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ARTICLE INFO ABSTRACT

Editor: Yifeng Zhang Tropical peatlands are significant sources of methane (CH4), but their contribution to the global CHa budget
remains poorly quantified due to the lack of long-term, continuous and high-frequency flux measurements. To

Keywords: address this gap, we measured net ecosystem CH4 exchange (NEE-CH4) using eddy covariance technique

Peat swamp forest throughout the conversion of a tropical peat swamp forest to an oil palm plantation. This encompassed the

CH, emissions pe.riods before, during an.d fifter conversion periods from 2014 to 2020, during which substantial environmental
Drainage shifts were observed. Draining the peatland substantially lowered mean monthly groundwater levels from —20.0
Histosols =+ 14.2 cm before conversion to —102.3 + 31.6 cm during conversion and increased slightly to —96.5 &+ 19.3 cm
Land use change after conversion. Forest removal increased mean monthly soil temperature by 2.3 to 3.1 °C, reducing net radi-
ation (R) and raising vapor pressure deficit (VPD). Following the tree removal, controlled burning temporarily
warmed air temperature by 8 °C, increased VPD and significantly attenuated R, resulting in negative values
owing to radiation interception by smoke and increased surface warming. Contrary to expectations that drainage
would lower CH4 emissions, the site remained a consistent net source, with even higher emissions observed
during and after conversion. The mean monthly NEE-CH, during conversion (23.3 + 8.6 mg C m™2 d™!) was
about 2-times higher than before conversion (12.1 + 5.3 mg C m~2 d™!) and about 1.5-times higher than after
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conversion (16.3 + 4.1 mg C m~2 d™1). The heightened CH, release is likely attributable to emissions from
drainage ditches, underscoring their significant role in post-conversion CH4 dynamics. Despite its short duration,
controlled burning substantially elevated NEE-CHy, ranging from 0.04 to 0.91 mg C m~2 s~ Our findings
highlight the substantial impact of land conversion on peatland CH4 dynamics, emphasizing the need for ac-
curate flux measurements across various conversion stages to refine global CH4 budgets.

1. Introduction

Atmospheric CH4 is the second most impactful anthropogenic
greenhouse gas in terms of radiative forcing, following carbon dioxide
(CO2) and surpassing nitrous oxide (N20O) (IPCC, 2021). Since the pre-
industrial era, global mean atmospheric CH4 concentrations have
increased to >2.5 times their initial levels, rising from approximately
722 ppb in 1750 to 1890 ppb by the end of 2020 (Lan et al., 2024).
Recent atmospheric CH4 growth has been significantly influenced by
both natural emissions, primarily from wetlands and anthropogenic
emissions, largely attributed to agriculture, waste and fossil fuels
(Jackson et al., 2020; Nisbet et al., 2023). This rise is concerning
because, to adhere to the Paris Agreement’s goal of keeping global
warming well below 2 °C, aiming for 1.5 °C above pre-industrial levels,
it is critical to curb the warming effects of CHy4 as well as to aim for net-
zero or negative CO4 emissions (Collins et al., 2018; Meinshausen et al.,
2022; Cain et al., 2022). Given CHy4’s short atmospheric lifespan of
roughly a decade, immediate actions to decrease its emissions can
quickly lower atmospheric concentrations (Ravishankara et al., 2021).
Recognizing this urgency, a global effort to reduce CH4 emissions was
initiated at the Conference of the Parties 26 (COP 26) with the estab-
lishment of the Global Methane Pledge, wherein over 100 countries
committed to a at least 30 % reduction in CH4 emissions by 2030 from
2020 levels and expanded to >150 countries at COP 27 (Cael and
Goodwin, 2023; Malley et al., 2023). However, intensified precipitation
and rising global temperatures are predicted to increase natural CHy
emissions from wetlands (Dean et al., 2018; Peng et al., 2022; Nisbet
et al., 2023; Zhang et al., 2023). This projected surge in natural emis-
sions could offset the efforts to reduce anthropogenic CH4 emissions,
threatening to undermine global efforts to limit warming by 2050.

Wetlands are a major source of CHa, accounting for roughly 30 % of
global emissions (Saunois et al., 2020). However, accurately estimating
these emissions is challenging, creating significant uncertainty in the
global CHy4 budget (Saunois et al., 2020; Basu et al., 2022; McNicol et al.,
2023). This uncertainty is particularly pronounced for tropical wetlands,
which are thought to be major contributors to the recent increase in
atmospheric CHa (Dean et al., 2018; Nisbet et al., 2023; Zhang et al.,
2023). In fact, a recent study suggests that tropical wetlands could be
responsible for up to 72 % of all wetland CHa emissions (Ma et al., 2021).
Improved monitoring networks, process-based modelling approaches
and remote sensing techniques are crucial for reducing the uncertainty
in these emissions, ultimately supporting the development of effective
climate change mitigation strategies (Melton et al., 2013; Knox et al.,
2019; Delwiche et al., 2021; Nisbet et al., 2022; Bansal et al., 2023).
Within this context of improving emission estimates, a specific focus on
tropical peatlands, particularly histosols, is crucial given their increasing
extent and significant CH4 emissions (Dargie et al., 2017; Gumbricht
et al., 2017; Sakabe et al., 2018; Wong et al., 2018, 2020; Deshmukh
et al., 2020).

The estimated extent of tropical peatlands has increased significantly
in recent years, highlighting the dynamic nature of this ecosystem and
its potential impact on the global CH4 budget (Dargie et al., 2017;
Gumbricht et al., 2017). While an earlier study estimated tropical
peatland area to be 0.44 million km? representing 11 % of global
peatland area (Page et al., 2011), recent discoveries have significantly
altered this understanding. For instance, Dargie et al. (2017) identified a
previously unmapped peatland complex in the Central Congo Basin,
adding approximately 0.15 million km? to the known extent.

Furthermore, Gumbricht et al. (2017) revealed extraordinary extents of
peatland in the tropics, totalling 1.7 million km? — more than three times
previous estimates of 0.44 million km? This trend of increasing esti-
mates is expected to continue as new peatland areas are discovered,
particularly in the tropics (Xu et al., 2018).

While tropical peatlands are a major terrestrial carbon store, our
understanding of their CH4 emissions is limited by intermittent, small-
scale chamber measurements (Furukawa et al.,, 2005; Jauhiainen
et al.,, 2005, 2008; Hadi et al., 2005; Melling et al., 2005). High-
frequency and continuous measurements of CH4 flux using the eddy
covariance technique are essential for improving the diagnosis and
prediction of terrestrial CH4 sources to the atmosphere, as these mea-
surements capture both short-term fluctuations and long-term trends
(Delwiche et al., 2021). However, only a few studies have applied this
technique in tropical peatlands, reporting net ecosystem exchange of
CH, ranging from 0.09 to 10.8 g C m™2 yr™! for peat swamp forests and
2.19 g Cm~2 yr~! for oil palm plantations (Sakabe et al., 2018; Wong
et al., 2018, 2020; Deshmukh et al., 2020). This limited application
underscores the significance of CH4 emissions from these ecosystems
and the need for more comprehensive monitoring. Although the Global
Carbon Project initiated the FLUXNET-CH4 dataset to enable a global
synthesis of CH4 eddy covariance flux measurements and better
constrain the global CH4 budget, its current bias towards boreal and
temperate regions, with sparse coverage in the tropics, further highlights
this critical data gap (Knox et al., 2019; Delwiche et al., 2021).

Conversion of tropical peatlands for agricultural, particularly oil
palm, significantly alters CH4 emissions, with hydrological shifts both
before and after conversion playing a key role in the CH4 emission dy-
namics (Melling et al., 2005; Wong et al., 2020; Lam et al., 2022). These
hydrological shifts influence the depth at which aerobic and anaerobic
conditions occur in soils, which, in turn, control the methanogenic and
methanotrophic processes that drive net CH4 emissions (Tian et al.,
2023). While these biogeochemical processes are crucial, current
research on CH4 flux primarily focuses on established ecosystems,
comparing emissions between forests and mature plantations (Cooper
et al., 2020). This often leads to neglecting the potentially significant
emissions released during the conversion itself. For instance, control-
burning of stacked woody debris during conversion represents a signif-
icant, yet overlooked source of CH4 emissions (Hamada et al., 2013;
Hirano et al., 2022). Similarly, drainage channel excavation and the
resulting soil disturbance from compaction can release soil-entrapped
CH4 (Inubushi et al., 1998; Martinez-Eixarch et al., 2018). To compre-
hensively assess the impact of forest-to-oil palm conversion, continuous
CH4 flux measurements on an ecosystem scale are crucial. These mea-
surements should encompass the entire conversion process, including
the often overlooked but critical transient phases, capturing the full
range of emission sources.

This study is of critical importance given the previously unaddressed
gap in data on NEE-CH,4 during the conversion of peat swamp forests to
oil palm plantations. Incorporating the NEE-CH,4 from peatland con-
version into global datasets will refine CH4 inventories for tropical
peatlands and enhance the synthesis of global CH4 flux observations
(Knox et al., 2019; Delwiche et al., 2021). Our unique dataset spans
seven years (January 2014 — December 2020) of continuous data,
encompassing periods before, during and after conversion (peat swamp
forest, land clearing and young oil palm plantation, respectively). We
aim to quantify key environmental variables, including precipitation,
groundwater level (GWL), soil moisture, air temperature, soil
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temperature, net radiation (R,) and vapor pressure deficit (VPD),
alongside the net ecosystem exchange of CH4 (NEE-CH4) across these
periods. This study focuses on examining their temporal variability and
investigating the key hydrological drivers, specifically GWL and soil
moisture, that influence NEE-CH4 under varying conditions.

2. Material and methods
2.1. Study site

The study was carried out in Maludam Peninsula in the Betong Di-
vision of Sarawak, Malaysia (Fig. 1). The Maludam Peninsula primarily
consists of tropical peatlands, covering an area of 11,744 ha, enclosed by
the Batang Lupar and Batang Saribas Rivers, which flow into the South
China Sea. In this region, the peat was formed ca 6000 years ago,
accumulating at a rate of 0.60-1.9 mm year ! (Sangok et al., 2020). The
peat is particularly woody, characterized by an abundance of unde-
composed woody fragments such as tree trunks, branches and roots. It
reaches a depth of approximately 10 m, measured at a point 20 m from

(a) Study location
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the flux tower. The regional climate is equatorial, with high tempera-
tures, high humidity and substantial yearly precipitation. The annual
rainfall pattern in Sarawak follows a distinct dry season from April to
September and a wet season from October to March (Tang et al., 2020).
Mean annual precipitation over 23 years (1998-2020) was 3154 + 394
mm year’1 (mean + 1 SD), measured at the Stumbin rainfall station
approximately 11 km (straight-line distance) away from the study site.
Mean monthly rainfall, influenced by the southwest and northeast
monsoons, ranges from 167 mm in the driest month of July to 414 mm in
the wettest month of December. Additionally, the mean annual air
temperature recorded from 2005 to 2014 was 26.5 + 0.2 °C (mean +
SD), measured at the nearest meteorological station located at Kuching
International Airport.

Towards the end of 2010, a 40 m high flux tower was erected at the
centre of the peat dome (1°23'59.42“N, 111°24'6.69"E) with the initial
purpose of measuring the net ecosystem exchange of CO, (NEE-COy).
Around the tower, the terrain is generally flat, with an elevation of 17 m
above mean sea level. Before the conversion to oil palm plantation
(January 2014 — February 2017), the 25.6 km? study site consisted of a

\_’ 5 km

(b) Before conversion (July 2014)

Flux tower
o

Flux tower w@s
: 7

Kalimantan,
Indonesia

(c) After conversion (May 2022)

Flux tower
®

Fig. 1. (a) Map of the study location, and Google Earth satellite imagery of the area (b) before conversion depicting a secondary peat swamp forest in July 2014 and

(c) after conversion showing the established oil palm plantation in May 2022.
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secondary peat swamp forest (Table 1) regenerated from selective log-
ging, located at the border of Alan Bunga and Padang Alan forests (Osaki
and Tsuji, 2016; Kiew et al., 2018). The forest had a canopy height of 25
m largely due to the dominant Litsea spp. and Shorea albida trees. A
dense layer of saplings formed the understory. The microtopography of
the forest floor is composed of hummocks and hollows, creating an
uneven surface with a thick cover of leaf litter. In 2016, the tree density
was 1990 trees ha™!. Since the 1990s, the area surrounding the study
site has been progressively converted into oil palm plantations. The
nearest plantation was 1.2 km from the study site before its conversion.
Further information preceding the conversion is provided by Kiew et al.
(2018).

The conversion of the secondary peat swamp forest into an oil palm
plantation occurred between March 2017 and April 2018 (Table 1)
through a series of land preparation steps. Initially, main drains and
collection drains were constructed to lower the GWL, facilitating road
construction and the clear-cutting of the forest. Trees were felled,
chopped and stacked on the ground to dry before being burned in a
controlled manner in February 2018. The plantation implements strict
protocols for controlled burning, confining it to stacked wood in
designated areas. These measures aim to prevent the fire from spreading
beyond the plantation or penetrating the peat soil. During the burning,
no fire spread or penetration to the soil was observed. After the
controlled burning, the remaining woody debris comprising trunks,
branches, twigs, stumps and coarse roots was stacked in lines along the
harvesting rows. In addition, the soil was compacted to increase its bulk
density, thereby preventing palm trees from leaning and toppling and
improving moisture retention (Melling et al., 2008). Water gates were
installed to control the GWL to support oil palm growth. In May 2018,
seedlings of Elaeis guineensis Jacq., an African oil palm species, were
planted in a triangular pattern with 8.5 m spacing between the seed-
lings. The compound fertilizer consisting of nitrogen, phosphorus and
potassium, along with micronutrients such as copper, zinc and boron,
was applied twice annually. In 2020, the height of the palm trees
reached to 3 m. Overall, the study period is divided as follows: before
conversion (January 2014 — February 2017), during conversion (March
2017 — April 2018), and after conversion (May 2018 — December 2020).

2.2. Measurements of fluxes and environmental variables

Measurements at the site began in December 2010 for NEE-CO, and
in September 2012 for NEE-CH4, both systems utilizing the eddy
covariance technique. While the NEE-CO throughout the conversion
periods is under preparation by Kiew et al. (2025), the current study

Table 1

The timeline, tree density, dominant tree species, bulk density, loss on ignition
and pH for the periods of before, during and after conversion. The values of bulk
density, loss on ignition and pH represent mean + SD.

Variable Period
Before conversion During After conversion
(Peat swamp conversion (Land (Young oil palm
forest) clearing) plantation)
Timeline January 2014 - March 2017 - May 2018 —
February 2017 April 2018 December 2020
Tree density 1990 - 145
(trees ha 1)
Dominant tree Litsea spp. Shorea - Elaeis guineensis Jacq
species albida
Bulk density 0.13 +£ 0.01 0.14 £ 0.01 0.18 + 0.02
(g em™3)°
Loss on 99.2 +0.1 99.1 £ 0.2 98.8 +0.3
ignition
(%)
pH® 3.39+0.14 3.43+0.18 3.63 +0.13

# 0-5 cm soil layer.
> 0-25 cm soil layer.
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focuses exclusively on NEE-CH,4. Our CHy4 eddy covariance system con-
sisted of an open-path CHy4 analyzer (LI-7700, Li-Cor Inc., Lincoln, NE,
USA) for CH,4 concentration measurements and a 3D sonic anemometer
(CSAT3, Campbell Scientific Inc., Logan, UT, USA) for measuring the
three orthogonal wind components and sonic temperature. These sen-
sors were mounted on the end of a 1 m long boom that projected towards
the southeast, aligning with the predominant wind direction. Initially,
the eddy covariance system was installed at the height of 41 m and
repositioned to 21 m in November 2017 after the removal of forest
cover. The CH4 analyzer’s lower mirror was self-cleaned daily at 4:00
am or when the relative signal strength indicator (RSSI) dropped below
20 %. However, the daily self-cleaning was insufficient to maintain data
quality. Therefore, beginning in January 2014, both the lower and upper
mirrors of the CH4 analyzer were manually cleaned twice a month to
increase the RSSI to 80-85 %. Data collected from September 2012 to
December 2013, prior to the implementation of regular manual clean-
ing, were of low quality and thus excluded from this study. Raw data
from the sensors were logged at 10 Hz using a datalogger (CR3000,
Campbell Scientific Inc., Logan, UT, USA).

At the height of 41 m (Fig. S1, Table S1), both downward and upward
shortwave and longwave radiations were measured using a net radi-
ometer (CNR4, Kipp and Zonen, Delft, the Netherlands), while down-
ward and upward photosynthetically active radiations were measured
using quantum sensors (LI-190S, Li-Cor Inc., Lincoln, NE, USA). Wind
speed and direction were measured at 41 m height using a 3-cup
anemometer and wind vane (01003-5, R.M. Young Co., Traverse City,
MI, USA). Air temperature and relative humidity at the heights of 3 m
and initially at 41 m were measured using temperature and relative
humidity probes (CS215, Campbell Scientific Inc., Logan, UT, USA)
mounted in a 6-plate solar radiation shield (41303-5 A, Campbell Sci-
entific Inc., Logan, UT, USA). The measurement setup at 41 m was later
repositioned to 21 m in November 2017. Soil temperature was measured
at a single point at both 5 cm and 10 cm depths using a platinum
resistance thermometer (C-PTWP, Climatec, Tokyo, Japan). Soil mois-
ture was measured in the top 10 cm and 30 cm soil layers using time
domain reflectometry sensors with one replicate at each depth (CS616,
Campbell Scientific Inc., Logan, UT, USA). Precipitation was measured
using a tipping-bucket rain gauge (TE525, Campbell Scientific Inc.)
positioned at 1 m above the ground in a nearby open space. All the
environmental variables were measured every 5 s, averaged over 5-min
intervals and logged with a datalogger (CR1000, Campbell Scientific
Inc., Logan, UT, USA). The GWL was measured at a single point using a
water level logger (HOBO, Onset, Bourne, MA, USA) installed within a
perforated PVC pipe located 20 m away from the tower. All the mea-
surement systems were powered by solar energy. In this study, only the
following environmental variables are reported: precipitation, GWL, soil
moisture (30 cm depth), air temperature (initially measured at the
height of 41 m and later repositioned to 21 m), soil temperature (5 cm
depth), R; (41 m height) and VPD (41 m height).

2.3. Flux data processing and gap-filling

The eddy covariance raw data was processed to half-hourly mean
CH4 flux using Flux Calculator software (Ueyama et al., 2012). In the
processing, an initial de-spiking algorithm was applied to remove data
spikes in horizontal wind velocity, vertical wind velocity, CH4 concen-
tration and H,O concentration (Ueyama et al., 2012). The tilt correction
was applied to the sonic anemometer velocities by double rotation
method (Wilczak et al., 2001). Correction for frequency loss due to line
averaging and sensor separation of the open path system was performed
using a theoretical transfer function (Massman, 2000, 2001). Fluctua-
tions in CH,4 density were compensated using Webb-Pearman-Leuning
correction for the effects of thermal expansion and water vapor dilu-
tion (Webb et al., 1980). The correction of the spectroscopic effect of
variations in the CH4 absorption line shape (Iwata et al., 2014; Burba
et al., 2019) was performed in conjunction with the Webb-Pearman-
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Leuning correction (Li-Cor Inc., 2010; McDermitt et al., 2011). In quality
control, an RSSI threshold of 10 % (Alberto et al., 2014; Sakabe et al.,
2018) was applied to remove low-quality half-hourly data. The CH4 flux
data were further evaluated and screened through stationary and inte-
gral turbulence tests (Foken and Wichura, 1996) and high moment test
(Vickers and Mahrt, 1997; Mano et al., 2007).

The NEE-CH4 was calculated as the sum of the CH4 eddy flux and the
storage flux, where the storage flux was calculated from CHy4 concen-
tration measured at a single point above the canopy using the open-path
CH4 analyzer (Sakabe et al., 2018; Wong et al., 2018). Measurement of
the CH4 profile for storage flux was not feasible at our site due to the
excessive power demands and associated costs. In theory, nighttime
accumulation of CHy4 is expected to be balanced by its release in the
morning following the onset of thermal mixing, leading to a negligible
effect on daily and annual sums (Aubinet et al., 2012). The NEE-CH4 was
quality-controlled using the median absolute deviation around the me-
dian (Papale et al., 2006), ensuring the robustness of the measurements.
Friction velocity (u*) threshold was used to examine the potential un-
derestimation of fluxes due to insufficient turbulence (Aubinet et al.,
2012). Half-hourly NEE-CH,4 data were sorted into deciles based on u*
(Fig. 2) to identify a threshold where mean NEE-CH,4 at and above that
u* value showed no significant difference (indicating a plateau) (Hirano
et al., 2007; Kang et al., 2019). However, Tukey’s HSD test revealed no
significant u* threshold at which NEE-CH,4 values plateaued, indicating
that NEE-CH4 was independent of u*. Therefore, a u* threshold was not
applied. Following the comprehensive quality control, 34 % of the NEE-
CH,4 data were retained and qualified as high-quality data.

Data gaps in precipitation were filled with the daily rainfall data
from the Stumbin rainfall station. The gaps in GWL data were filled by
the tank model (Sugawara, 1979). Missing data in air temperature, soil
temperature, R, and VPD were filled using the mean diurnal variation
method (Aubinet et al., 2012). The missing data in NEE-CH4 were gap-
filled using the marginal distribution sampling (MDS) method
(Reichstein et al., 2005; Kiew et al., 2018; Deshmukh et al., 2020; Zhu
et al., 2023). In this method, missing data were filled based on the
covariation of fluxes with the environmental factors and the temporal
autocorrelation within the flux data (Zhu et al., 2023). When environ-
mental data was available, missing NEE-CH,4 was filled with the mean
value of fluxes under similar environmental conditions of 2.5 cm for
GWL, 0.05 m® m~3 for VWG, 1.0 °C for air temperature and 0.2 °C for
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soil temperature. When the environmental data was unavailable, the
missing NEE-CH4 was filled with the mean value from the same time of
day, starting with +1 h of the missing value and progressively expand-
ing the time window (Reichstein et al., 2005). To avoid the biases due to
controlled burning, the extreme values in environmental variables and
NEE-CH4 during the controlled burning were not included in data gap-
filling and analysis. The data obtained during the controlled burning
were presented exclusively in Sections 3.3 and 3.4 and were discussed in
Sections 4.2 and 4.4. Following gap-filling, both mean eddy flux and
NEE-CH. (eddy + storage) were calculated (Table S2). Despite the po-
tential uncertainty associated with calculating the storage flux from a
single CHs measurement point above the canopy, its inclusion slightly
reduced mean half-hourly and annual CHa fluxes (mean + 1 SD).

2.4. Global warming potential

The global warming potential (GWP, g COy-eq m™2 year ') was
calculated for each period (before, during and after conversion) using
the equation from Ishikura et al. (2018a), considering only CO, and CHy
emissions:

FCO, FCH.
2, 4

aco, AcH,

GWP =

Xy

where FCO2 and FCH,4 are NEE-CO; (g C m2 year’l) and NEE-CH4 (g C
m~2 year™ 1), respectively, aco, is the ratio of molecular weight of C to
COy, acn, is the ratio of molecular weight of C to CHy and y is the global
warming potential of CH4 over a 100 years.

The annualized NEE-CO, and NEE-CH4 of the entire period before
conversion, which spans 38 months, was derived by first summing all
monthly values (g C m~2 month™!) from January 2014 to February
2017. To calculate this, the total sum was divided by 38 to determine the
average monthly value, which was then multiplied by 12 to obtain the
value for an annual period. This procedure was similarly applied to the
periods during and after conversion.

2.5. Statistical analysis

All statistical analyses were conducted using R statistical software (R
Core Team, 2021). One-way analysis of variance (ANOVA; aov function
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Fig. 2. Relationship of CH,4 fluxes [net ecosystem CH,4 exchange (NEE-CHy4), CH,4 eddy flux and storage flux] with friction velocity (u*) for entire days. Half-hourly

data were sorted into deciles by u*. Vertical bars represent one standard error.



G.X. Wong et al. Science of the Total Environment 962 (2025) 178466
in R) was used to compare the mean values of environmental variables of NEE-CH4 with GWL and soil moisture.

and NEE-CH,4 among the conversion periods, and significant differences

were further examined using Tukey’s HSD test. We used Pearson cor-

relation coefficients and regression analysis to evaluate the relationships

During i
Before conversion Conversion Afte.r conversion
(Peat swamp forest) ! (Land clearing) (Young oil palm plantation)
|
500 4 (a) i mmm Precipitaon —— GWL [ 50
e 400 4 I N R S N Lo .y
2£ 5
5% 300 - 50 <
S E 200 - I g
S 11 L i e
o IIIIIIIlllllllllIllllllllllllllllllllllllll IIIIIIIIIIIIIIII LI IIIIIIllIIIIlllllllllllll -150
1.0 7 (b)
o
.5..:?0'8'
3 £ 06 1
Etoa;
s &
2 02 W
o~o L L A A B B A A A A B R A A A A A A A A A A A A B A R TrrrryrrTyrTrTraTay L0 L L L A A A B A A A A A A A A A A A A B A B A )
- (c) —o— Air temperature
O 34 . - 34 o
< —o— Soil temperature 5
= -
-4 [
2 30 4 © —~
ud 20
g £o
E 26 &
2 ©
= 0
42 L L A I I A I B B B R A A A A R A A B B ) LA B B A A A B B A B LU L L A LI I I I B I R A B A B A N B N B B B B n
180 1 (d
o i 21k
~160{ 1} 51 ‘ 22 :
& grp T4 E X \ T
A Y AT 7 EA: T £ 3 21 T T "
/ A\ Tk ¢ ey Lz T I S
s 140 {{ T ¥ \/H% gt T2 0 amplyy B/ TN . B OMA 1o r T %
= I e ¢ T : N Vi B Y et
o 120 | r 4 I B o™ TPRAALLAYY R
2 1 I
100 LN A A A A A A A A A A B A A A A B A A A N A A A A A A A AN A R A A A TryrryrTrTrTruTnTy rrrrrrryrryrrrrTrr Ty vy T v T vy Ty T Ty TraT
) |
a 12
e s
° ]
.
a 0.4 -
0-0 LB A L L I A I B A B R I A B A R B B B AL L B B B A A A B A B ) L L I B I B B A B R B R B A
50 - (f)
f;’ 40
QNE 30 A
Ho 20
=g 10
0‘ LU0 B B A A A B B B B ) UL L I L U I I B B A B A A B B B B B B
S XTI R0 228 RtER 222228888
5 § 88888 5s8S 558855885588 s855¢889
= S W 0 =2 S5 V0O =20 =2"> no=2>Sn0=2=>mw0OoO=2=>wo0

Fig. 3. Seasonal variations in monthly values of (a) precipitation and groundwater level (GWL), (b) soil moisture (30 cm depth), (c) air temperature and soil
temperature (5 cm depth), (d) net radiation (R,), (e) daytime vapor pressure deficit (VPD; 0900-1500) and (f) net ecosystem exchange of CH4 (NEE-CH,4) from
January 2014 to December 2020. The period before conversion was peat swamp forest from January 2014 to February 2017, the period during conversion was land

clearing from March 2017 to April 2018, and the period after conversion was young oil palm plantation from May 2018 to December 2020. The horizontal dashed
line indicates zero line. Vertical bars represent one standard error.
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3. Results
3.1. Seasonal environmental variations

From January 2014 to December 2020, the monthly precipitation
varied considerably, ranging from 55 to 457 mm month ™! (Fig. 3a). The
precipitation typically increased from October to March, representing
the wet season, which accounts for about 60 % of the total annual
precipitation. Conversely, the months from June to August were
generally the driest, with monthly precipitation falling below 150 mm.
The mean annual precipitation over the study period was 2519 mm
year’l.

Before conversion, a distinct seasonal variation was observed in
GWL, similar to those in precipitation (Fig. 3a). The monthly GWL in this
period varied from —50.6 to 0.2 cm. During conversion, draining of
peatland had lowered the GWL from —21 cm to —131 cm. After con-
version, the monthly GWL showed a gradual increase from —129 cm in
May 2018 to —71 cm in December 2020. The monthly GWL during and
after the conversion were significantly lower (P < 0.05) compared to
those before conversion (Table 2). Mean monthly GWL before, during
and after conversion were — 20.0 + 14.2, —102.3 + 31.6 and — 96.5 +
19.3 cm, respectively.

Seasonal variation in soil moisture was strongly influenced by pre-
cipitation before conversion (Fig. 3b). In 2015, the El Nino induced dry
period from February to October led to a decline in soil moisture from
0.88 to 0.20 m® m 3. Precipitation was particularly scarce from July to
October, with only 10-14 rainy days and a significant 20-day dry spell in
September. This trend reversed drastically in November with 328 mm of
precipitation over 27 days, causing a sharp 0.46 m® m~3 increase in soil
moisture. During and after the conversion, the soil moisture was
strongly influenced by GWL. As GWL decreased due to drainage, the soil
moisture simultaneously decreased to 0.15 m® m~ in May 2019 and
reverted to 0.34 m® m™2 in December 2020. The monthly variations in
soil moistures during and after the conversion were narrower than
before the conversion. The monthly soil moisture after conversion was
significantly lower (P < 0.05) than before the conversion (Table 2).
Mean monthly soil moisture was 0.60 + 0.20 m> m~2 before conversion,
0.40 + 0.12 m® m~3 during conversion and 0.28 + 0.05 m® m~? after
conversion.

The monthly air temperature exhibited narrow variation, ranging

Table 2

Mean monthly net ecosystem exchange of CH4 (NEE-CH,), groundwater level
(GWL), soil moisture, air temperature, soil temperature, net radiation (R,) and
daytime vapor pressure deficit (VPD; 0900-1500) for the periods of before
conversion (January 2014 — February 2017), during conversion (March 2017 —
April 2018) and after conversion (May 2018 — December 2020). The values
represent mean + 1 standard deviation.

Variable Period
Before conversion During After conversion
(Peat swamp conversion (Land (Young oil palm
forest) clearing) plantation)
NEE-CH4 (mg C 121 +£5.3% 233+86" 16.3+4.1°¢
m—Z dfl)
GWL (cm) ~20.0 142 1023 +31.6°%  -96.5+19.3°
Soil moisture 0.60 +0.20 ° 0.40 £ 0.12° 0.28 + 0.05 ¢
(m®m~3)
Air temperature  26.5 + 0.7 *° 26.1+0.4% 26.6 + 0.5
((®)]
Soil 26.5+ 0.6 288 +1.0° 29.6 £ 0.6 ¢
temperature
()]
R,(Wm™32) 146 + 102 141 + 122 129 +8°
Daytime VPD 0.76 + 0.16 ° 0.89 + 0.08 ® 0.94 +0.13°
(kPa)

Note: Different lower-case letters indicate significant differences among the
three periods (ANOVA, P < 0.05).
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from 25.0 to 28.1 °C in this study (Fig. 3c). Mean annual air temperature
over the years 2014-2020 was 26.5 °C. There was only a minor differ-
ence (< 0.5 °C) in the monthly mean air temperature during the three
periods, although it was significantly different (P < 0.05) among the
periods (Table 2). Before conversion, the variation in monthly soil
temperature was minimal (Fig. 3c). In April 2017, a significant increase
of about 4 °C was observed due to the removal of forest cover. Higher
variability in soil temperature was observed after conversion. The mean
monthly soil temperature after conversion was 29.6 & 0.6 °C, which was
significantly higher (P < 0.05) than the soil temperature of 26.5 + 0.6 °C
before conversion (Table 2).

The monthly R, exhibited inconsistent variation from January 2014
to December 2020 (Fig. 3d). However, after conversion, the monthly
variation in R,, was narrowed compared to before conversion, and the R,
decreased significantly (P < 0.05; Table 2). There was no clear seasonal
change in VPD, but there was a slight increase during and after the
conversion (Fig. 3e). The monthly VPD was significantly higher (P <
0.05) during and after the conversion (Table 2).

3.2. Seasonal net ecosystem CH4 exchange

Before conversion, the monthly NEE-CH4 showed a distinct seasonal
variation (Fig. 3f), with higher NEE-CH4 during the wet season. Within
this period, the monthly NEE-CH4 were consistently positive and varied
from 0.34 to 21.8 mg C m~2 d~!. Elevated NEE-CH, values, exceeding
20 mg C m 2 d™}, coincided with periods of elevated GWL, specifically
0.11 cm above ground in January 2015 and 0.16 cm in January 2016.
During the conversion period, from March to September 2017, the NEE-
CH, fluctuated considerably, between 20.1 and 38.3 mg C m 2 d},
followed by a minimal variation until April 2018. There were notable
peaks in NEE-CH4 during the early conversion period, specifically in
March, June and August 2017. After conversion, the NEE-CH4 decreased
from 24.9 mg Cm~2d~! in May 2018 to 14.6 mg C m~2 d ! in December
2020. The mean monthly NEE-CH,4 during and after conversion were
significantly higher (P < 0.05) than before conversion despite the GWL
being lowered by drainage (Table 2). Mean monthly NEE-CH4 before,
during and after conversion were 12.1 + 5.3, 23.3 + 8.6 and 16.3 + 4.1
mg Cm 2 d~}, respectively. While the GWL exhibited an upward trend
after conversion, the NEE-CH4 gradually decreased over time. From
2014 to 2020, the annual NEE-CH4 varied between 3.67 and 8.25 g C
m~2 year~! with a mean of 5.74 g C m~2 year ™! (Fig. 4).

3.3. Effect of controlled burning on environmental variables

The controlled burning was carried out on the afternoon of 17
February 2018, from 15:00 to 19:00, following six consecutive rain-free
days. A radius of approximately 25 m around the tower was intention-
ally left unburned to safeguard the sensors. No significant changes were
observed in GWL, soil moisture, or soil temperature during the
controlled burning (Figs. 5a — 5b) as these sensors were located in the
unburned area. Nevertheless, the burning strongly influenced the
aboveground measurements such as air temperature, net radiation and
VPD. The effect of controlled burning was initially noted in R, with a
drop in R, from 436 to 102 W m 2 from 15:00-15:30 (Fig. 5¢). The
smoke generated from the burning reduced R, to its lowest value of
—790 W m ™2 at 16:30-17:00. As the burning approached the tower area,
the air temperature began to rise from 32 to 35 °C between 16:00 and
16:30, reaching a peak of 40 °C between 16:30 and 17:00, and then
slowly decreased to 29 °C between 18:30 and 19:00 (Fig. 5b). The VPD
showed a similar trend with air temperature. It increased from 2.29 kPa
at 16:00-16:30 to a peak of 5 kPa at 16:30-17:00, and then gradually
declined to 1 kPa at 18:30-19:00 (Fig. 5d).

3.4. Effect of controlled burning on NEE-CHy4

Fire-driven processes are clearly reflected in the fluctuations of



G.X. Wong et al.

10 ~
8 4
T
£ °]
o >
ooy
wE 47
Z0
2 21
0 - . . .

Science of the Total Environment 962 (2025) 178466

111

2014 2015 2016

2017 2018 2019 2020
Year

Fig. 4. Variation in annual net ecosystem exchange of CH4 (NEE-CH,) from 2014 to 2020.

atmospheric CH4 concentrations. The exceptionally high NEE-CH4
observed during the controlled burning were identified as outliers and
removed by median absolute deviation (MAD) in data quality control.
Thus, the NEE-CH,4 data prior to MAD filtering was used to illustrate how
burning affects NEE-CH4 (Fig. 5e). The RSSI of these data was 11-16 %,
which was greater than the predefined 10 % threshold (Sakabe et al.,
2018). On 17 February 2018, the NEE-CH4 values were generally below
0.002 mg C m~2 s7!, except for the period of controlled burning
(15:00-19:00), when the values spiked significantly. During this period,
the NEE-CH,4 remained relatively stable from 15:00 to 17:00, followed
by a sharp increase to four extreme values of 0.91, 0.28, 0.13 and 0.04
mg Cm~2s~!. Subsequently, after the controlled burning, these elevated
values rapidly decreased to 0.00016 mg C m~2 s™! at 19:00-19:30.

3.5. Correlation between NEE-CH4 and hydrological variables

We examined the responses of CHy flux to changes in GWL and soil
moisture using binned data, dividing the data into 10 groups (Figs. 6a —
6b). Before conversion, NEE-CH,4 was strongly correlated with both GWL
and soil moisture (P < 0.001), with Pearson correlation coefficients of
0.91 and 0.98, respectively. During the conversion, the NEE-CH4
showed a positive correlation with both GWL and soil moisture. How-
ever, only the relationship with GWL was statistically significant (P <
0.05), with a moderate coefficient of 0.67. After the conversion, the
relationship between NEE-CH4 and GWL became negatively associated
(P < 0.05), while soil moisture showed no significant correlation with
NEE-CH4 (P > 0.05).

4. Discussion
4.1. Environmental response to land conversion

Before conversion, the variation in GWL was strongly influenced by
precipitation (Fig. 3a). This pattern reflects the typical hydrology of peat
swamp forests, where the GWL stays at or above the soil surface during
the wet season and drops to below —30 cm during the dry season
(Hirano et al., 2014; Rossita et al., 2018; Tang et al., 2020). However,
following drainage during conversion, the influence of precipitation on
GWL declined, indicating a shift in the hydrological pattern due to the
land conversion. For instance, an increase in precipitation from 85 mm
month™! in July 2017 to 253 mm month™! in October 2017 during the
conversion was accompanied by a decrease in GWL, contrary to a typical
GWL rise. To clearly delineate the hydrological change, we assess the
distribution of daily GWL before, during and after conversion in relation
to dry (April-September) and wet (October — March) seasons (Fig. 7a).
During conversion, the mean GWL was remarkably lower during the wet
season than in the dry season, contrasting with before conversion. The
drainage during and after conversion induced greater variability in daily
GWL, particularly in the dry season, as indicated by a wider interquartile

range and longer whiskers. The increased variability in daily GWL could
be attributed to the GWL control implemented by the plantation.
Overall, the mean GWL in the young oil palm plantation after conversion
(Table 2) was considerably lower than the —33 to —75 cm range re-
ported for Southeast Asian oil palm plantations established on peatlands
(Carlson et al., 2015; Junedi et al., 2017; Adhi et al., 2021).

Consistent with previous studies, our results indicated a significant
reduction in soil moisture associated with the decline in GWL (Price,
1997; Zhang et al., 2022; Zhao et al., 2023). The removal of forest cover
results in greater ground light exposure and increased soil temperatures,
which can increase evaporation rates and further reduce soil moisture
(Voldoire and Royer, 2004; McCarthy and Brown, 2006; Lin et al.,
2017). Notably, the extensive daily variations in soil moisture before
conversion (Fig. 7b) could be attributed to the high porosity of peat soil,
characterized by its large, interconnected macropores. These macro-
pores are known to facilitate rapid water movement within the soil
layers (Baird, 1997; Holden, 2009; Wallage and Holden, 2011; Reza-
nezhad et al., 2016; McCarter et al., 2020), which can potentially
accelerate moisture loss on dry days, resulting in high variability in soil
moisture. Drainage of peatlands typically leads to soil consolidation and
a consequent decrease in pore space, which narrows the range of soil
moisture fluctuations both during and after conversion (Kechavarzi
et al., 2010; Imran et al., 2022).

Conversion of peat swamp forests to large-scale plantations can
substantially increase air and soil temperatures (Hardwick et al., 2015;
Meijide et al., 2018; Anamulai et al., 2019). In this study, the air tem-
perature measured above the canopy did not exhibit a significant in-
crease after conversion (Table 2). However, below the canopy, at 3 m
above ground, a significant rise of 1.2 °C in daily maximum air tem-
perature was observed, as reported by Kiew et al. (2025). As for soil
temperature, there was a temperature increase of 2.3 °C during con-
version and 3.1 °C after conversion compared to before conversion
(Table 2). This rise can be attributed to the removal of forest cover,
allowing solar radiation to directly reach the soil surface, where it is
absorbed and heats the soil, thereby increasing soil temperature (Potter,
1999; Laurance and Useche, 2009). In comparison with other studies,
the soil temperature after conversion was 0.9-3.5 °C higher than those
reported in 4-13 years of oil palm plantations on peatlands (Ishikura
et al,, 2018b; Swails et al., 2019; Gusmayanti et al., 2019). This
discrepancy could be due to the presence of understory vegetation cover
in mature plantations. Such vegetation cover reduces the amount of
direct solar radiation reaching and heating the soil surface, contrasting
with the conditions observed in newly established plantations.

Recent studies have highlighted the significant influence of land use
changes on R, particularly through alterations in the upward shortwave
and longwave radiations (Liu et al., 2019; Ferreira et al., 2020; Chilukoti
and Xue, 2021). Consistent with these findings, our results indicate that
the conversion of peat swamp forest to oil palm plantation led to a
significant decrease in R, (Table 2). The decline was due to the removal
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of forest cover along with drainage that dries the soil surface, leading to
a more reflective soil surface that increases upward shortwave radiation
and albedo (data not shown). Several studies have investigated the soil
reflectance, showing increased reflectance with soil drying
(Baumgardner et al., 1986; Twomey et al., 1986; Matthias et al., 2000;
Lobell and Asner, 2002). In addition, the relatively open canopies of the
young oil palm trees after conversion allowed more solar radiation to
reach the soil, which in turn heated the soil and increased upward
longwave radiation. The combined effect of increased upward short-
wave and longwave radiations subsequently resulted in a reduction in
Rp.

10

mark the mean values, while the blue and red dots represent the extreme values.

4.2. Environmental response to controlled burning

Controlled burning significantly influences the peatland environ-
ment, as shown in Fig. 5. During the controlled burning, the GWL was
maintained at —131 to —132 cm below the ground and remained un-
affected by the burning. However, the heat produced by the burning
caused a temporary warming effect, increasing the air temperature by
8 °C. Numerous studies have documented that higher air temperatures
can increase VPD (Williams et al., 2013; Eamus et al., 2013; Will et al.,
2013; Huang et al., 2019; Yuan et al., 2019). Consequently, the spike in
air temperature resulted in a doubling of the VPD to 4.97 kPa. The
smoke emitted during burning can attenuate the R, by absorbing and
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reflecting incoming radiation, while the burning contributes to surface
warming and an increase in upward longwave radiation (Stone et al.,
2008; Li et al., 2017; Varnai et al., 2019). Specifically, we observed an
increase in upward shortwave radiation by 314 W m ™2, primarily due to
smoke reflection, and an increase in upward longwave radiation by 657
W m~2 because of surface warming. The elevated upward radiations
caused a marked decrease in R, with values descending into the nega-
tive during the period of controlled burning. The significant amount of
charcoal generated during the controlled burning darkened the peatland
surface (Fig. S2), consequently reducing albedo (data not shown) and
altering R,, (Ohkubo et al., 2021). Soil moisture and temperature in the
unburned area did not change attributable to the burning. In the burning
area, it is logically inferred that heat generated by burning could
penetrate deeper into the soil, potentially increasing soil temperatures,
causing moisture vaporization, and reducing soil moisture content
(Massman et al., 2010). Furthermore, the increase in air temperature,
coupled with a higher VPD, leads to greater evaporative demand, which
could further reduce the soil moisture (Seneviratne et al., 2010).

4.3. Peatland conversion and CH4 emissions

Compared to a recent study in Sumatra, Indonesia (Deshmukh et al.,
2020), our mean NEE-CHy value during conversion (Table 2) was double
that of an Acacia plantation. After the conversion, our mean NEE-CHy4
was 43 % higher than the rate in the Acacia plantation cited in the same
study.

While previous studies comparing peat swamp forests with agricul-
tural plantations suggested that draining tropical peatlands for agri-
culture often leads to reduced CH,4 emissions (Melling et al., 2005; Wong
et al., 2020; Swails et al., 2021, 2023), our results indicate a rise in CH4
emissions during and after the conversion with drainage. This discrep-
ancy indicates that the direct comparisons between the CH4 fluxes of
peat swamp forests and agricultural plantations in the earlier studies do
not fully capture the effect of land conversion, potentially leading to a
significant underestimation of the conversion-related CH4 emissions.
Furthermore, it is important to note that making direct comparisons of
greenhouse gas fluxes between undisturbed forests and mature oil palm
plantation emissions is not sufficient, as this fails to account for the
emissions associated with the land conversion process (Cooper et al.,
2020).

In waterlogged peatlands, anaerobic conditions favour methano-
genesis, resulting in CH4 supersaturation within the porewater of deep,
anaerobic peat layers (Lai, 2009). When this supersaturation exceeds
hydrostatic pressure, CH4 bubbles form and can become trapped within
peat pores (Chanton and Whiting, 1995; Kellner et al., 2005). Numerous
studies have documented elevated concentrations of CHy in the deep
layers of peat soils (Saarnio et al., 1997; Melling et al., 2005; Beer and
Blodau, 2007; Miinchberger et al., 2019; Yuan et al., 2021), with the
potential for release at a high rate upon exposure to the atmosphere
(Inubushi et al., 1998). Before conversion, soil CH4 concentrations at the
study site (sampled from stainless steel pipes) ranged from 2.4 to 56.5
ppm between 0 and 40 cm depth, increasing to 610 ppm at 80 cm depth.
The land conversion process involved extensive excavation to establish
drainage channels, penetrating the peat soil to depths of 1.2-2.5 m
(Melling et al., 2008), which exposed deep peat layers to the atmo-
sphere. The three peaks in monthly NEE-CHa (Fig. 3f) coincided with
excavation period of the main and collection drains from March to
September 2017, which may have contributed to a high rate of CHa
release from the exposed deep peat layers. While waterlogged conditions
hinder CH. diffusion, drainage during the initial stages of conversion can
temporarily enhance diffusion, leading to increased CH4 emissions
(Moore and Roulet, 1993; Romanowicz et al., 1995; Mojeremane et al.,
2010). Indeed, when the GWL is lowered, the hydrostatic pressure
within the peat is reduced, increasing CHy4 ebullition (Mannisto et al.,
2019). Furthermore, mechanical disturbances of soil can release
entrapped CHy, increasing emissions via ebullition (Fechner-Levy and
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Hemond, 1996; Neue et al., 1997; Aulakh et al., 2001; Martinez-Eixarch
etal., 2018). Due to the high porosity of peat soil, compaction reduces its
pore space, forcing trapped gas bubbles to the surface, where they are
released into the atmosphere. These disturbances, particularly clear-
cutting and soil compaction, are likely contributing to the increase in
CH. emissions observed during conversion.

Increase in CH,4 emissions after drainage both during and after con-
version, largely due to the release of CH4 from drainage ditches. In
temperate peatlands, small water bodies, particularly drainage ditches,
can act as hotspots for CH4 emissions, contributing significantly to the
total emissions (Minkkinen and Laine, 2006; Hendriks et al., 2007;
Schrier-Uijl et al., 2010; Hyvonen et al., 2013; Kohn et al., 2021).
Existing studies in tropical peatlands using floating chambers to measure
CH4 fluxes indicate that drainage ditches exhibit highly variable but
generally much higher emissions compared to the surrounding peat
areas, highlighting the ditches as potential hotspots for CH4 emissions
(Jauhiainen and Silvennoinen, 2012; Kent, 2019; Manning et al., 2019).
A recent study by Kasak et al. (2023) discovered that the average CH4
emissions originating from the study site’s ditches reached 10.8 + 14.3
mg C m~2 h~}, accounting both diffusive and ebullitive emission types.
Notably, this emission rate from the ditches was more than twice the rate
reported for the mature oil palm plantations on peat in Bintulu, Sarawak
(Manning et al., 2019). Furthermore, the spatial extent of ditches within
the peatland has been shown to affect the CH4 emissions (Evans et al.,
2016), and our study site was moderately drained following the classi-
fication by Dadap et al. (2021). An analysis of the eddy covariance
footprint (Kljun et al., 2015) revealed that 80 % of the fluxes after
conversion originated within a 750 m radius upwind of the measure-
ment point, predominantly originating from the oil palm plantation
(Fig. S3). The drainage ditches were found to occupy 5.9 % of this flux
footprint area. Notably, in a temperate peatland, a mere 5 % coverage by
ditches can account for as much as 84 % of the total CH4 emissions (Teh
et al., 2011).

High CH,4 emissions from drainage ditches may arise from microbial
decomposition of dissolved organic carbon (DOC) in the pore water of
sediments or peat, or via lateral transport of dissolved CH4 from anoxic
peat layers (Billett and Moore, 2008; Clark et al., 2023; Dean et al.,
2018). Although this study did not measure DOC concentrations, it has
been reported that lowering the GWL through drainage enhances soil
aeration, thereby increasing oxygen in the soil and accelerating the
decomposition of organic matter, which can lead to increased dissolved
organic carbon concentrations (Strack et al., 2008, 2019; Zhao et al.,
2020; Bowen et al., 2024). These higher DOC concentrations provide a
larger supply of carbon substrate that stimulates microbial metabolism,
resulting in increased CH4 production (Luan and Wu, 2015; Leng et al.,
2021). As for the lateral transport, a large CH4 efflux can occur from a
ditch if CHy-saturated water seeps from the adjacent peat into the ditch
and is degassed (Turetsky et al., 2014), whereby the lateral transport of
CH,4 is more feasible in tropical peatlands due to their high soil perme-
ability (Baird et al., 2017; Kent, 2019).

After conversion, there was a decline in NEE-CH4 from 2018 to 2020,
as shown in Figs. 3f and 4. This trend might result from various factors,
including the persistent drop in GWL, which increased aerobic decom-
position of organic matter, consumed carbon substrates that would
typically promote CH4 production under anoxic conditions (Kettunen
et al., 1999; Waddington and Day, 2007; Urbanova et al., 2013;
Urbanova and Barta, 2020). The consumption reduced available sub-
strates for methanogenesis and decreased the CH4 production potential.
This dynamic is illustrated in Fig. 6a, where increases in GWL did not
correlate with increased NEE-CH,4 after the conversion, suggesting that
the available substrates may have been depleted over time due to the
sustained lowering of GWL. Prolonged drying from drainage may also
reduce the population and diversity of methanogens owing to oxygen
toxicity (Yrjala et al., 2011; Urbanova et al., 2013). In addition, the
application of fertilizers such as nitrate and sulphate-based fertilizers to
soil could suppress CHy emissions, disrupting the microbial
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methanogenic processes. Some studies indicate that adding nitrate to
soil can extensively utilize hydrogen by nitrate-reducing bacteria,
inhibiting CH4 production and potentially causing methanogenic
toxicity (Kliiber and Conrad, 1998; Roy and Conrad, 1999; Wang et al.,
2018; Meng et al., 2023), while high sulphate fertilization rates may
decrease CH,4 emissions due to sulphate-reducers outcompeting metha-
nogens for substrates (Hori et al., 1990; Minamikawa et al., 2005).
Furthermore, at the onset of an oil palm plantation, residual unburned
coarse woody debris may act as a source of CHy4; however, this di-
minishes over time as the increasing populations of methanotrophs in
the wood oxidize the CHj4, leading to reduced emissions from the
decomposing wood (Makipaa et al., 2018; Mukhortova et al., 2021;
Hirano et al., 2022). Compared with a mature oil palm plantation (Wong
et al., 2020), the annual NEE-CH,4 (5.6 g C m ™2 year 1) from the young
oil palm plantation after conversion in this study was more than double,
suggesting that CH4 emissions could potentially decrease to less than
half as the plantation matures, influenced by the aforementioned
factors.

4.4. Controlled burning and CH4 emissions

While the duration of controlled burning is short, it can lead to
elevated values of NEE-CH, ranging from 0.04 to 0.91 mg C m 2 s™!
during this period (Fig. 5e). This increase could be attributable to the
incomplete combustion of stacked woody debris, a process known to
produce pyrogenic CHy (Stavert et al., 2022). However, it’s important to
note that our CH4 measurements during controlled burning could be
influenced by interference from elevated volatile organic compound
(VOQ) emissions, potentially affecting the accuracy of these elevated
values (Kohl et al., 2019). Although this study was unable to directly
address VOC interference, future research incorporating VOC measure-
ments alongside CH4 analysis would be valuable for determining the
extent of this interference.

Despite the potential for VOC interference to influence the accuracy
of short-term CHy4 flux measurements during controlled burning, we
aimed to evaluate the overall effect of controlled burning on annual
NEE-CH4 during conversion. To do this, we calculated the annual
emissions for the period of March 2017 to February 2018 under two
scenarios: one reflecting a baseline condition where elevated values
were omitted and gaps filled using the MDS method and another ac-
counting for emissions including elevated values from controlled
burning. The estimated NEE-CH, was 9.1 g Cm ™2 year ™ for the baseline
scenario, while including the elevated values from controlled burning
raised the emission to 11.6 g C m 2 year !, demonstrating that
controlled burning could potentially increase annual NEE-CH,4 by 26 %.
A study examining the effect of slash-and-burn practices on a tropical
peatland oil palm plantation found that burned areas emitted higher
CH4 than unburned areas (Dhandapani and Evers, 2020). Conversely,
our study observed no significant rise in NEE-CH, in the months after the
controlled burning (Fig. 3f). Indeed, the significant amount of pyrogenic
carbon, which is charcoal formed during the incomplete burning in
controlled burning, might affect subsequent microbial digestion pro-
cesses. As CHy4 production in peat soils is predominantly facilitated by
microbial digestion, the presence of pyrogenic carbon can modify these
microbial activities, stimulate alternative forms of microbial respiration
in the soil that limit CH4 production (Sun et al., 2021).

4.5. Global warming potential of peatland conversion

Our results demonstrating increased CH4 emissions from peatland
conversion to oil palm plantations suggest the need for a comprehensive
assessment of how these emissions impact the overall GWP of this land
conversion. To this end, we calculated the GWP for each period (Table 3)
using GWP factors of 1 for CO, and 27 for CH4 over a 100-year timescale
(IPCC, 2021). However, due to data constraints, our GWP assessments
did not account for N2O emissions, despite tropical peatlands being a
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Table 3

The annual net ecosystem exchange of CO, (NEE-CO,) and CH4 (NEE-CH,),
along with the global warming potential (GWP), was calculated for the periods
before, during and after conversion. The GWP was based on radiative forcing
over a 100-years’ time horizon: CO; = 1 and CH4 = 27.

Annual NEE Before conversion During After conversion
(Peat swamp conversion (Land (Young oil palm
forest) clearing) plantation)

NEE-CO;, (g 293 9468 11,487

CO, m™2
year 1)
NEE-CHy4 (g 156 328 229
COz-eq m?2
year 1)

GWP (g CO,- 449 9797 11,716

eq m~2
year 1)

2 See details in Kiew et al. (2025).

significant source (Melling et al., 2007; Ishikura et al., 2018a). This
omission could potentially result in an underestimation of the overall
GWP.

Measurement of NEE-CO3 at the same study site by Kiew et al. (2025)
revealed that the NEE-CO; before, during and after conversion were
293, 9468 and 11,487 g CO, m~2 year !, respectively, denoting sig-
nificant increases in CO4 emissions throughout the conversion. In tan-
dem, the NEE-CH4 converted to CO, equivalents, were 156, 328 and 229
g COy-eq m ™2 year ! for the respective time periods. Due to the con-
version, the GWP increased markedly, reaching 9797 g COz-eq m >
year! during conversion and 11,716 g COy-eq m~2 year ' after con-
version, compared to the before conversion value of 449 g CO»-eq m ™2
year !, The NEE-CH,4 accounted for 36 % of the GWP before conversion.
In contrast, during and after conversion, the GWP predominantly con-
sisted of NEE-CO, contributed >95 %, while NEE-CH,4 accounted for
only 3.35 % during conversion and 1.95 % after conversion. Thus, the
contribution of NEE-CH4 to the GWP of peatland conversion was rela-
tively minor. In a mature oil palm plantation, for comparison, with an
NEE-CO: of 3642 g CO2 m 2 year ' and an NEE-CH. of 79 g COz-eq m 2
year’l, the NEE-CHa accounted for 2.12 % of the GWP (Kiew et al.,
2020; Wong et al., 2020). This was slightly higher than the NEE-CHa
contribution observed in the young oil palm plantation after conversion
in this study.

5. Conclusions

Since 1990, extensive tropical peatlands in Southeast Asia have un-
dergone substantial conversion to oil palm plantations (Miettinen et al.,
2016). To our knowledge, this study provides the first continuous, in situ
measurements of both environmental conditions and CH4 fluxes
throughout the entire conversion period, providing valuable insights
into the impacts of peat swamp forest conversion. Our results demon-
strate that drainage, removal of forest cover through clear-cutting and
controlled burning during peat swamp forest conversion to oil palm
plantation significantly altered the environment, including reduced
GWL and soil moisture, increased soil temperature and altered radiation
dynamics. Contrary to expectations that drainage would lower CH4
emissions, our findings show that the site remained a consistent net
source, with even higher emissions observed during and after conver-
sion. Given these findings, this study makes a significant contribution by
quantifying NEE-CH,4 emissions throughout peat swamp forest conver-
sion to oil palm plantations. This data will ultimately contribute to
improving global CH4 inventories and flux observations. However, to
gain a more thorough understanding of how this land conversion im-
pacts CH4 dynamics, further research, particularly investigating the
changes in soil’s physical and chemical properties and their correlation
to CH4 emissions, is needed.
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