher abundance and more 
diversity of local macrofauna and microbial 
community compared to the closest distance (Prider 
and Facelli, 2004; Ashton-Butt et al., 2018; Yeo 
Joseph et al., 2020).  
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Figure 5. CO2 efflux measured monthly at 2.25 m (left: a and c) and 4.50 m (right; b and d) from oil palm trees 
of T1, T2, T3, and T4 treatment from May 2020 to May 2021. 

 
After high CO2 production achieved on the fourth and 
fifth-month observations, steep declines of CO2 fluxes 
were recorded at all treatments and distances from the 
oil palm tree. The cause was probably linked to the 
dynamic of water and O2 availability. GWL had its 
lowest depth (-60 cm; Figure 4) during the first four 
months, indicating relatively lower water-filled pore 
spaces (WFPS) and higher O2 availability inside the 
pores at the peat surface. Higher rainfall recorded in 
the following months (September and October; 
considered the peak of wet season) leads to the rise of 
GWL (-44.5 and -42 cm, respectively) and WFPS. 
Water-saturated pores limit O2 supply, thereby shifting 
the peat oxygenation state from aerobic to anaerobic. 
This condition restricts O2-dependent respiration, 
which generates lower CO2 flux (Pezeshki and 
DeLaune, 2012; Busman et al., 2021).  

Higher CO2 fluxes exhibited at high rainfall rates 
(e.g., July 2020, March 2021, and April 2021; Figure 
4) were attributed mainly to two reasons, i.e., enhanced 
microbial respiration and the water displacement of 
entrapped CO2 gasses below the peat surface. As well 
as the rainfall, GWL (Figure 4) was ascended from its 
lowest depth (-86.50 cm) in February, culminating in 
April. Similar patterns were also observed on the 
respiration in both distances (Figure 5). Although the 
rainfall rate increased, the soil surface is still aerobic 
due to lower GWL depth. An increase in rainfall rates 
increases the soil moisture in the peat surface, which is 
considered favorable for microbial respiration. 
Furthermore, the displacement trends were 

strengthened by low infiltration rates and hydraulic 
conductivity of compacted peat, which occurs mainly 
in drained and cultivated peatland (Melling and 
Henson, 2011; Kurnianto et al., 2019; Busman et al., 
2021).  

This study also captured the specific role of litter 
to peat/heterotrophic respiration during high monthly 
rainfall, which was subsequently affected by site-
specific. As stated before, there were extreme dips in 
CO2 fluxes observed during the fourth and fifth 
months. These changes occurred particularly around 
September-October 2020 in 2.25 m and August-
October 2020 in 4.5 m for T1 and T4 treatments. 
Meanwhile, T2 and T3 treatments at both distances 
were similar to previous treatments located at a 2.25 m 
distance from the oil palm tree. According to Figure 5, 
the slope steepness in the entire T3 treatment (both 
distances) was relatively lower than T4, indicating the 
heterotrophic/peat respiration dynamics in that 
particular period was attributed more to litter 
respiration. The steepness on the T2 treatment was 
much flatter, suggesting a higher portion of a relatively 
stable root-related respiration obscured the litter 
respiration effect in total respiration. Since a lack of 
technical explanation directly related to litter 
contributed to peat respiration was found in this 
specific time range, we assumed that the major driven 
factor was chiefly associated with decomposition rate 
of fern’s detrital material than pruned fronds. Fronds 
had a relatively high lignin content. Its main 
component, such as leaflet, rachis, and fronds, 
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accounted for 249.6-521.6, 209.6, and 224.5-607.6 g 
kg-1 lignin, whereas having N content of 1.3-2.3, 0.4, 
and 0.2-1.2 %, respectively (Khalid et al., 2000; 
Pulunggono et al., 2019). The entire parts required 
more than eight months to lose around 60-86, 58, and 
65-68%, respectively, of their original mass (Moradi et 
al., 2014; Pulunggono et al., 2019). Otherwise, as 
polypod ferns, Nephrolepis sp. had lower lignin:N 
ratio (Amatangelo and Vitousek, 2009) than oil palm 
fronds, which was induced a higher decomposition rate 
(Talbot et al., 2011).  

Peat respiration (Rp) tended to fluctuate with 
lower variation (Figure 5), except after the peak of the 
rainy season in October (Figures 5 and  8). The 
observed Rp at 2.25 m distances from oil palm trees 
ranging from 5.77 to 11.75 g CO2 m-2 day-1, while a 
slightly lower value was recorded at 4.5 m, ranging 
from 5.40 to 10.37 g CO2 m-2 day-1. Furthermore, Rl 
tended to be higher in the dry season and decreased in 
the rainy season, at a distance of 2.25 m ranging from 
5.77 to 11.75 g CO2 m-2 day-1, while CO2 fluxes at a 
distance of 4.50 m from the palm oil tree ranged from 
5.40–10.37 g CO2 m-2 day-1. In the dry season, the 
mean litter respiration at a distance of 2.25 m and 4.5 
m were 5.05 and 7.92 g CO2 m-2 day-1, respectively, 
while in the rainy season was recorded at 2.39 and 3.12 
g CO2 m-2 day-1, respectively. The mean contribution 
of litter respiration was detected higher at the farthest 
distance from the oil palm tree than the closest 
observation. At the distance of 2.25 m from the palm 
tree, the mean total soil respiration was 12.06 g CO2 
m-2 day-1 which is consisted of 68% (8.24 g CO2 m-2 
day-1) peat (Rp) and root respiration (Rr), and 32% 
(3.84 g CO2 m-2 day-1) litter respiration (Rl). 
Meanwhile, the mean total soil respiration at 4.5 m 
distance was higher (12.49 g CO2 m-2 day-1), consisting 
of 56% (6.78 g CO2 m-2 day-1) Rp and Rr, and 46% 
(5.71 g CO2 m-2 day-1) Rl. As previously stated above, 
the high respiration rate at a distance of 4.50 m 
compared to a distance of 2.50 m was due to the high 
organic matter content at 4.50 m, which is a pile 
accumulating decomposed part of fronds, as well as 
supporting fern, like Nephrolepis sp. without being 
targeted to eradicate. In the study site, N. bisserata 
weeds were deliberately allowed to grow, especially 
outside the fertilizer circles, to maintain soil moisture 
and return soil organic matter. This condition creates a 
favorable condition for the decomposition process, 
enhancing heterotrophic respiration. Sabiham et al. 
(2012) stated that understory vegetation such as ferns 
(Nephrolepis sp) in oil palm plantations on peatlands 
could absorb CO2 of around 9.75 tons ha-1year-1. 
Maintaining the growth of N. biserrata or moss weeds 
in natural conditions helps to keep soil conditions 
moist and avoid irreversible drying in peat, preventing 
fires and reducing CO2 emissions (Sabiham et al., 
2012).  

The total respiration/Rt, which is the sum of soil 
respiration (Rp), litter respiration (Rl), and root 
respiration (Rr), were presented as T2. The CO2 flux 

in this treatment varied between 5,42 to 13.00 g CO2 
m-2 days-1 (averaged at 8.22 g CO2 m-2 days-1) and 
ranging from 5.39 to 14.60 g CO2 m-2 days-1 (averaged 
at 9.07 g CO2 m-2 days-1) in the distances of 2.25 and 
4.50, respectively (Figure 5). CO2 fluxes measured at 
T2 in 2.25 m distance in May and October 2020 and at 
a distance of 4.50 m from October 2020 to January 
2021 were exhibited higher than T1. However, mostly 
identified fluxes showed contrary results. 
Theoretically, the measurement of CO2 flux in T2 
should be higher than in T1. The depth of T2’s 
trenching collar inserted below the soil surface was 
shallower than T1 (5 cm compared to 30 cm), assuring 
no palm root was cut. Nevertheless, it is possible that 
the T2 trenching collar was undergone a leakage due 
to its limited length. This condition could lead to a 
diffusion of CO2 flux out of the collar, resulting in 
lower measurement (Kutzbach et al., 2007). On the 
deep trenching collars (60 cm), Batubara et al. (2019) 
demonstrated that the mean annual CO2 emission was 
lower than the shallower collar (20 cm deep). 

The mean of Rp+Rl (T1) was recorded slightly 
higher at a distance of 4.5 m, although did not 
significantly different than the closer distance, 
accounting for 0.12 Mg CO2 ha-1 day-1 (Figure 8). 
Oppositely, Rp was higher near the palm tree (0.08 Mg 
CO2 ha-1 day-1) than at a farther distance (0.07 Mg CO2 
ha-1 day-1). On the other hand, the mean Rl was lower 
at a distance of 2.25 m (0.04 Mg CO2 ha-1 day-1) than 
at 4.50 m (0.06 Mg CO2 ha-1 day-1). These results 
probably occur due to the contribution of root 
respiration close to the palm tree, which is more 
significant than 4.5 m (Dariah et al., 2014). The tree 
spacing between oil palm trees is generally nine 
meters, and the distance of 4.5 m is considered the 
midpoint. The abundance and roots density in this site 
were considered minimal. According to Dariah et al. 
(2014), the effect of roots could be negligible at a 
distance of more than 3 m. Putri (2015) also reported 
similar results, who found that the density of oil palm 
roots decreased with increasing distance from oil palm 
trees and soil depth. The mean soil respiration (Rp) and 
root respiration (Rr) that presents as T1 of drained 
tropical peat in mature oil palm plantation aged 14 
years for 13 months of observation were 0.07–0.08 Mg 
CO2 ha-1 day-1 or 24.8–30.1 Mg CO2 ha-1 year-1 while 
respiration from litter decomposition (Rl) was 0.04–
0.06 Mg CO2 ha-1 day-1 or 14.0–20.8 Mg CO2 ha-1 year-

1. The results of this measurement were slightly lower 
than those reported by Dariah et al. (2014), who found 
CO2 emissions at a distance of 3.0 m from oil palm 
trees that are not affected by root respiration are 38.2 
± 9.5 and 34.1 ± 15.9 Mg CO2 ha-1 year-1 on six years 
and 15 years old oil palm plantations, respectively. In 
addition, they stated that the measurement of CO2 flux 
over a distance of 3.0 m from the oil palm tree could 
represent heterotrophic respiration. Marwanto and 
Agus (2013) reported that the mean 46 ± 30 Mg CO2 
ha-1 year-1 emanates from peat at 15 years old oil palm 
plantations in Jambi. 
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Figure 6. Partition of peat respiration (RP) and litter respiration (RL) at a distance of 2.25 m and 4.50 m from  
the palm tree. 

 
Meanwhile, Marwanto et al. (2019) who measured 
CO2 fluxes at various peat depths of 10, 30, and 50 cm 
in 14 years old oil palm plantations, showed that as the 
peat depth increases, the annual CO2 fluxes also 
increase, which were 1032, 1209, 2304 Mg CO2          
m-1 h-1, respectively. Meanwhile, Batubara (2019) and 
Batubara et al. (2019) reported that in six yeas old oil 
palm plantations on peatlands, Muaro Jambi Regency, 
Jambi Province, mean annual CO2 emissions from soil 
respiration ranged from 39.3 ± 2.2 Mg CO2 ha-1 year-1 
on a deep collar (60 cm depth) to 55.5 ± 2.6 Mg CO2 
ha-1 year-1 on the shallower collars (20 cm depth). 

Measurement of soil respiration partition in 
afforested temperate peatland in South-west Ireland 
using the trenching method was reported by Jovani-
Sancho et al. (2018). Mean root respiration was 44% 
of total soil respiration, varying between 1.10 and 2.05 
Mg CO2 ha-1 year-1. Heterotrophic respiration 
consisted of peat and litter respiration, accounted for 
35 and 21% of the total soil respiration. Peat 
respiration varied between 0.77-1.49 Mg CO2 ha-1 
year-1, while litter respiration varied between 0.51-
1.01 Mg CO2 ha-1 year-1. Compared to the temperate 
peatland, annual litter respiration observed in our study 
is much higher (14.6 to 21.9 Mg CO2 ha-1). On the 
other hand, our value was 2.60 to 6.25 times higher 
than pruned frond litter respiration in tropical peatland 
reported by Wakhid and Hirano (2021). Moreover, 
CO2 flux from frond piles and understory cover 
separately obtained by Manning et al. (2019) in 
tropical peat accounted 9.42 to 22.81 times lower than 
this study. Both previous authors used different 
sources, fronds (Wakhid and Hirano, 2021), both 
fronds pile and understory cover were measured 
separately at their specific site (Manning et al., 2019). 
For methods, litter bag method, C-reduction by time, 
loss of ignition (Wakhid and Hirano, 2021), static 
chamber approach using the collar and measurement 
tool (Manning et al., 2019), Thermolyne type 48000 
muffle furnace (Wakhid and Hirano, 2021), Thermo 
TraceGC Ultra Gas Chromatograph (Manning et al., 
2019). This study was used heterogeneous/mixed 

fronds with decomposed understory cover, static 
chamber approach through the trenching collar, 
measurement using IRGA LICOR Li-830. Hence, this 
study is considered the pioneering research that 
exploited the heterogeneous litter contribution to total 
and heterotrophic respiration at tropical cultivated 
peatland. 

The influence of environmental factors on CO2 
efflux 

In agreement with the previous study conducted by 
Husnain et al. (2014), Marwanto and Agus (2014), and 
Batubara et al. (2019) in tropical peatland at oil palm 
plantations, the entire LR of CO2 flux from the entire 
treatment and all data exhibited no strong relationship 
with GWL, peat, and air temperature (Figure 9). The 
low coefficient of determinations using LR did not 
surprise us since LR contains many confounding 
factors (i.e., dependency on the normal distribution of 
error/residual, heteroscedasticity, and collinearity) that 
restricts its capability to model CO2 flux accurately. 
Furthermore, CO2 flux relied on root and microbial 
respiration, which also had high variability (Nurzakiah 
et al., 2021). In order to capture specific role between 
CO2 flux with environmental variables, many 
recurrent reports developed more sophisticated 
statistical models, e.g. hierarchical Bayesian 
regression (Ishikura et al., 2017), machine learning 
tree regression (Meiling et al., 2005), Gaussian linear 
mixed effect models (Manning et al., 2019), and 
backward elimination stepwise regression 
(Dhandapani et al., 2020) to predict CO2 flux in 
tropical peatland. Nevertheless, besides only focusing 
on describing Rt, Rp, and Rl, this paper preserves 
linear regression (LR and MLR) and correlation (Rp 
and Rs) to initially explain the general relationship 
between CO2 flux and other environmental variables. 
Meanwhile, some complex statistical models will be 
explored in future manuscripts. 

In Figure 7, CO2 flux tended to increase along 
with the increase of soil temperature; however, an 
opposite trend was observed in relation to air 
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temperature. Under matured oil palm plantations, the 
slight variation of air and peat temperature occurred 
due to the densely overlapped leaves that spread across 
each other, hampering its effects on heterotrophic CO2 
flux (Jauhainen et al., 2014). Hence, CO2 flux is 
mainly governed by soil moisture or WFPS, which is 
closely related to GWL (Jauhainen et al., 2008). LR in 
Figure 7 showed that maximum R2 between CO2 flux 
and GWL was reached at T2 (R2 = 0.1211), 
representing total respiration, which consisted of 
heterotrophic (litter and peat) and autotrophic (root) 
respiration. However, in other treatments (T1, T3, T4, 
and all data), GWL had an invariable pattern with CO2 

fluxes. This is indicated that the relationship of total 
respiration and GWL were linked to root respiration. 
Generally, optimum peat and air temperature for 
respiration were achieved, ranging around 26 to 27 ºC 
and 25 to 26 ºC, respectively, as shown by each 
treatment’s peak and concentration of CO2 efflux data. 
A similar condition also coincided with GWL 
somewhere in between −60 to −40 cm. These results 
are in the range of −80 and −40 cm GWL in tropical 
peat reported by Ishikura et al. (2017), similar to 
WFPS between 0.54 to 0.75 m3 m−3. This condition 
was recognized as an optimum soil-water condition for 
aerobic mineralization (Linn and Doran, 1984). 

 
 

 

 

 

Figure 7. Linear regression between CO2 fluxes in each treatment (T1, T2, T3, T4: a, b, c) and all data (d, e, f) 
with GWL, peat and air temperature. 
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A remarkable improvement was recorded regarding 
the relationship between CO2 fluxes with distance, air 
and soil temperature using Spearman and Pearson 
correlation analyses (Rs and Rp; respectively; Table 
2). Using all datasets, CO2 flux gained the highest 
significant negative correlation with distance (Rs, Rp 
= -0.332; p < 0.05); moreover, it also marked similar 
relation in T1 and T3 datasets. CO2 flux was denoted a 
significant negative relationship with air temperature; 
meanwhile, the opposite result was observed 
concerning the soil temperature. Previous researchers 
reported similar results, such as Meiling et al. (2005), 
Ali et al. (2006), and Ishikura et al. (2018) in tropical 
peatland and Berglund et al. (2010) and Kechavarzi et 
al. (2010) in temperate peatland. Although the 
relationship between CO2 flux and climatic-related 
variables (soil and air temperature) exhibited a broad 
strength and p-value, their direction (positive or 
negative correlation) remained consistent. This pattern 
suggested the importance of climate variables 
controlling respiration in peat, regardless of the high 
variability presence among CO2 flux datasets. GWL 
showed a notable positive relationship with CO2 flux, 
observed in T3 (Table 2), indicating that the total 
respiration decreases with the deepening of GWL. The 
increase of GWL means a shallower water level from 
the surface, indicating the increase of WFPS at the peat 

surface. Soil microbial and root activities could be 
enhanced by a higher WFPS level at a particular 
threshold. However, their respiration was found 
hampered under excessive WFPS (Kechavarzi et al., 
2010). Some reports conducted in tropical peatland 
found that higher WFPS owing to the rise of GWL 
could increase CO2 flux during the rewetting period 
(Ishikura et al., 2017). However, this finding was 
opposed by Couwenberg et al. (2010), Marwanto and 
Agus (2014), and Ishikura et al. (2018) studies, who 
suggested the CO2 flux increased along with the 
deepening of GWL. These contradictory results might 
arise from various states of discontinuing capillary 
pores in peat (Ishikura et al., 2017). Discontinued 
capillary pores restrict the GWL capability to control 
WFPS or soil moisture at the peat surface. Macropores 
were commonly established by tropical peatlands’ 
coarse woody material (Sabiham, 1989), which had 
poor capillary continuity compared to other peat types 
(Gabriel et al., 2018). Under natural tropical forest, 
Hirano et al. 2009 reported daily mean of peat 
respiration rate exhibited a significant linear 
relationship with GWL above -20 cm. Furthermore, 
deeper GWL level showed insignificant relation with 
CO2 flux, apparently consistent with our study in a 
matured oil palm plantation, which mainly consisted 
of GWL deeper than -20 cm (Figure 7). 

 

Table 2. Correlation (Rs and Rp) between CO2 flux and each environmental variable.  

  Spearman Correlation (Rs) Pearson Correlation (Rp) 
 Distance T peat T air GWL Distance T peat T air GWL 

All_CO2 flux -0.332 0.190 -0.234 0.002 -0.322 0.148 -0.243 0.031 
T1_CO2 flux -0.433 0.251 -0.196 -0.04 -0.401 0.197 -0.213 -0.026 
T2_CO2 flux -0.115 0.221 -0.246 0.233 -0.128 0.19 -0.252 0.348 
T3_CO2 flux -0.333 0.267 -0.263 -0.102 -0.348 0.187 -0.262 -0.038 
T4_CO2 flux -0.185   0.091 -0.064   0.152 

Note: number in bold style indicated significance in α = 0.05. 

 
MLR (Table 3) revealed that climatic-related variables 
such as season, air, and peat temperature were always 
presented as significant determinants for CO2 fluxes in 
the entire treatment (T1, T2, T3, and all data), except 
for T4. The statistic for T4 treatment was negligible 
than others due to an incomparable amount of 
determinant variables (without air and soil 
temperature; R2 = 0.1419). Moreover, GWL was stood 
as a remarkable predictor for CO2 flux in T3; 
meanwhile, distance from the oil palm tree was 
detected notably governed CO2 flux in T1, T3, and all 
data. In general, our finding is consistent with Meiling 
et al. (2005), which also attributed the climatic 
condition such as RH and peat temperature at 10 cm 
depth, besides the WFPS as the most critical variables 
controlling CO2 flux in oil palm plantation. In other 
land uses, Hirano et al. (2009) also found that 
temperature had a greater effect dictating CO2 flux 
than GWL. Similar to the previous LR using treatment 

separation, very weak relationship between GWL, air 
and peat temperature with CO2 fluxes were also shown 
by distance from the oil palm tree and season 
separation (Figure 8), which comes from the high 
variability of the data. A slightly higher relationship 
was observed at the dry season between CO2 flux with 
air temperature (R² = 0.1393) compared to others (R² 
< 0.01). The linear relationships were also exhibited a 
similar pattern to those in treatment separation. Both 
CO2 fluxes in the distances from the oil palm tree and 
season were tended to increase with the increasing peat 
temperature; meanwhile, opposite trends were 
recorded regarding the effects of air temperature. 
Correlation between CO2 fluxes and several 
environmental variables based on the distance from the 
oil palm tree and season (Table 4) seemingly 
demonstrates more satisfactory results. Consistent 
with the previous separation, their direction remained 
the same, despite the significant differences.    
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Table 3. Regression equation for CO2 fluxes based on treatment. 

Treatment Categorical Separator Regression Equation R2 
 Distance Season Intercept T Peat     T Air      GWL  

T1 

2.25 Dry 22.10 1.574 - 1.960  - 0.0501  

0.4872 
2.25 Wet 16.90 1.574 - 1.960  - 0.0501  
4.50 Dry 18.40 1.574 - 1.960  - 0.0501  
4.50 Wet 13.20 1.574 - 1.960  - 0.0501  

T2 

2.25 Dry 19.30 0.892  - 1.206  0.0415  

0.3889 
2.25 Wet 16.84 0.892  - 1.206  0.0415  
4.50 Dry 19.07 0.892  - 1.206  0.0415  
4.50 Wet 16.61 0.892  - 1.206  0.0415  

T3 

2.25 Dry 13.86 1.079  - 1.327  - 0.0532  

0.4393 
2.25 Wet 11.54 1.079  - 1.327  - 0.0532  
4.50 Dry 11.82 1.079  - 1.327  - 0.0532  
4.50 Wet 9.49 1.079  - 1.327  - 0.0532  

T4 

2.25 Dry 7.62   0.0323  

0.1419 
2.25 Wet 4.52   0.0323  
4.50 Dry 7.87   0.0323  
4.50 Wet 4.77   0.0323  

All (SQRT CO2 flux) 

2.25 Dry 4.30 0.2112 -0.2567 - 0.00458 

0.3778 
2.25 Wet 3.71 0.2112 - 0.2567 - 0.00458 
4.50 Dry 3.89 0.2112 - 0.2567 - 0.00458 
4.50 Wet 3.30 0.2112 - 0.2567 - 0.00458 

Note: numbers and variables in bold style indicated significance in α = 0.05 

 

 

 

 

Figure 8. Linear regression between CO2 fluxes with GWL, peat and air temperature based on distance from the 
oil palm tree (a, b, c) and season (d, e, f). 
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CO2 fluxes were significantly increased along with soil 
temperature at a 4.50 m distance from the oil palm tree. 
Meanwhile, contrasting results were denoted on air 
temperature located at 2.25 m from the oil palm tree. 
As previously noted, there are no significant means 
differences of peat and air temperature based on the 
distance from the oil palm tree (Kruskal-Wallis: p = 
0.673; p = 0.225; respectively), which seems to have 
an inconsistent interpretation with the finding in Table 
4. The dynamic of air temperature was mostly related 
to atmospheric variation at the farthest distance from 

the oil palm tree, 4.50 m in our case, which had the 
lowest shade from palm leaves.  

The opposite condition was obtained in the full 
shadowed site at the nearest distance, having more 
stable and less disturbance for air temperature. This 
condition may lead to lower strength and insignificant 
correlation at 4.50 m distance from the oil palm tree 
than the nearest distance. On the other hand, soil 
temperature at the closest distance was more 
susceptible to disturbance due to minimum vegetation 
cover.   

 
Table 4. Correlation (Rs and Rp) between CO2 flux and each environmental variable.  

  Spearman Correlation (Rs) Pearson Correlation (Rp) 
 Distance T peat T air GWL Distance T peat T air GWL 

2.25m_CO2 flux  0.111 -0.278 -0.187  0.062 -0.271 -0.149 
4.50m_CO2 flux  0.303 -0.135 0.138  0.272 -0.137 0.217 
Dry_CO2 flux -0.332 0.135 -0.359 0.021 -0.314 0.112 -0.373 0.065 
Wet_CO2 flux -0.335 0.062 -0.309 -0.286 -0.319 0.101 -0.313 -0.240 

Note: number in bold style indicated significance in α = 0.05 

 
Fronds and dense understory cover around the collar at 
4.50 m distance from the oil palm tree prevent further 
direct exposure from the atmosphere, stabilizing the 
soil temperature, thereby generating a more significant 
relationship with CO2 flux. During the dry season, CO2 
fluxes significantly showed a negative correlation with 
air temperature and distance from the oil palm tree. A 
similar relationship was also observed in the wet 
season with an addition of GWL (Table 4). Previous 
studies highlighted the critical role of GWL in 
governing CO2 flux, which enlarges at a closer depth 
to peat surface, especially during the rewetting period 
(T3 treatment) (Hirano et al., 2009; Ishikura et al., 
2017). The correlation in Table 4 exhibited a 
significantly opposite direction, which was consistent 
with Couwenberg et al. (2010), Sundari et al. (2012), 
Marwanto and Agus (2014), Itoh et al. (2017), and 
Ishikura et al. (2018). The GWL distribution in Figure 
8 can explain this condition. Clear differences in GWL 

distribution based on season were observed in relation 
to CO2 fluxes. GWL was concentrated at -40 to -60 cm 
depth at the wet season, emitted around 2.5 to 12.5 g 
CO2 m-2 day-1. Meanwhile, a wider range of CO2 flux 
(2.5 to 20 g CO2 m-2 day-1) emanates from a broader 
GWL range (-10 to -90 cm depth) during the dry 
season. These conditions result in a strong correlation 
during the wet season while lowering the correlation 
during the dry season. 

Table 5 presented multiple linear regression 
based on distance from the oil palm tree and season. 
The entire variables (season, GWL, soil, and air 
temperature) were significant determinants for CO2 
flux at a 2.25 m distance from the oil palm tree. 
Meanwhile, GWL did not present as a significant 
determinant from the equation at 4.50 m distance, dry 
and wet season. As predicted before, the climatic 
variables exhibited a significant effect to determine the 
CO2 fluxes at the entire datasets.  

 
Table 5. The regression equation for CO2 fluxes based on the distance from oil palm tree and season 

 Categorical Separator Regression Equation R2 
      Intercept   T peat   T air    GWL  

 Season      

2.25 
Dry 21.15 1.113 - 1.609  - 0.0675 

0.3762 
Wet 17.25 1.113 - 1.609  - 0.0675 

4.5 
Dry 10.87 1.234 - 1.281  0.0151 

0.2880 
Wet 8.16 1.234 - 1.281  0.0151 

 Distance from oil palm tree      

Dry 
2.25 11.30 1.505 - 1.519  - 0.0182 

0.2966 
4.50 8.80 1.505 - 1.519  - 0.0182 

Wet 
2.25 12.80 0.982 - 1.334  - 0.0797 

0.3254 
4.50 11.20 0.982 - 1.334  - 0.0797 

Note: numbers and variables in bold style indicated significance in α=0.05. 

Conclusion  

This research demonstrated the important contribution 
of litter to peat/heterotrophic and total respiration. One 

year observation resulted in the mean peat and root 
respiration of 0.07–0.08 Mg CO2 ha-1 day-1, while litter 
respiration was 0.04–0.06 Mg CO2 ha-1 day-1. The litter 
contribution to total peat respiration in peat was 
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relatively higher in the peat at 4.45 m distant (46% or 
5.71 g CO2 m-2 day-1) than 2.5 m (32% or 3.84 g CO2 
m-2 day-1). The mean CO2 fluxes of the entire treatment 
were remarkably different at each season, whereas 
only heterotrophic respiration (Rp + Rl) denoted a 
significant difference based on the distance from the 
oil palm tree. The means of Rt, Rp, and Rl were 
significantly different in the dry season than those 
recorded in the rainy season, whereas only Rp + Rl 
possessed remarkable means between both distances. 
The climatic variables (air and peat temperature) were 
significant determinants governing the peat and total 
respiration. Other variables are importantly related to 
CO2 flux under a particular condition. Regarding the 
high variability of litter respiration in tropical peatland, 
more research must be conducted concerning its 
contribution to total and heterotrophic peat respiration. 

Acknowledgement 

This research was fully supported by The Indonesian Oil 
Palm Plantation Fund Management. The authors were deeply 
indebted to the management and field staff of Astra Agro 
Lestari Tbk for their support and assistance during the 
fieldwork.  

References 

Adrianto, H.A., Spracklen, D.V., Arnold, S.R., Sitanggang, 
I.S. and Syaufina. L. 2020. Forest and land fires are 
mainly associated with deforestation in Riau Province, 
Indonesia. Remote Sensing 12(1):3, 
doi:10.3390/rs12010003.    

Ali, M., Taylor, D. and Inubushi, K. 2006. Effects of 
environmental variations on CO2 efflux from a tropical 
peatland in Eastern Sumatra. Wetlands 26(2):612-618, 
doi:10.1672/0277-5212(2006) 26[612:EOEVOC] 
2.0.CO;2.  

Amatangelo, K.L. and Vitousek, P.M. 2009. Contrasting 
predictors of fern versus angiosperm decomposition in a 
common garden. Biotropica 41(2):154-161, 
doi:10.1111/j.1744-7429.2008.00470.x.  

Anda, M., Ritung, S., Suryani, E., Sukarman, Hikmat, M., 
Yatno, E., Mulyani, A., Subandiono, R.E., Suratman, 
and Husnain. 2021. Revisiting tropical peatlands in 
Indonesia: Semi-detailed mapping, extent and depth 
distribution assessment. Geoderma 402:115235, 
doi:10.1016/j.geoderma.2021.115235. 

Andriesse, J.P. 1988. Nature and Management of Tropical 
Peat Soils. FAO Soils Bulletin 59. Rome (IT): FAO - 
Food and Agriculture Organization of the United 
Nations. 

Arai, H., Hadi, A., Darung, U., Limin, S.H., Hatano, R. and 
Inubushi, K. 2014. A methanotrophic community in a 
tropical peatland is unaffected by drainage and forest 
fires in a tropical peat soil. Soil Science and Plant 
Nutrition 60(4):577–585, doi:10.1080/00380768. 
2014.922034.  

Ashton-Butt, A., Aryawan, A.A.K., Hood, A.S.C., Naim, M., 
Purnomo, D., Suhardi, Wahyuningsih, R., Wilcock, S., 
Poppy, G.M., Caliman, J.-P., Turner, E.  Foster, W., Peh, 
K.S.H. and  Snaddon, J.L. 2018. Understory vegetation 
in oil palm plantations benefits soil biodiversity and 

decomposition rates. Frontier in Forest and Global 
Change 1:10, doi:10.3389/ffgc.2018.00010.  

Batubara, S.F. 2019. Heterotrophic respiration in tropical 
peat under oil palm plantation (Respirasi heterotrofik 
pada lahan gambut di bawah tegakan kelapa sawit). 
Doctoral Dissertation. Sriwijaya University. p.56 (in 
Indonesian). 

Batubara, S.F., Agus, F., Rauf, A. and Elfiati, D. 2019. 
Impact of soil collar insertion depth on microbial 
respiration measurements from tropical peat under an oil 
palm plantation. Peat and Mires 24(6):1-11, 
doi:10.19189/MaP.2018.DW.373.  

Berglund, Ö., Berglund, K. and Klemedtsson, L. 2010. A 
lysimeter study on the effect of temperature on CO2 
emission from cultivated peat soils. Geoderma 154:211-
218, doi:10.1016/j.geoderma.2008.09.007.  

BPS [Badan Pusat Statistik]. 2021. Statistical Yearbook of 
Indonesia 2021. BPS-Statistic Indonesia. p295-297. 

Busman, N.A., Maie, N., Ishak, C.F., Sulaiman, M.F. and 
Melling, L. 2021. Effect of compaction on soil CO2 and 
CH4 fluxes from tropical peatland in Sarawak, Malaysia. 
Environment, Development and Sustainability 
23:11646-11659, doi:10.1007/s10668-020-01132-y.  

Comeau, L.-P., Hergoualc’h, K., Hartill, J., Smith, J., 
Verchot, L.V., Peak, D. and Salim, A.M. 2016. How do 
the heterotrophic and the total soil respiration of an oil 
palm plantation on peat respond to nitrogen fertilizer 
application?. Geoderma 268:41-51, 
doi:10.1016/j.geoderma.2016.01.016.  

Corley, R.H.V. and Tinker, P.B. 2016. The Oil Palm, Fifth 
Edition. West Sussex (UK): Blackwell Science Ltd, 
doi:10.1002/9781118953297.  

Couwenberg, J., Dommain, R. and Joosten, H. 2010. 
Greenhouse gas fluxes from tropical peatlands in South-
East Asia. Global Change Biology 16(6):1715-1732, 
doi:10.1111/j.1365-2486.2009.02016.x.  

Dadap, N.C., Hoyt, A.M., Cobb, A.R., Oner, D., Kozinski, 
M., Fua, P.V., Rao, K., Harvey, C.F. and Connings, A.G. 
2021. Drainage canals in Southeast Asian peatlands 
increase carbon emissions. AGU Advances 2 
e2020AV000321, doi:10.1029/2020AV000321.  

Dariah, A., Marwanto, S. and Agus, F. 2014. Root- and 
peatbased CO2 emissions from oil palm plantations. 
Mitigation and Adaptation Strategies for Global Change 
19(6):831-843, doi:10.1007/s11027-013-9515-6.   

Dhandapani, S., Evers, S., Ritz, K. and Sjögersten, S. 2020. 
Nutrient and trace element concentrations influence 
greenhouse gas emissions from Malaysian tropical 
peatlands. Soil Use and Management 37:138-150, 
doi:10.1111/sum.12669.  

Dhandapani, S., Ritz, K., Evers, S. and Sjögersten, S. 2019. 
Environmental impacts as affected by different oil palm 
cropping systems in tropical peatlands. Agriculture, 
Ecosystems & Environment 276(1):8-20, 
doi:10.1016/j.agee.2019.02.012.  

Eisenhauer, N. 2016. Plant diversity effects on soil 
microorganisms: Spatial and temporal heterogeneity of 
plant inputs increase soil biodiversity. Pedobiologia 
59(4):175–177, doi:10.1016/j.pedobi.2016.04.004.  

Epron, D. 2010. Separating autotrophic and heterotrophic 
components of soil respiration: lessons learned from 
trenching and related root-exclusion experiments. In: 
Kutsch, W.L., Bahn, M. and Heinemeyer, A. (Eds) Soil 
Carbon Dynamics: an Integrated Methodology. 
Cambridge (UK): Cambridge University Press. pp.157–
168. doi:10.1017/CBO9780511711794.009.  



H.B. Pulunggono et al. / Journal of Degraded and Mining Lands Management 9(2):3247-3263 (2022) 
  

Open Access                                                                                                                                                        3261 
 

Gabriel, M., Toader, C., Faul, F., Roßkopf, N., Grundling, 
P., van Huyssteen, C., Grundling, A.T. and Zeitz, J. 
2018. Physical and hydrological properties of peat as 
proxies for degradation of South African peatlands: 
Implications for conservation and restoration. Mires and 
Peat 21(23):1-21, doi:10.19189/MaP.2018.OMB.336.  

Hergoualc’h, K., Hendry, D.T., Murdiyarso, D. and Verchot, 
L.V. 2017. Total and heterotrophic soil respiration in a 
swamp forest and oil palm plantations on peat in Central 
Kalimantan, Indonesia. Biogeochemistry 135(3):203–
220, doi:10.1007/s10533-017-0363-4.  

Hirano, T., Jauhiainen, J., Inoue, T. and Takahashi ,H. 2009. 
Controls on the carbon balance of tropical peatlands. 
Ecosystems 12 873–887, doi:10.1007/s10021-008-9209-
1. 

Hooijer, A., Page, S., Canadell, J.G., Silvius, M., Kwadijk, 
J., Wosten, H. and Jauhainen, J. 2010. Current and future 
CO2 emissions from drained peatlands in Southeast Asia. 
Biogeosciences 7:1505-1514, doi:10.5194/bg-7-1505-
2010.  

Hooijer, A., Page, S., Jauhiainen, J., Lee, W.A., Lu, X.X., 
Idris, A. and Anshari, G. 2012. Subsidence and carbon 
loss in drained tropical peatlands. Biogeosciences 
9:1053-1071, doi:10.5194/bg-9-1053-2012. 

Hooijer. A., Page, S., Canadell, J.G., Silvius, M., Kwadijk, 
J., Wösten, H. and Jauhiainen, J. 2010. Current and 
future CO2 emissions from drained peatlands in 
Southeast Asia. Biogeosciences 7:1505-1514, 
doi:10.5194/bg-7-1505-2010.    

Husnain, H., Wigena, I.G.P., Dariah, A., Marwanto, S., 
Setyanto, P. and Agus, F. 2014. CO2 emissions from 
tropical drained peat in Sumatra Indonesia. Mitigation 
and Adaptation Strategies for Global Change 19(6):845-
862, doi:10.1007/s11027-014-9550-y. 

Ishikura, K., Hirano, T., Okimoto, Y., Hirata, R., Kiew, F., 
Melling, L., Aeries, E.B., Loc, K.S., Musin, K.K., Waili, 
J.W., Wong, G.X. and Ishii, Y. 2018. Soil carbon dioxide 
emissions due to oxidative peat decomposition in an oil 
palm plantation on tropical peat. Agriculture, 
Ecosystems & Environment 254:202-212, 
doi:10.1016/j.agee.2017.11.025.  

Ishikura, K., Yamada, H., Toma, Y., Takakai, F., Morishita, 
T., Darung, U., Limin, A., Limin, S.H. and Hatano, R. 
2017. Effect of groundwater level fluctuation on soil 
respiration rate of tropical peatland in Central 
Kalimantan, Indonesia. Soil Science and Plant Nutrition 
63(1):1-13, doi:10.1080/00380768.2016.1244652.  

Itoh, M., Okimoto, Y., Hirano, T. and Kusin, K. 2017. 
Factors affecting oxidative peat decomposition due to 
land use in tropical peat swamp forests in Indonesia. 
Science of The Total Environment 609(1):906-915, 
doi:10.1016/j.scitotenv.2017.07.132.  

Jauhiainen, J., Kerojoki, O., Silvennoinen, H., Limin, S. and 
Vasander, H. 2014. Heterotrophic respiration in drained 
tropical peat is greatly affected by temperature—a 
passive ecosystem cooling experiment. Environmental 
Research Letters 9(10):105013, doi:10.1088/1748-
9326/9/10/10501.  

Jauhiainen, J., Limin, S., Silvennoinen, H. and Vasander, H. 
2008. Carbon dioxide and methane fluxes in drained 
tropical peat before and after hudrological restoration. 
Ecology 89(12): 3503–3514, doi:10.1890/07-2038.1.  

Jovani-Sancho, A.J., Cummins, T. and Byrne, K.A. 2018. 
Soil respiration partitioning in afforested temperate 
peatlands. Biogeochemistry 141:1-21, 
doi:10.1007/s10533-018-0496-0.  

Kechavarzi, C., Dawson, Q., Bartlet, M. and Leeds-Harrison, 
P.B. 2010. The role of soil moisture, temperature and 
nutrient amandment on CO2 fluks from agricultural peat 
soil microcosm. Geoderma 154:203-210, 
doi:10.1016/j.geoderma.2009.02.018.  

Khalid, H., Zin, Z.Z. and Anderson, J.M. 1999. 
Quantification of oil palm biomass and nutrient value in 
mature planation. II Below-ground biomass. Journal of 
Oil Palm Research 11(2): 63-71.  

Moradi, A., Teh, C.B.S., Goh, K. and Husni, M.H.A. 2013. 
Decomposition processes and nutrient release patterns of 
oil palm residues. Annals of Applied Biology 164(2):208-
219, doi:10.1111/aab.12094. 

Khasanah, N., van Noordwijk, M. and Ningsih, H. 2015. 
Aboveground carbon stocks in oil palm plantations and 
the threshold for carbon-neutral vegetation conversion 
on mineral soils. Cogent Environmental Science 1(1):1-
18, doi:10.1080/23311843.2015.1119964.  

Kurnianto, S., Selker, J., Boone Kauffman, J., Mudiyarso, D. 
and Peterson, J.T. 2019. The influence of land-cover 
changes on the variability of saturated hydraulic 
conductivity in tropical peatlands. Mitigation and 
Adaptation Strategies for Global Change 24:535-555, 
doi:10.1007/s11027-018-9802-3.  

Kutzbach, L., Schneider, J., Sachs, T., Giebels, M., Nykänen, 
H., Shurpali, N.J., Martikainen, P.J., Alm, J. and 
Wilmking, M. 2007. CO2 flux determination by closed-
chamber methods can be seriously biased by 
inappropriate application of linear regression. 
Biogeosciences 4:1005-1025, doi:10.5194/bg-4-1005-
2007.  

Law, S., Eggleton, P., Griffiths, H., Ashton, L. and Parr, C. 
2019. Suspended dead wood decomposes slowly in the 
tropics, with microbial decay greater than termite decay. 
Ecosystem 22:1176-1188, doi:10.1007/s10021-018-
0331-4.  

Leifeld, J., Wüst-Galley, C. and Page, S. 2019. Intact and 
managed peatland soils as a source and sink of GHGs 
from 1850 to 2100. Nature Climate Change 9:945-947, 
doi:10.1038/s41558-019-0615-5.  

Linn, D.M. and Doran, J.W. 1984. Effect of water-filled pore 
space on carbon dioxide and nitrous oxide production in 
tilled and nontilled soils. Soil Science Society of America 
Journal 48(6):1267, doi:10.2136 
/sssaj1984.03615995004800060013x.  

Madsen, R., Xu, L., Claassen, B. and McDermitt, D. 2009. 
Surface monitoring method for carbon capture and 
storage projects. Energy Procedia 1(1):2161-2168, 
doi:10.1016/j.egypro.2009.01.281.  

Manning, F.C., Kho, L.K., Hill, T.C., Cornulier, T. and Teh, 
Y.A. 2019. Carbon emissions from oil palm plantations 
on peat soil. Frontiers in Forests and Global Change 2: 
37, doi:10.3389/ffgc.2019.00037.  

Marwanto, S. and Agus, F. 2014. Is CO2 flux from oil palm 
plantations on peatland controlled by soil moisture 
and/or soil and air temperatures?. Mitigation and 
Adaptation Strategies for Global Change 19:809-819, 
doi:10.1007/s11027-013-9518-3.  

Marwanto, S., Sabiham, S. and Funakawa, S. 2019. 
Importance of CO2 production in subsoil layers of 
drained tropical peatland under mature oil palm 
plantation. Soil & Tillage Research 186:206-213, 
doi:10.1016/j.still.2018.10.021.  

McCalmont, J., Kho, L.K., Teh, Y.A., Lewis, K., Chocholek, 
M., Rumpang, E. and Hill, T. 2020. Short- and long-term 
carbon emissions from oil palm plantations converted 



H.B. Pulunggono et al. / Journal of Degraded and Mining Lands Management 9(2):3247-3263 (2022) 
  

Open Access                                                                                                                                                        3262 
 

from logged tropical peat swamp forest. Global Change 
Biology 27:2361-2376, doi:10.1111/gcb.15544.  

Melling, L. and Henson, I.E. 2011.Greenhouse gas exchange 
of tropical peatlands–a review. Journal of Oil Palm 
Research 23:1087–1095.  

Melling, L., Cindy Soo, Y.T., Kah, J.G. and Hatano, R. 2013. 
Soil microbial and root respirations from three 
ecosystems in tropical peatland of Sarawak, Malaysia. 
Journal of Oil Palm Research 25:44-57. 

Melling, L., Hatano, R. and Goh, K.J. 2005. Soil CO2 flux 
from three ecosystems in tropical peatland of Sarawak, 
Malaysia. Tellus B: Chemical and Physical Meteorology 
57(1):1-11, doi:10.3402/tellusb.v57i1.16772.  

Miettinen, J., Hooijer, A., Vernimmen, R., Liew, S.C. and 
Page, S.E. 2017. From carbon sink to carbon source: 
extensive peat oxidation in insular Southeast Asia since 
1990. Environmental Research Letters 12:024014, 
doi:10.1088/1748-9326/aa5b6f.  

Miyajima, T., Wada, E., Hanba, Y.T. and Vijarnsorn, P. 
1997. Anaerobic mineralization of indigenous organic 
matters and methanogenesis in tropical wetland soils. 
Geochimica et Cosmochimica Acta 61(17):3739-3751, 
doi:10.1016/s0016-7037(97)00189-0.  

Moradi, A., Teh, C.B.S., Goh, K.J., Husni, M.H.A. and 
Ishak, C.F. 2014. Decomposition and nutrient release 
temporal pattern of oil palm residues. Annals of Applied 
Biology 164(2):208-219, doi:10.1111/aab.12094.  

Murayama, S. and Bakar, Z.A. 1996. Decomposition of 
tropical peat soils: 2. Estimation of in situ decomposition 
by measurement of CO2 flux. Japan Agricultural 
Research Quarterly 30:153-158.  

Murphy, D.J. 2014. The future of oil palm as a major global 
crop: Opportunities and challenges. Journal of Oil Palm 
Research 26:1-24. 

Novita, N., Kauffman, J.B., Hergoualc’h, K., Murdiyarso, 
D., Tryanto, D.H. and Jupesta, J. 2020. Carbon Stocks 
from Peat Swamp Forest and Oil Palm Plantation in 
Central Kalimantan, Indonesia. In: Jalante, R., Jupesta, 
J. and Aldrian, E. (Eds.). Climate Change Research, 
Policy and Actions in Indonesia. Springer pp. 203-227, 
doi:10.1007/978-3-030-55536-810.  

Nurzakiah, S., Sutandi, S., Djajakirana, G., Sudadi, U. and 
Sabiham, S. 2021. The contribution of organic acid on 
heterotrophic CO2 flux from tropical peat: a trenching 
study. Journal of Degraded and Mining Lands 
Management 9(1): 3035-3044, 
doi:10.15243/jdmlm.2021.091.3035.  

Page, S.E., Morrison, R., Mallins, C., Hooijer, A., Rieley, 
J.O. and Jauhainen, J. 2011. Review of peat surface 
greenhouse gas emissions from oil palm plantations in 
Southeast Asia (ICCT White Paper 15). Washington, DC 
(US): International Council on Clean Transportation. 

Pezeshki, S.R. and DeLaune, R.D. 2012. Soil oxidation-
reduction in wetlands and its impact on plant 
functioning. Biology 1(2):196-221, 
doi:10.3390/biology1020196.  

Prananto, J.A., Minasny, B., Comeau, L.-P., Rudiyanto, R. 
and Grace, P. 2020. Drainage increases CO2 and N2O 
emissions from tropical peat soils. Global Change 
Biology 26(8):1-18, doi:10.1111/gcb.15147.  

Prider, J.N. and Facelli, J.M. 2004. Interactive effects of 
drought and shade on three arid zone chenopod shrubs 
with contrasting distributions in relation to tree canopies. 
Functional Ecology 18(1):67-76, doi:10.1046/j.0269-
8463.2004.00810.x.  

Pulunggono, H.B., Anwar, S., Mulyanto, B. and Sabiham, S. 
2019. Decomposition of oil palm frond and leaflet 
residues. AGRIVITA:Journal of Agricultural Science 
41(3): 524–536, doi:10.17503/agrivita.v41i3.2062.  

Putri, V. 2015. Oil palm (Elaeis guineensis) root growth in 
response to different fertilization practices. MSc Thesis. 
Wageningen University p.57. 

Ramdani, F. and Hino, M. 2013. Land use changes and GHG 
emissions from tropical forest conversion by oil palm 
plantations in Riau Province, Indonesia. PLoS ONE 
8(7):e70323, doi:10.1371/journal.pone.0070323.  

Sabiham, S. 1989. Studies on peat in the coastal plains of 
Sumatra and Borneo. Part III: Micromorphological study 
of peat in coastal plains of Jambi, South Kalimantan and 
Brunei. Southeast Asian Studies 27(3):339-351. 

Sabiham, S., Marwanto, S., Watanabe, T., Funakawa, S., 
Sudadi, U. and Agus, F. 2014. Estimating the relative 
contributions of root respiration and peat decomposition 
to the total CO2 flux from peat soil at an oil palm 
plantation in Sumatra, Indonesia. Tropical Agriculture 
and Development 58(3):87-93, doi:10.11248/jsta.58.87.  

Sabiham, S., Tarigan, S.D., Hariyadi, Las, I., Agus, F., 
Sukarman, Setyanto, P. and Wahyunto. 2012. Organic 
carbon storage and management strategies for reducing 
carbon emission from peatlands: A case study in oil palm 
plantations in West and Central Kalimantan, Indonesia. 
Pedologist 55(3):426-434, doi:10.18920/ 
pedologist.55.3_426.  

Sayer, J., Ghazoul, J., Nelson, P. and Boedhihartono, A.K. 
2012. Oil palm expansion transforms tropical landscapes 
and livelihoods. Global Food Security 1(2):114-119, 
doi:10.1016/j.gfs.2012.10.003. 

Sjögersten, S., Black, C.R., Evers, S., Hoyos-Santillan, J., 
Wright, E.L. and Turner, B.L. 2014. Tropical wetlands: 
A missing link in the global carbon cycle?. Global 
Biogeochemical Cycles 28:1371-1386, 
doi:10.1002/2014GB004844. 

Sundari, S., Takashi, H., Yamada, H., Kusin, K. and Limin, 
S. 2012. Effect of groundwater level on soil respiration 
in tropical peat swamp forests. Journal of Agricultural 
Meteorology 68(2):121-134, doi:10.2480/agrmet.68.2.6.  

Swails, E., Hergoualc’h, K., Verchot, L., Novita, N. and 
Lawrence, D. 2021. Spatio-temporal variability of peat 
CH4 and N2O fluxes and their contribution to peat GHG 
budgets in Indonesian forests and oil palm plantations. 
Frontiers in Environmental Science 9:617828, 
doi:10.3389/fenvs.2021.617828. 

Talbot, J.M., Yelle, D.J., Nowick, J. and Treseder, K.K. 
2011. Litter decay rates are determined by lignin 
chemistry. Biogeochemistry 108:279–295, 
doi:10.1007/s10533-011-9599-6.  

Wakhid, N. and Hirano, T. 2021. Contribution of CO2 
emission from litter decomposition in an oil palm 
plantation on tropical peatland. IOP Conference Series: 
Earth and Environmental Science 648:012133, 
doi:10.1088/1755-1315/648/1/012133.  

Warren, M., Hergoualc’h, K., Kauffman, J.B., Murdiyarso, 
D. and Kolka, R. 2017. An appraisal of Indonesia’s 
immense peat carbon stock using national peatland 
maps: Uncertainties and potential losses from 
conversion. Carbon Balance and Management 2:12, 
doi:10.1186/s13021-017-0080-2.  

Wijedasa, L.S., Jauhainen, J., Könönen, M., Lampela, M., 
Vasander, H., Leblanc, M.-C., Evers, S., Smith, T.E.L., 
Yule, C.M., Varkkey, H., et al. 2017. Denial of long-term 
issues with agriculture on tropical peatlands will have 



H.B. Pulunggono et al. / Journal of Degraded and Mining Lands Management 9(2):3247-3263 (2022) 
  

Open Access                                                                                                                                                        3263 
 

devastating consequences. Global Change Biology 
23:977-982, doi:10.1111/gcb.13516.  

Xu, Z., Wang, S., Wang, Z., Dong, Y., Zhang, Y., Liu, S. and 
Li. J. 2021. Effect of drainage on microbial enzyme 
activities and communities dependent on depth in 
peatland soil. Biogeochemistry 155(3):323-341, 
doi:10.1007/s10533-021-00828-1. 

Yeo Joseph, G., N’Dri Julien, K., Edoukou Ettien, F. and 
Ahui Jean-Luc, D.S. 2020. Changes in surface soil 
properties and macroinvertebrate communities with the 
conversion of secondary forests to oil palm (Elaeis 
guineensis) plantations. Crop and Pasture Science 
71:837-849, doi:10.1071/CP19370.  

Zhou, Z., Jiang, L., Du, E., Hu, H., Li, Y., Chen, D. and Fang, 
J. 2013. Temperature and substrate availability regulate 
soil respiration in the tropical mountain rainforests, 
Hainan Island, China. Journal of Plant Ecology 
6(5):325–334, doi:10.1093/jpe/rtt034. 

 


