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Abstract: The drainage and cultivation of peatlands will lead to subsidence and mineralisation of
organic matter, increasing carbon (C) loss as more CO2 is emitted. There is little information about
carbon emissions from bare peat soil. A study was undertaken to measure the CO2 emissions from a
logged-over peat swamp area that was purposely vegetation-free. We aimed to report CO2 emissions
from a bare, drained peatland developed for an oil palm plantation. For 12 months, we used eddy
covariance (EC), closed chambers, and soil subsidence measurements to derive CO2 emissions from a
logged-over peat swamp area. Significant variations in the estimated soil CO2 efflux were observed in
the three tested measurement techniques. The average CO2 flux rate measured by the EC technique
was 4.94± 0.12 µmol CO2 m−2 s−1 (or 68.55 tonnes CO2 ha−1 year−1). Meanwhile, the soil CO2 efflux
rate measured by the closed chamber technique was 4.19 ± 0.22 µmol CO2 m−2 s−1 (or 58.14 tonnes
CO2 ha−1 year−1). Subsidence amounted to 1.9 cm year−1, corresponding to 36.12 tonnes CO2 ha−1

year−1. The estimation of the C loss was found to be highest by the EC technique, lower by the soil
chamber technique, and lowest by the peat subsidence rate technique. The higher CO2 emission
rate observed in the EC technique could be attributed to soil microbial respiration and decomposing
woody residues in the nearby stacking rows due to the large EC footprint. It could also be affected
by CO2 advection from oil palms adjacent to the study site. Despite the large differences in the
CO2 emission rates by the different techniques, this study provides valuable information on the soil
heterotrophic respiration of deep peat in Sarawak. Carbon emissions from a bare peat area cover
only a fraction of the soil CO2 respiration component, i.e., the soil heterotrophic respiration. Further
investigations are needed to determine the CO2 emissions by soil microbial activities and plant roots
from other peat areas in Sarawak.

Keywords: soil CO2 emissions; peat subsidence; closed chamber; eddy covariance; tropical peat;
heterotrophic respiration

1. Introduction

Malaysia has 2,426,600 hectares (ha) of tropical peatland, and approximately 65% or
1,588,142 ha of it is in Sarawak. The remaining areas are peninsular Malaysia: 716,944 ha,
and Sabah: 121,514 ha [1]. Wahid et al. [1] reported that the total peatland area planted
with oil palm in Malaysia was 666,038 ha, with 37.45% located in Sarawak.

Tropical peatland is known for its unique ecosystem and is vital in storing large
amounts of carbon. The conversion of tropical peatland into cultivation area leads to

Agriculture 2023, 13, 622. https://doi.org/10.3390/agriculture13030622 https://www.mdpi.com/journal/agriculture

https://doi.org/10.3390/agriculture13030622
https://doi.org/10.3390/agriculture13030622
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0000-0001-6703-2208
https://doi.org/10.3390/agriculture13030622
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture13030622?type=check_update&version=2


Agriculture 2023, 13, 622 2 of 17

carbon emissions when the peat is drained [2–4]. Carbon loss and greenhouse gas (GHG)
emissions from tropical peatlands are a major concern since they contribute to climate
change.

There has been much debate on the magnitude of drainage-induced carbon fluxes
of tropical peatlands [5,6]. It is known that the development of oil palm plantations on
tropical peatlands with a water table of 60 cm requires drainage to a level below the peat
surface [7,8]. Drainage in peatlands raises soil oxygen levels, accelerating decomposition
and leading to increased respiration and elevated GHG emissions [9]. The process of
drainage and cultivation of peat soils will also lead to peat subsidence [10,11], partly due
to consolidation and compaction.

Soil respiration represents the second-largest carbon flux between the atmosphere
and terrestrial ecosystems. Components of soil respiration consist of autotrophic and
heterotrophic respirations [12]. Autotrophic respiration is the metabolic respiration of
live roots associated with mycorrhiza and symbiotic N-fixing nodules. Heterotrophic
respiration is caused by the microbial decomposition of root exudates in the rhizosphere
above and below the ground in the litter and soil organic matter [12].

There is less information on soil heterotrophic respiration in tropical peatlands. Various
methods exist to assess CO2 fluxes from peat soils. The most common methods are the eddy
covariance technique [6,13,14], closed-chamber measurements [15–17], and subsidence-
based assessments [11,18]. Here, we present results on CO2 emissions measured using the
three methods on soil with heterotrophic respiration in a bare, drained tropical peatland.

There is relatively little information regarding the carbon flux measurements from
drained tropical peatlands that are kept free of vegetation, particularly in Malaysia. Thus,
this study was undertaken to measure CO2 emissions. The bare, drained peatland chosen
for this study was earmarked for an oil palm plantation. Thus, the results reveal CO2
emissions of the soil heterotrophic respiration.

2. Materials and Methods
2.1. Site Description

The study site was identified as a newly logged-over secondary peat area located
at an oil palm estate near Sibu, Sarawak (111◦58′04.891′′ E, 02◦33′58.800′′ N). The area
development for oil palm cultivation started in 2009, and the actual oil palm planting was
carried out in 2010.

The measurement campaign was conducted from January 2011 to December 2011.
A one-hectare area was kept vegetation-free by occasionally spraying herbicide when
necessary, and weeds were removed manually. Land preparation was performed according
to the standard estate practices, which consisted of compaction, stacking of woody biomass
residues between planting rows, and water draining to a depth of 60 cm from the surface
through collection drains. The instrument layout within the one-hectare plot is illustrated
in Figure 1.

The peat was classified as the Anderson 3 (Records of Soils Division, Department of
Agriculture, Sarawak) and the Kenyana Series peat, a very deep peat phase consisting of
sapric materials with undecomposed wood within the 100 cm depth [19]. On the Sub-Group
level, the soil was classified as TypicHaplosaprist [20] and Sapric-Ombrogambists [21].

The peat depth ranged from 6 to 8 m, measured using a peat depth rod. The site has a
flat topography with gentle slopes, consisting of 0 to 4% levels; the elevation in the area
was less than 5 m [21].
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Figure 1. The instrument layout at the one-hectare plot was kept free of vegetation in an oil palm
estate in Sibu, Sarawak.

2.2. The Water Table

The water table depth below the peat surface was monitored using five automatic
water level recorders (Cera-Diver, Van Essen Instruments, Delft, Netherlands, and STS
Sensor Datalogger DL/N 70, Sinarch, Switzerland). The divers were installed in an open-
ended piezometer made from perforated 10 cm diameter polyvinyl chloride (PVC) pipes
installed near the subsidence poles. The piezometer was inserted into the peat to the 160
cm depth, with 40 cm of the device remaining above the peat surface. The automatic
water level recorders recorded the field water table at hourly intervals, and the data were
downloaded bi-weekly.

2.3. The Eddy Covariance Technique

In this study, the EC instruments for measuring atmospheric CO2 fluxes were installed
on a telescopic mast tower at 1.70 m above the peat surface. The EC system consisted of
a CSAT-3 sonic anemometer (Campbell Scientific Inc., Logan, UT, USA) and an LI-7500
open-path infrared gas analyser (LI-COR Inc., Lincoln, NE, USA). It was oriented towards
the prevailing wind direction (southwest). The outputs from these sensors were logged
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at 10 Hz and integrated as hourly means by a data logger (CR5000, Campbell Scientific
Inc.). The logger was programmed to analyse and compute the hourly fluxes of CO2, as
described by Henson [22].

Data were filtered for signal spikes, and the Webb–Pearman–Leuning (WPL) correction
was made to compensate for fast gas density effects on the gas flux [23]. The effect of in situ
fluxes of the simultaneous transfer of sensible and latent heat was considered. The effect
of the correction was to slightly increase the water vapour flux while reducing that of the
CO2 [24,25].

The dataset was filtered for insufficient quality data due to rain or moisture formation
on the open-path gas analyser head. Foken’s quality control procedures were implemented
to identify and remove fluxes flagged as bad due to under-developed turbulence [26].
Precipitation would also affect measurement accuracy; thus, flux data coinciding with rain
events were omitted. Gap-filling for the EC data was performed using the online gap-filling
and flux-partitioning tool [27].

The telescopic mast was also equipped with other sensors to measure short-wave and
long-wave radiations (CNR-2, Kipp & Zonen, Delft, The Netherlands), air temperature
and humidity (CS500, CSI, Logan, UT, USA), and soil heat fluxes (HFP01SC, CSI, Logan,
UT, USA). Two 12 VDC 150 A-hr deep-cycle batteries that were charged by three 110-W
mono-crystalline solar panels gave power to the EC instruments. An automatic weather
station (ET170, CSI, Logan, UT, USA) installed adjacent to the site provided additional mete-
orological data. The weather station measured wind speed, wind direction, air temperature,
relative humidity, rainfall, and solar radiation.

2.4. The Closed Chamber Technique

Soil CO2 efflux rate was measured using the closed chamber technique. A portable CO2
analyser system (EGM-4, PP-System, Amesbury, MA, USA) consists of an IRGA connected
to an opaque cylindrical soil chamber SRC-1 of a diameter of 10 cm and a height of 15 cm),
equipped with a fan to homogenise pressure, CO2 gradients, and temperature. This system
is a non-dispersive infrared measurement that adapts to environmental conditions and
ensures the long-term stability of the CO2 signal.

The soil chamber was placed on the soil PVC collar installed a week before measure-
ment began. These soil collars (diameter of 10 cm and height of 5 cm) were inserted into
the soil to depths of 3 cm and 2 cm above the soil surface [28]. To minimise leakage, we
placed a stainless-steel rim at the bottom of the soil chamber that fitted well with the soil
PVC collars.

Each measurement interval was determined by a maximum increase in CO2 concentra-
tion of 50 ppm and a maximum duration of 120 s. The rate of increase in CO2 concentration
with time within the chamber was then monitored. Soil CO2 efflux rate was calculated by
performing linear regression on the CO2 concentration data versus time, the volume of
the entire system, and the enclosed soil surface area. The measurements were performed
monthly over eleven months in 16 sub-plots (25 m × 25 m) in the one-hectare study plot.
At each measuring point, soil temperature was measured using the STP-1 Soil Temperature
Probe attached to the EGM-4 (PP-System, Amesbury, MA, USA). Soil moisture for the volu-
metric water content (%) was measured using HydroSense CD620 & CS620 (CSI, Logan,
UT, USA) at 5 to 10 cm depths below the peat surface. Other parameters also measured
were air temperature and relative humidity near the peat surface using a handheld sensor
(HM45, Vaisala, Vantaa, Finland).

2.5. Peat Subsidence

The peat surface level was measured using five subsidence poles made from 5 cm
diameter acrylonitrile butadiene styrene (ABS). Each pole was inserted vertically into the
peat to a depth of 9 m until it was firmly anchored in the underlying mineral substrate.
The initial peat level was marked on the pole using a sharp knife. Measurements were
taken at one to three-month intervals. Each subsidence pole area was fenced at 0.5 m
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radii to prevent any disturbances that could affect the measurement. The calculation of
CO2 emission and the 60% oxidation rate estimation were determined using the formula
described by Wösten et al. [11]. Although not all C loss is attributed to CO2 fluxes, a small
portion may be exported as dissolved organic matter in groundwater and ditch water,
which may not necessarily be transformed into CO2 or methane downstream [29–31].

The C loss was calculated according to Equation (1).

C =
(

0.54(C content) × 0.6(Oxidation ∼ 60%)

)
× (S× BD)

CO2eq flux = C× 44
12

(1)

where
C = Carbon [t C ha−1 yr−1]
CO2eq = Carbon dioxide equivalent [t CO2eq ha−1 yr−1]
S = Subsidence [cm−3 ha−1 yr−1]
BD = Bulk density [kg m−3]

2.6. Peat Sampling and Analysis

Peat samples, to 5 cm depths, were taken from the peat surface with three replicates
for each subplot (n = 48) using a sampling ring (5 cm height × 5 cm diameter). The soil
samples were randomly collected near the CO2 emission-measuring locations after the
measurements were performed. The undisturbed soil volume was analysed using the
Three-Phase Meter (DIK-1130, Daiki Rika Kogyo, Japan) to determine the water-filled pore
space (WFPS). This step was followed by oven-drying the peat samples at 105 ◦C until
a constant weight was achieved, and then they were weighed to determine the dry bulk
density and moisture content. The soil moisture content of the peat was expressed as a
percentage of the total pore space filled with water (% water-filled pore space = % WFPS).
This value indicated the ratio of the volumetric moisture content (cm3 H2O cm−3) to the
total soil porosity. The additional samples were analysed for total carbon (C) and nitrogen
content using the dry-combustion method using a CNS-2000 elemental analyser (LECO, St.
Joseph, MI, USA).

3. Results and Discussion
3.1. The Meteorology and Water Table

In 2011, the site received monthly cumulative rainfall between 100 and 500 mm with
an annual rainfall of 3029 mm. The total rain days were 240, with an average monthly
precipitation of 252 mm and air temperature of 26 ◦C. Despite the high precipitation
values and rain days recorded, there were significant variations in rain intensity (e.g., light,
moderate, or heavy rain) and duration (e.g., >24 h, >30 min, or >15 min). Thus, it was
not constantly raining at the site to a point where it could negatively affect the quality
of the flux measured. The relationship between the water table and rainfall in the year’s
second half differed from that in the first half because of intermittent water table sensor
interruptions, particularly in September (Figure 2).

The prevailing wind direction was from the southwest, as shown by the wind rose
(Figure 3). Wind speeds were generally >2 m s−1; lower wind speeds promote weaker net
CO2 uptake at sheltered wetlands. However, the relationship between wind speed and net
ecosystem exchange (NEE) at higher wind speeds was weak [32]. Hence, >2 m s−1 wind
would promote CO2 uptake.
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Figure 3. The annual wind rose at the site.

The water table was managed by maintaining a water level of 60 cm below the peat
surface at the collection drain. The monitored average water table was ~50 cm and ranged
between −20 and −68 cm below the peat surface (Figure 2). It was significantly correlated
(r = 0.80) to the monthly rainfall pattern (Figure 4).
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3.2. Eddy Covariance (EC) CO2 Fluxes

The eddy covariance (EC) CO2 flux analysis was based on the data collected from
January 2011 to November 2011. The average daily CO2 flux rate was 4.94 ± 0.12 µmol
CO2 m−2 s−1, see Figure 5. The daily trend of the CO2 flux rate varied between 4.25 and
6.25 µmol CO2 m−2 s−1 during daytime and night-time periods. No significant correlation
was found between CO2 flux rates and air temperature.
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On this bare plot, there was no uptake of CO2 during the daytime due to the lack of
vegetation. Figure 6 shows positive values for the monthly net ecosystem exchange (NEE),
which can be assumed to be the same as the soil respiration rate. It ranged from 3 µmol
CO2 m−2 s−1 to 6 µmol CO2 m−2 s−1. There were some measurement interruptions in
June due to sensor issues and power shortages, particularly in October. The estimated C
loss was about 68.55 t CO2 ha−1 yr−1; this value is within the range reported by Hatano
et al. [32]. The authors reported annual C loss rates of 54.8 t CO2 ha−1 yr−1 in natural peat
forests, 34.0 t CO2 ha−1 yr−1 in fire-affected regrowing forests, and 94.4 t CO2 ha−1 yr−1 in
croplands in Kalimantan.
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A previous analysis of an existing dataset shows a relationship between the water
table and the CO2 flux. We conducted a similar analysis for this dataset and found that
the water table correlated with the flux [31,33,34]. However, it correlated lower than the
previous analysis due to measurement interruptions. A study is underway to investigate it
further.

A factor that could contribute to the high CO2 emission measured by the EC method
is the decomposition of organic matter and surface litter, such as woody residues in the
stacking rows [35]. This could explain the 15% higher CO2 emissions of the EC method
compared to the soil-chamber-measured emissions, which only account for the soil in its
chamber. The results of the soil chamber measurement are discussed in the following
sub-section. Wood debris decomposition at the site remains to be studied.

The higher EC-measured C losses than the emissions estimated by the other techniques
studied might be due to the unique landscape of the bare peat site. It could be due to
possible CO2 advected from the surrounding oil palm area, which could also explain the
high CO2 fluxes obtained during night-time. This might be attributed to the bare plot
being warmer at night, causing its hot air to rise and drawing the CO2-rich air from the
surrounding area. The flux variations observed at night could also be due to the incomplete
air mixing caused by the lack of turbulence [36,37]. Under such conditions, the turbulent
flux at the measurement height would not necessarily be related to soil efflux [38].

The flux can be influenced by precipitation, pressure variations, turbulence, and soil
restoration [39,40]. The latter effect is likely more substantial in soils with a heavy litter
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layer and less permeable, exposed soils, such as bare peatlands. Under turbulent conditions,
carbon dioxide stored in the porous peat layer exchanges more quickly.

The potential uncertainty associated with the EC technique was random errors due to
the limited data available due to the limitation of the open-path analyser in rainy conditions.
Furthermore, the limited fetch of a 1 ha plot hampered the CO2 flux measurement within the
targeted area. The site’s radius was equal to 100 times the height of the tower, representing
a maximum probable flux footprint or effect area of the site [41]. The measurement footprint
can reach up to 2 km, which far exceeds the 1 ha plot, especially during calm weather at
night. Since the EC technique has a large footprint and measured the above-ground CO2
fluxes, it was not favourable in measuring soil CO2 efflux in this site due to the footprint.
When used above large uniform surfaces, the eddy covariance technique can provide
reliable monitoring of net ecosystem CO2 fluxes [36]; however, it has limited value for
estimating CO2 flux in complex ecosystems due to uncertainty in separating CO2 sources
and sinks over the measured surface [42].

3.3. Closed Chamber Soil CO2 Efflux

The average soil CO2 efflux rate was 4.19 ± 0.22 µmol CO2 m−2 s−1, while the soil
temperature was 27.90± 0.11 ◦C and the soil moisture at 38.80± 1.41%. There were missing
data owing to an instrumental fault in June. The gap in soil temperature and moisture plots
after June differed from those between January and May (Figure 7). This is attributed to the
soil moisture sensors that were less sensitive in dry soil. A quality check was performed on
the instrument before deployment and after servicing, and it performed well at the nearby
oil palm research plots [28]. Furthermore, decreased rainfall was observed between July
and November.

Agriculture 2023, 13, x FOR PEER REVIEW  10  of  18 
 

 

above‐ground CO2 fluxes, it was not favourable in measuring soil CO2 efflux in this site 

due to the footprint. When used above large uniform surfaces, the eddy covariance tech‐

nique can provide reliable monitoring of net ecosystem CO2 fluxes [36]; however, it has 

limited value for estimating CO2 flux in complex ecosystems due to uncertainty in sepa‐

rating CO2 sources and sinks over the measured surface [42].   

3.3. Closed Chamber Soil CO2 Efflux 

The average soil CO2 efflux rate was 4.19 ± 0.22 μmol CO2 m−2 s−1, while the soil tem‐

perature was 27.90 ± 0.11 °C and the soil moisture at 38.80 ± 1.41%. There were missing 

data owing to an  instrumental fault  in June. The gap  in soil temperature and moisture 

plots after June differed from those between January and May (Figure 7). This is attributed 

to the soil moisture sensors that were less sensitive in dry soil. A quality check was per‐

formed on the instrument before deployment and after servicing, and it performed well 

at the nearby oil palm research plots [28]. Furthermore, decreased rainfall was observed 

between July and November.   

 

Figure 7. Monthly mean soil CO2 efflux  (SR), soil  temperature  (ST), and soil moisture  (SM) with 

standard error bars. 

Since plant roots were absent, the soil CO2 efflux from this bare site was mainly con‐

tributed by soil heterotrophic respiration. There was no correlation between rainfall, soil 

temperature, soil moisture, and soil CO2 efflux rates. Due to the heterogeneous peat prop‐

erties, there was a sizeable spatial difference in soil CO2 efflux rates between the sampling 

points at the site. Soil CO2 efflux is known to have a substantial spatial variation, even at 

the centimetre scale [43,44]. The annual C loss was estimated at 58.14 t CO2 ha−1 yr−1 and 

was slightly higher than the C loss from a natural peat forest [33] but lower than cropland 

on peat in Kalimantan. A study conducted by Kusumawati et al. [17] using the infrared 

gas  analyser  (IRGA) method  to  record CO2  emission on bare  land  after  the  land was 

cleared revealed that the land’s emission was 59.0 t CO2 ha−1 yr−1, 47.0 0 t CO2 ha−1 yr−1 for 

inter‐cropped plants in the vegetation phase, 51.6 0 t CO2 ha−1 yr−1 for inter‐cropped plants 

in the generative phase, and 42.9 0 t CO2 ha−1 yr−1 for one‐year‐old oil palms. 

Figure 7. Monthly mean soil CO2 efflux (SR), soil temperature (ST), and soil moisture (SM) with
standard error bars.

Since plant roots were absent, the soil CO2 efflux from this bare site was mainly
contributed by soil heterotrophic respiration. There was no correlation between rainfall,
soil temperature, soil moisture, and soil CO2 efflux rates. Due to the heterogeneous peat
properties, there was a sizeable spatial difference in soil CO2 efflux rates between the
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sampling points at the site. Soil CO2 efflux is known to have a substantial spatial variation,
even at the centimetre scale [43,44]. The annual C loss was estimated at 58.14 t CO2 ha−1

yr−1 and was slightly higher than the C loss from a natural peat forest [33] but lower
than cropland on peat in Kalimantan. A study conducted by Kusumawati et al. [17] using
the infrared gas analyser (IRGA) method to record CO2 emission on bare land after the
land was cleared revealed that the land’s emission was 59.0 t CO2 ha−1 yr−1, 47.0 0 t CO2
ha−1 yr−1 for inter-cropped plants in the vegetation phase, 51.6 0 t CO2 ha−1 yr−1 for
inter-cropped plants in the generative phase, and 42.9 0 t CO2 ha−1 yr−1 for one-year-old
oil palms.

The bare peat surface was expected to have a higher soil CO2 flux rate since studies had
shown that bare soils would respire more when the moisture content was not limited [44].

Soil CO2 efflux measured using the closed chamber method has certain limitations [45–48].
The underestimation of soil CO2 efflux could be attributed to the porous peat properties at
the one-hectare bare plot that could cause CO2 to diffuse laterally from beneath the soil
chamber to the surrounding area. This could happen when the bare peat surface is exposed
to the sun, causing its temperature to increase, leading to the peat drying and increasing its
porosity. The disturbance caused by the fan may also induce CO2 leakage at the edges of
the chamber. This could explain the improved results of soil CO2 efflux when measured
without the soil collars [49].

An ideal chamber system for measuring soil CO2 efflux should not drastically change
the ambient conditions within the chamber [50]. Although there are significant uncertainties
in soil CO2 fluxes measured using a closed chamber in this study, they provide valuable
information about soil CO2 efflux from a drained peat area kept bare from any vegetation.
Further information is needed to understand better the different sources of CO2 emissions
from peatlands, such as soil microbial respiration and decomposing woody residues in
the stacking rows. Long-term measurements are also required to cover the seasonal and
inter-annual differences that could affect CO2 emissions.

3.4. Peat Subsidence

The average peat subsidence rate was 1.90 cm yr−1 (Figure 8). This value was low
compared to work by Deshmukh et al. [14] and could be due to good management practices
employed at this site. The subsidence rate was used to estimate the amount of carbon loss
described by Wösten et al. [11]. Total subsidence due to the drainage of peatland areas
can be subdivided into three components: consolidation, oxidation, and shrinkage [51].
However, the subsidence data in this study reflected the effects of oxidation and shrinkage
components that resulted in the peat volume reduction throughout the measurement period.
There was no measured data on the consolidation component’s involvement as part of peat
subsidence.

It was estimated that 60% of the peat volume reduction was due to oxidation, and the
remaining 40% was caused by shrinkage, according to Wösten et al. [11]. Due to the lack
of data available on oxidation components from tropical peatland, the total oxidation was
rounded at an average of 60% based on the estimation reported by Wösten et al. [11]. These
estimates fall within the wide range of 35–100% reported by other studies [47,52–55].

The calculation of the available data focused on the oxidation components, since
CO2 was emitted through the oxidation process. Therefore, the estimation of carbon loss
considered the peat bulk density or BD (0.16 g cm−3), C content (54%), and oxidation (60%).
Using equation (2) and all the parameters involved, the amount of carbon loss was 36.12
t CO2-eq ha−1 yr−1. This was much lower than what was reported by Wösten et al. [11].
This result could be attributed to the excellent water management practices adopted in the
plantation and the minimum operations conducted in the plot.
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Figure 8. Mean peat surface subsidence with error bars measured using five subsidence poles at the 1
ha site.

Furthermore, a high average water table was maintained at approximately −50 cm;
water management strongly influences peat subsidence [3,11,56]. Correct design and
construction of the drainage system with proper water control, such as water gates or
weirs, were installed at the collection drains and main drains to control water tables in
the plantation. Appropriate water management is crucial so that carbon emissions and
peat subsidence can be controlled better, prolonging the peatland’s economic life and, thus,
reducing the risk of the peat fire.

S = 1.90 cm yr−1 = 190 cm−3 ha−1yr−1

BD = 0.16 g cm−3 = 160 kg m−3

S× BD = 30, 400 kg ha−1 yr−1 = 30.4 t ha−1 yr−1

C = 0.54(C content) × 0.6(Oxidation∼60%) × 30.4 = 9.85 t C ha−1 yr−1

CO2eq = 9.85× 44
12

= 36.12 t CO2eq ha−1 yr−1 (2)

Peat subsidence results from compaction and peat loss processes, including oxidation
and shrinkage [5,11,47,54,57]. The average peat subsidence rate was 1.9 cm yr−1 (Figure 8).

The subsidence rate was used to estimate the amount of carbon loss described by
Wösten et al. [11]. The calculation was based on the peat BD (0.16 g cm−3), C content (54%),
and the estimation of tropical peat oxidation (60%).

Peat subsidence gave the lowest CO2 emissions estimate compared to the other two
direct methods studied. This could be due to the lower oxidative component (60%) of
peat used in the C calculation, which accounted for 36.12 t CO2-eq ha−1 yr−1. This result
is comparable to that of Deshmukh et al. [14]. They found that degraded peatlands in
Indonesia emitted approximately 39.8 ± 2.9 t CO2 ha−1 yr−1 and subsided at a rate of
4.2 ± 1.3 cm yr−1 with an average groundwater level of −0.66 ± 0.21 m.

A study on peat subsidence in western Johore of Peninsular Malaysia found that
61% of secondary subsidence could be attributed to oxidation, ranging from 54% to 73%,
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measured in pineapple and oil palm plots. Wösten et al. [11] rounded this average to 60%.
In a similar study, Jauhiainen et al. [52] reported oxidative losses responsible for about
40–60% of subsidence from peat decomposition on bare peat patches at the Ex-Mega Rice
Project area, Kalimantan, Indonesia.

The estimated oxidation component in these previous studies fell within the wide
range of 35–100% found in other parts of the world [47,53–55]. Hence, the calculated C loss
using the peat subsidence rate has the lowest value, which could be influenced by the peat
properties, such as BD and C content taken at the 5 cm depth. The calculated C loss would
be 50 t CO2eq ha−1 yr−1 if an estimation of 80% were used for the oxidation component,
BD of 0.16 g cm−3 and C content of 54%. Furthermore, the BD and C values used in this
study were determined from peat cores taken at a depth of 5 cm, which does not represent
the actual properties of different peat depths. Hooijer et al. [18] reported that the average
rate of C loss over the first five years after drainage was 178 t CO2-eq ha−1yr−1, which was
then reduced to 73 t CO2-eq ha−1yr−1 over subsequent years, and giving an average loss of
about 100 t CO2-eq ha−1yr−1 over 25 years.

3.5. Peat Sample Analysis

The peat’s bulk density (BD) was 0.16 g cm−3, while the C and N content was 54%
and 1.84%, respectively (Table 1). Warren et al. [58] measured peat BD in Indonesia and
reported a range from 0.054 to 0.371 g cm−3 from 2- to 12-m depths, with the C content
varying from 40.3 to 60.7%.

Table 1. Physical and chemical properties of peat soils from the site.

Parameter Reading

Physical properties:
Bulk Density (g cm−3) 0.16 ± 0.20

Water Fill Pore Space (%) 51.46 ± 1.10
Chemical properties:

Carbon (%) 54.41 ± 0.86
Nitrogen (%) 1.84 ± 0.06

C:N ratio 30.50 ± 1.13

Undisturbed peat usually has a BD of around 0.10 to 0.15 g cm−3 and can increase to
0.20 g cm−3 after mechanical compaction. Andriesse [59] reported an average BD of 0.12
and 0.09 g cm−3 for Sarawak peat. Therefore, the BD and C content values from the study
site were within the range previously reported by the literature.

The N content was also within the range reported by Melling et al. [60] for three
different peat ecosystems, i.e., 1.77 to 1.99%. The soil WFPS was about 51%, slightly lower
than the values reported for oil palm plots and forests [60].

A lower CO2 diffusion to the soil surface in soil with more water-filled pores might
influence the soil CO2 efflux in this site. The C:N ratio value at 30.5 was slightly higher
than that reported by Melling et al. [60] for three different ecosystems (22.6 in sago, 23.4 in
oil palm, and 27.2 in forest). A high C:N ratio could significantly decrease the decom-
position process, causing organic matter to accumulate while reducing the availability
of nutrients [61,62]. The lower C:N ratio suggested that the drained peat had a higher
decomposition rate related to significant cumulative CO2 emissions [63].

3.6. Overall Discussion

The three methods in assessing C losses from a bare drained peatland area in this study
gave contrasting results (Figure 9). The estimated results listed in Table 2 were as follows:
eddy covariance, 68.55 t CO2 ha−1 year−1, closed chamber, 58.14 t CO2 ha−1 year−1, and
peat subsidence, 36.12 t CO2eq ha−1 year−1.
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Figure 9. Mean CO2 flux with error bars was measured using the eddy covariance, soil chamber, and
peat subsidence methods at the 1 ha site.

Table 2. Peat CO2 emissions measured at the site.

Technique CO2 µmol m−2 s−1 CO2 t ha−1 yr−1

(estimated)

Eddy Covariance 4.94 ± 0.12 68.55
Closed Chamber EGM-4 Survey ** 4.19 ± 0.22 58.14

Subsidence/year CO2-eq t ha−1 yr−1

Peat Subsidence 1.9 cm 36.12 *
* CO2 loss was calculated from the peat subsidence, bulk density, carbon content, and oxidation components. The
equation to estimate carbon loss from peat subsidence was described in detail by Wösten et al. (1997). ** EGM-4
survey (n = 197).

The differences in estimated C losses may not depend exclusively on the measurement
method but also on the area and period of measurements. Each different approach used
in this study has its advantages and disadvantages. Differences in temporal variability of
measurement techniques in this study might contribute to the results obtained for each
technique.

The data was logged every second for the EC technique, less or more than 2 min per
measurement at monthly intervals for the soil chamber method, and every three months to
every month for the subsidence technique.

Concisely, the EC technique measured CO2 flux 24 h a day, seven days a week, while
the soil chamber measured soil CO2 efflux at only particular times.

The CO2 flux also varied depending on the season, such as the wet and dry seasons.
The wet period occurred from November to March, and the dry period from April to
October (refer to Figure 2).

Rainfall after the dry period significantly influenced CO2 fluxes from the soil [64–66].
A previous study by Rochette et al. [66] showed that soil CO2 flux increased immediately
after the rainfall but decreased during light rainfall later in the day. The decreased soil CO2
flux during light rainfall may be due to the dissolution of soil-air CO2 into the infiltrating
water or a decreased CO2 diffusivity in the wetter soil.

Spatial variability of measured CO2 flux is expected in this study, especially for the EC
and soil chamber techniques. The large flux footprint using EC, especially at night, might
explain the spatial variability of CO2 flux. Spatial heterogeneity of soil CO2 flux measured
using the soil chamber happened due to soil heterogeneity in the site.
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The magnitude of soil CO2 flux in this study could be subjected to microbial biomass,
soil organic matter content, compaction, air porosity, and peat texture that may create
hotspot areas due to the unique landscape within the 1 ha plot.

The location of subsidence pegs near the collection, and field drains in the site may
contribute to the spatial variation of peat subsidence. A study conducted by Othman
et al. [35] found that the water table was lower near the drains than the water table in
the field. The low water table accelerated peat oxidation and, thus, contributed to CO2
emission.

4. Conclusions

The three measurement techniques tested recorded significant variations in the es-
timated soil CO2 efflux. This study demonstrated that CO2 emission rates could vary
depending on the measurement techniques. However, it is challenging to determine the
best technique to be used.

The carbon (C) loss estimation was found to be highest by the eddy covariance (EC)
technique, followed by the soil chamber technique, and, lastly, the peat subsidence rate
technique.

The higher CO2 emission rate observed in the EC technique could be attributed to soil
microbial respiration and decomposing woody residues in the stacking rows since EC has
a large footprint. It could also be affected by advection from oil palms adjacent to the site.

The soil chamber technique had a 15% lower CO2 emission rate than the EC technique
since it only captured CO2 emission from a small peat surface area.

The calculated C loss from the peat subsidence rate method had the lowest value,
which may have been influenced by peat properties, such as bulk density and C content
taken at the 5 cm depth. Moreover, the low estimation of oxidation components of 60%
might have also contributed to the lower CO2 emission estimates.

Despite the significant differences in the CO2 emission rates by the three techniques,
this study provides valuable information on the soil heterotrophic respiration of the deep
peat in Sarawak. Carbon emissions from the bare peat area cover only a fraction of the
soil’s CO2 respiration component. This refers to the soil heterotrophic respiration within
the short period before the area is developed into an oil palm plantation. Results presented
in this study were site-specific and involved certain uncertainties, as discussed in the paper.

Best management practices in oil palm plantations, such as good water and nutrient
management and planting cover crops, could help to control C emissions and peat subsi-
dence. This was recommended in the guidelines for developing the standard operating
procedure for oil palm cultivation on peat published by the Malaysian Palm Oil Board.
Further investigations and long-term data are needed to determine spatial and temporal
variability in CO2 emissions by soil microbial activities and plant roots from peat areas in
Sarawak before these findings can be extensively interpreted.
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