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Land-use change in tropical peatlands substantially impacts peat emissions of methane
(CH4) and nitrous oxide (N2O) in addition to emissions of carbon dioxide (CO2). However,
assessments of full peat greenhouse gas (GHG) budgets are scarce and CH4 and N2O
contributions remain highly uncertain. The objective of our research was to assess
changes in peat GHG flux and budget associated with peat swamp forest disturbance
and conversion to oil palm plantation and to evaluate drivers of variation in trace gas fluxes.
Over a period of one and a half year, we monitored monthly CH4 and N2O fluxes together
with environmental variables in three undrained peat swamp forests and three oil palm
plantations on peat in Central Kalimantan. The forests included two primary forests and
one 30-year-old secondary forest. We calculated the peat GHG budget in both
ecosystems using soil respiration and litterfall rates measured concurrently with CH4

and N2O fluxes, site-specific soil respiration partitioning ratios, and literature-based values
of root inputs and dissolved organic carbon export. Peat CH4 fluxes (kg CH4 ha

−1 year−1)
were insignificant in oil palm (0.3 ± 0.4) while emissions in forest were high (14.0 ± 2.8), and
larger in wet than in dry months. N2O emissions (kg N2O ha−1 year−1) were highly variable
spatially and temporally and similar across land-uses (5.0 ± 3.9 and 5.2 ± 3.7 in oil palm
and forest). Temporal variation of CH4 was controlled by water table level and soil water-
filled pore space in forest and oil palm, respectively. Monthly fluctuations of N2O were
linked to water table level in forest. The peat GHG budget (Mg CO2 equivalent ha

−1 year−1)
in oil palm (31.7 ± 8.6) was nearly eight times the budget in forest (4.0 ± 4.8) owingmainly to
decreased peat C inputs and increased peat C outputs. The GHG budget was also ten
times higher in the secondary forest (10.2 ± 4.5) than in the primary forests (0.9 ± 3.9) on
the account of a larger peat C budget and N2O emission rate. In oil palm 96% of emissions
were released as CO2 whereas in forest CH4 and N2O together contributed 65% to the
budget. Our study highlights the disastrous atmospheric impact associated with forest
degradation and conversion to oil palm in tropical peatlands and stresses the need to
investigate GHG fluxes in disturbed undrained lands.
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INTRODUCTION

Peat swamp forests of Southeast Asia have experienced extensive
deforestation and conversion over past decades. In Peninsular
Malaysia, Sumatra and Borneo, only 29% of peatlands (or
4.6 Mha) remained covered by forests in 2015 while lands
managed by smallholders or industrial groups amounted to
50% of peatlands (7.8 Mha) (Miettinen et al., 2016).
Conversion of peat swamp forest, in particular to oil palm, is
a large and growing source of greenhouse gas (GHG) emissions to
the atmosphere (Koh et al., 2011; Miettinen et al., 2017; Austin
et al., 2018). Efforts to characterize the GHG impact of this
conversion have largely focused on alterations of soil CO2

emissions and phytomass C stocks (e.g., Hergoualc’h and
Verchot, 2011; Miettinen et al., 2017). Changes in emissions of
CH4 and N2O from peat can also be significant (Hergoualc’h and
Verchot, 2012; Oktarita et al., 2017; Cooper et al., 2020) but have
been far less well characterized (Skiba et al., 2020), despite N2O
and CH4 being potent GHGs, with global warming potentials,
respectively 268 and 86 times that of CO2 over a 20-year time
horizon (Myhre et al., 2013). Reliable estimates of N2O emissions
from degraded peatlands are lacking (Tian et al., 2020). Flux
studies on peatlands in paired forest-oil palm plantation
replicated sites are very scarce, with only one study to our
knowledge (Cooper al., 2020). Some of the studies (regardless
of sites replication and forest-oil palm pairing) were conducted
over very limited periods [e.g., 3 months in Cooper al. (2020)],
and many do not stratify the sampling according to microspatial
differences affecting the fluxes (e.g., Melling et al., 2007). None
measured simultaneously all peat C fluxes for assessing peat net
CO2 and GHG exchanges. Full peat GHG budgets that include
net CO2, CH4, and N2O fluxes and concurrent measurements of
controlling factors in these ecosystems are thus critically lacking
and needed to quantify the impact of forest-to-oil palm
conversion on peat GHG emissions and to increase
understanding of underlying mechanisms.

Undrained peat soils in the tropics are typically a net source of
CH4, while drained peat soils can act as either a source or a small
sink (Hergoualc’h and Verchot, 2012). CH4 is produced by
methanogens through anaerobic digestion of organic matter
either by CO2 reduction or by acetate fermentation (Le Mer
and Roger, 2001). Methanotrophs consume CH4 produced in the
soil as well as atmospheric CH4 for use as a C and energy source
(King et al., 1990; Whalen et al., 1990; Jones and Nedwell, 1993).
CH4 production and consumption occur simultaneously in the
soil profile. General controls on wetland CH4 emissions include
hydrology, temperature, and vegetation (Wright et al., 2013;
Turetsky et al., 2014). The activity of methanotrophs is mainly
limited by oxygen availability (Le Mer and Roger 2001) therefore
drainage promotes methanotrophy while decreasing
methanogenesis (Inubushi et al., 2003). The influence of
hydrological factors affecting the fluxes result in strong spatio-
temporal variability. In Indonesian peatlands under pristine
conditions, soil CH4 fluxes have been reported to be highest

during wet months when the water table level is close to the peat
surface (Jauhiainen et al., 2005) but to decrease with flooding
above a water table level threshold because of gas diffusion
restriction (Ishikura et al., 2019). CH4 fluxes are also
influenced by soil microtopography and were reported to be
higher from waterlogged low-lying hollows than drier elevated
hummocks in pristine peat forests of Indonesia and Peru
(Jauhiainen et al., 2005; Ishikura et al., 2019; Hergoualc’h
et al., 2020). Methanogenesis is thought to be more
temperature-sensitive than methanotrophy (Turetsky et al.,
2014) though in the tropics where temperature fluctuation is
small, this factor is considered a less important control on CH4

fluxes than other variables (Wright et al., 2013). Methanogenesis
is often fueled by recent plant photosynthate (Bridgham et al.,
2012). Therefore, CH4 fluxes are altered following land use
conversion as the result of vegetation changes and associated
substrate supply modifications in addition to drainage. Fires that
expose deeper peat layers also alter the substrate supply for
methanogenesis (Jauhiainen et al., 2016).

Both undrained and drained peat soils in the tropics function
as a source of N2O (Drösler et al., 2014; Parn et al., 2018). N2O is
generated mainly by soil microbes through nitrification and
denitrification. Nitrification is the aerobic oxidation of NH4

+

or NH3 to NO2
− and NO3

− with N2O formed as a biproduct
(Hynes and Knowles, 1984). Denitrifying bacteria reduce NO3

−

under oxygen (O2) limited conditions ultimately producing N2

but also N2O, with a N2O:N2 ratio depending on O2 availability.
Coupling of nitrification and denitrification can occur in soils
where oxic and anoxic microenvironments neighbor each other
(Arah, 1997). Nitrifier denitrication, distinct from coupled
nitrification—denitrification, can also be an important source
of N2O (Wrage et al., 2001; Hergoualc’h et al., 2007). N2O
production in soils depends upon substrate supply from
mineralized organic matter, applied N fertilizer, or deposited
atmospheric N as well as biotic factors such as plant-microbe
interactions and abiotic factors including, e.g., soil moisture and
temperature (Skiba and Smith, 2000; Butterbach-Bahl et al.,
2013). Soil N2O emissions often correlate well with the soil
water-filled pore space (WFPS), with emission rates in the
tropics peaking around a WFPS of 60% and remaining high at
80%WFPS (Van Lent et al., 2015). Nitrous oxide fluxes from peat
soils are governed by factors that limit the microbial processes of
nitrification and denitrification, especially variations in water
table level and soil inorganic N (Martikainen et al., 1993;
Melling et al., 2007; Oktarita et al., 2017). Soil-atmosphere
exchange of N2O may be highly spatially variable because of
inter-site as well as micro-scale and seasonal variations (Takakai
et al., 2006; Jauhiainen et al., 2012) in environmental conditions.
Peat N2O fluxes in the tropics are characterized by the presence of
temporal and spatial emission hotspots under natural and
drained conditions (Takakai et al., 2006; Jauhiainen et al.,
2012; Oktarita et al., 2017; Hergoualc’h et al., 2020) owing to
the fine scales over which controlling factors vary. Peat N2O
fluxes in Indonesian peatlands have been found to be higher
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during the rainy season than during the dry season (Takakai et al.,
2006; Jauhiainen et al., 2012) but seasonal variation in emission is
inconsistent across land uses within a peatland area and between
peatland areas of Southeast Asia. In oil palm plantation, the
response of N2O emissions to fertilization has been reported to be
exponential but restricted to the small area of N application and
transient (Sakata et al., 2015; Oktarita et al., 2017). As a result, the
impact of fertilized-induced emissions has been observed to be
minimal, with annual emissions stemming essentially from peat
decomposition (Oktarita et al., 2017).

Peat GHG budgets are estimated from the contribution of
individual gases (CH4, N2O, CO2) based on their respective global
warming potential. Annual peat CO2 budgets include on- and off-
site CO2 emissions/removals from soil organic matter
mineralization, sequestration processes and leaching (Drösler
et al., 2014). They are calculated as the balance between C
inputs from above and below ground litter, and outputs via
heterotrophic respiration and dissolved organic C export.
Total respiration consists of root (autotrophic) and microbial
(heterotrophic) respiration, with only the latter contributing
actively to soil C stock changes. Degradation and drainage
enhance CO2 production from microbial decomposition
(Hergoualc’h and Verchot 2014) and losses of dissolved
carbon in water (Rixen et al., 2016). Forest replacement by oil
palms decreases aboveground litter production but enhances
inputs of fresh organic material from dead roots and root
exudates (Hergoualc’h and Verchot, 2014; Harianti et al.,
2017). Peat soils are small sinks or sources of CO2 in pristine
swamp forests but strong sources in oil palm plantations, with
loss rates varying greatly depending on pre-conversion land-use
history and post-conversion plantation age and management
practices (Hergoualc’h and Verchot, 2014; Hergoualc’h et al.,
2017).

To improve current understanding on GHG dynamics
associated with peat swamp forest degradation and
conversion to oil palm plantation, we conducted a 19-month
study in a peatland in Central Kalimantan, Indonesia. We
measured monthly CH4 and N2O fluxes from soils along
with environmental factors in three undrained forest plots
(two primary forests and one secondary forest) and three oil
palm plantation plots managed by smallholders. Our
measurements covered wet to dry transitions in a year with
normal precipitation (2014) and a strong El Niño year (2015).
Intra-plot spatial variability was captured by sampling in
hummocks and hollows in forest, and near and far from
palms in plantations. Total soil respiration and litterfall rates
measured concurrently with CH4 and N2O fluxes provided for
peat CO2 budgets computation using site-specific soil
respiration partitioning ratios and literature-based values for
root litter inputs and dissolved organic C losses. Our study
addressed five questions: 1) How do peat CH4 and N2O
emissions differ between and within oil palm plantation and
forest? 2) How do they vary on seasonal timescales? 3) How do
environmental parameters (moisture, temperature, peat
chemistry) control emission rates of these gases? 4) How do
peat GHG budgets differ between oil palm plantation and forest
and between forest types? And 5) how important is the

contribution of CH4 and N2O fluxes to peat GHG budgets in
these ecosystems?

MATERIALS AND METHODS

Site Description
We conducted our research at permanent plots in a peatland on
the southern coast of Indonesian Borneo in Central Kalimantan,
approximately 10 km outside the city of Pangkalan Bun (S
02°49,410′, E 111°48.785′). The plots were established in 2012
by the Center for International Forestry Research at three
locations in undrained forest inside Tanjung Puting National
Park and at three locations in nearby drained smallholder oil
palm plantations.

The regional climate is humid tropical. Total annual
precipitation is high and average daily temperature remains
fairly constant during the year. During 2004–2014 mean
annual rainfall in Pangkalan Bun was 2,058 mm and August
was, on average, the driest month (105 mm) (National Oceanic
and Atmospheric Administration’s Climate Data Center). Mean
annual temperature over this period was 26.6°C. Mean monthly
temperature ranged from 26.1°C in July to 27.2°C in May.

The plots comprised a range of peat depths, land-use history
and vegetation age (Table 1). The three forest plots were located
at different distances from the edge of the main channel of the
Sekonyer River. Peat depth varied in forest plots from less than
50 cm at the plot closest to the river to almost 3 m at the plot
located farthest from the river. The plot closest to the river
(FOR-1) was a 30-year-old secondary forest, managed as an
agroforestry garden before Tanjung Puting National Park was
established in 1982 and communities were moved across the
Sekonyer river (Novita et al., 2020; according to interviews with
community members). FOR-1 vegetation was dominated by
pioneer species such as Macaranga motleyana
(Euophorbiaceae), Buchanania sessifolia (Anacardiaceae),
Baccaurea stipulate (Phyllanthaceae), and Litsea firma
(Lauraceae) (Novita et al., 2020). The other two forest plots
(FOR-2, FOR-3) were primary forests dominated by Vatica
oblongifolia (Dipterocarpaceae) and Santiria apiculate
(Burseraceae) (Novita et al., 2020). Our oil palm plots were
nucleus estate smallholder plantations, an important part of the
palm oil industry in Indonesia. Smallholders manage 40% of
total oil palm area in Indonesia (DJP, 2015) and accounted for
roughly a third of national production in 2011 (Obidzinski et al.,
2012). We use the term “plantation” to signify differences in
palm age. Oil palm plot locations were selected to represent a
range of vegetation ages, as well as peat depth (Table 1) and
management practices. Our oil palm plots included both young
(palm age ≤ 3 years) and mature (palm age > 3 years) palms
(Corley and Tinker, 2003). Smallholders started planting their
lands with oil palm in the late 2000s following the establishment
of a large oil palm plantation adjacent to their properties in the
late 1990s. Oil palm was planted in 2007 (OP-2007) and 2009
(OP-2009) on land cleared in 2005. Oil palm was planted in
2011 (OP-2011) on land previously cleared in 1989 and
managed for rice and vegetable production.
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Smallholders applied fertilizers approximately every
3 months. Annual rates of fertilizer application were 150-
84-124 kg N-P-K ha−1 year−1 in the youngest plantation
(OP-2011) decreasing to 120-67-100 kg N-P-K ha−1 year−1

in the oldest plantation (OP-2007). Fertilization rate in OP-
2009 was not provided by the smallholder. Information on
fertilization dates in the plantations is not available. Land use
history and land management practices in smallholder oil
palm plantation plots are further described by Swails et al.
(2019).

Sampling Regime and Laboratory Analysis
Sampling design is described in Figure 1. We designed our
sampling approach to capture temporal and spatial
heterogeneity in environmental conditions and trace gas fluxes
from soils. We put emphasis on characterizing monthly variation
which is known to be much larger than diel variation (e.g.,
Günther et al., 2014). Also, previous work on the research site
and elsewhere in Indonesian peatlands found insignificant diel
variation in GHG fluxes (Comeau et al., 2016; Novita, 2016). We
collected measurements once per month from January 2014 until

TABLE 1 | Characteristics of the sampling plots in Central Kalimantan, Indonesia (after Swails et al., 2018).

Plot Location Land use Fires Distance to
river (km)

Peat depth
(cm)

FOR-1 S 02° 49.410′ E 111° 48.784′ Forest Multiple 0.5 27
FOR-2 S 02° 49.341′ E 111° 50.434′ Forest — 1 155
FOR-3 S 02° 50.852′ E 111° 48.155′ Forest — 2 290
OP-2011 S 02° 47.379′ E 111° 48.624′ Oil palm Multiple 3.5 20
OP-2009 S 02° 47.292′ E 111° 48.190′ Oil palm Multiple 3.5 47
OP-2007 S 02° 47.230′ E 111° 48.089′ Oil palm Multiple 3.5 47

FIGURE 1 | Research site and sampling design. Measurements were collected from a peatland on the island of Kalimantan (inset) in three plots in undrained forest
(FOR-1, FOR-2, FOR-3) and three plots in nearby smallholder oil palm plantations (OP-2007, OP-2009, OP-2011) (A). In each plot, GHG collars (circles) and dipwells
(squares) were installed at six subplot locations in oil palm (B) and forest (C). At each subplot, one collar and dipwell set was installed at the base of a palm and another at
a distance of 3 m from the palm in oil palm plots. In forest plots, we installed one set on a hummock and one set in the adjacent hollow (after Swails et al., 2019).
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June 2015 and once more in September 2015. Plots were sampled
on consecutive days between the hours of 08:00 and 12:00.
Monthly monitoring over 12–24 months is considered
standard to capture the temporal variability of emissions
(Inubushi et al., 2003; Furukawa et al., 2005; Jauhiainen et al.,
2008; Hergoualc’h et al., 2020). Fluxes were not intensively
monitored during post-fertilization periods in the oil palm
plantations, thus measured N2O fluxes represent emissions
from peat decomposition. Fertilizer-induced N2O emissions
were found to be minor (9% of total N2O emissions) in
plantations on peat fertilized at 100-200 kg N ha−1 year−1

(Oktarita et al., 2017).
Rates of CH4 and N2O fluxes were determined by the static

chamber method (Hutchinson and Livingston, 1993; Verchot
et al., 1999). Chambers were PVC collars (inner diameter 25 cm
and height approximately 30 cm) permanently installed
16 months before the beginning of this study and equipped
with opaque portable PVC hoods. A pair of collars was
installed at six subplots for a total of 12 collars per plot
(Figure 1). In oil palm plots, we installed at each subplot
location one collar near the base of a palm under the palm
canopy and one collar at mid-distance between two palms. In peat
swamp forest, the microtopography was characterized by
alternating raised mounds (hummocks) and depressions
(hollows). In forest plots, at each subplot location we installed
one collar on a hummock and one collar in the adjacent hollow.
Samples were taken at 0, 10, 20, and 30 min after closing the
chamber with the hood. We collected gas samples in 40 ml pre-
evacuated glass vials using a syringe connected to the chamber
hood outlet with silicone tubing. Vials were fitted with stopcocks
sealed with polycarbonate caps to prevent gas leakage during
transportation from the field.

Total soil respiration, soil temperature, air temperature, water
table depth, and soil moisture (water-filled pore space) were
monitored concurrently with trace gas fluxes, as described by
Swails et al. (2019). Total soil respiration was measured by the
dynamic closed chamber method (Pumpanen et al., 2009) with a
portable infrared gas analyzer/EGM-4 (Environmental Gas
Monitor) connected to a Soil Respiration Chamber (SRC-1)
(PP System, Amesburry, United States) placed on a
permanently installed PVC collar. We measured water table
level in dipwells installed permanently next to each collar. The
height difference between hummocks and hollows in forest was
not measured. We report water table level relative to the soil
surface on hummocks and hollows. Soil temperature to 5 cm was
recorded using a soil temperature probe (Reotemp Digital TM99-
A, United States). We used a pocket humidity/temperature pen
(EXTECH 44550) to measure air temperature. Samples for water-
filled pore space (WFPS) determination were collected bimonthly
from the peat surface using stainless steel rings (height 5 cm and
diameter 8 cm). We took six samples per plot, away from collars,
three from hummock/near representative conditions and three
from hollow/far representative conditions. Soil sampling
locations for determination of WFPS were separated by
approximately 20 m within plots. Samples were weighed in the
field, transported in plastic bags to the laboratory, and oven-dried
to constant mass at 60°C (Warren et al., 2012; Farmer et al., 2014).

The gas samples were analyzed using a Shimadzu gas
chromatograph (GC) equipped with an electron capture
detector (ECD) for N2O, and a flame ionization detector (FID)
for CH4.

Laboratory incubations were carried out to measure the rates
of net mineralization and net nitrification. Soil samples were
collected to a 5 cm depth in each plot in October 2013 and
November 2013, outside of any fertilization event. The samples
were collected adjacent to each chamber using a metal ring with a
277 cm3 internal volume. In October 2013 we took three samples
from hummocks/area near palms and three samples from
hollows/area mid-distance between palms, and in November
2013 we took six from each spatial position. The November
2013 soil samples were taken 10 m from each other, and the
October 2013 soil samples were taken 20 m from each other.
Samples were transported to the laboratory and refrigerated at
4 C until incubation. Coarse roots and litter were manually
removed from the samples before incubation. We followed the
procedure by Hart et al. (1994) to determine net mineralization
and net nitrification rates. For each sample a 10 g soil subsample
was extracted in 100 ml of 2M KCl to determine inorganic N
concentrations. These extracts were shaken for an hour with a
rotary shaker and allowed to settle for 24 h. A 20-ml aliquot of the
supernatant was filtered (Whatmann filter paper no. 42) and
frozen for later analysis. NH4

+ content was analyzed on an auto
analyzer (Bran LuebbeTM) using the colorimetric method with
indophenol blue (Solorzano, 1969). Determination of NO3

− was
done on a U-2001 spectrophotometer (Hitachi) using the brucine
procedure (EPA, 1971). A second subsample of 10 g was
incubated in the dark at room temperature (25–28°C) for
7 days. After 7 days, the incubated sample was extracted
according to the procedures described above. The net N
mineralization rate was calculated as the change in inorganic
N (NH4

+ + NO3
−) concentration; the net nitrification rate as the

change in NO3
− concentration over 7 days. Initial inorganic N

stocks were calculated from the first extraction.
Soil samples for analysis of additional soil properties were

collected from the peat surface (0–5 cm) in November 2013 using
a metallic ring, air-dried for 72 h and sieved to <2 mm. Samples
were taken in triplicate in areas intermediary between hummock
and hollow in forests, or between near palm and far from palm
positions in plantations. Soil sampling locations in each plot were
separated by a distance of approximately 20 m. Exchangeable
cations (Ca2+, Mg2+, K+, Na+), cation exchange capacity (CEC)
and base saturation were determined by displacement from the
soil colloids with ammonium acetate adjusted to pH 7 (Pansu
et al., 2001). Samples for analysis of soil C and N content were
collected in June of 2015 from the peat surface layer (0–5 cm).
Analyses of total C and N content were conducted at the
University of Virginia by dry combustion using a Thermo
Scientific Flash 2000 CHNS/O analyzer after being oven dried
at 60°C for 48 h to constant mass. More methodological details
are available in the paper by Swails et al. (2019).

Calculations and Statistical Analysis
CH4 and N2O fluxes were calculated from the rate of change in
concentration of the analyte in the chamber headspace,
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determined by linear regression based on the four gas samples
(Verchot et al., 1999; Verchot et al., 2000). Whenever a sample
had leaked (ambient CH4 and N2O concentration except at
chamber closure) or the accumulation curve departed from
linearity for both GHGs, indicating a chamber effect, the flux
was calculated with three samples. Examples of cases where
observations were discarded from the regression are provided
in SI1. Where there was no trend in the accumulation curve,
indicating low gas flux (for instance when uptakes and emissions
occur simultaneously), no samples were excluded from the
regression. In total, 7% of CH4 and N2O flux observations
were excluded from analysis.

Trace gas fluxes and physical parameters were calculated per
spatial position by land use (n � 18 in hummock/hollow and near/
far conditions) for micro-spatial comparison. They were also
calculated per plot by considering the representativeness of
hummock/hollow and near/far conditions at subplot level.
These results were used for plot comparison within a land use
(n � 6 per plot) or for land use comparison (n � 18 per land use).
Determination of the area ratio representative for each spatial
position in oil palm and forest plots is described by Swails et al.
(2019). The hummock to hollow area ratios in forest plots were
49:51 (FOR-1), 51:49 (FOR-2), and 57:43 (FOR-3). In oil palm
plots, we used the ratio of area within a 2 m radius of palms (near)
to the area outside of this radius (far). The 2 m-radius area around
palms is where smallholders applied fertilizers and root density is
usually highest (Khalid et al., 1999; Comeau et al., 2016). The near
to far ratios in oil palm plots were 25:75 (OP-2011), 27:73 (OP-
2009), and 37:63 (OP-2007).

Cumulative annual rates of CH4 and N2O emissions were
estimated per plot using linear interpolation between
measurements dates. We summed the average cumulative flux
in the first 6 months of the year (January 2014–June 2014 and
January 2015–June 2015) with cumulative flux in the last
6 months of 2014 (July–December). There was no monitoring
in July and August 2015, so measurements collected during the
September 2015 El Niño event were excluded from cumulative
annual flux after Swails et al. (2019). We used Kruskal Wallis test
to detect differences between average cumulative fluxes in the
land-uses (n � 18) and among plots within a land-use (n � 6).

We used one-way repeated measures ANOVA with planned
comparisons to detect differences in trace gas fluxes and
physical parameters between spatial positions (hummock/
hollow and near/far), among plots within a land use, and
between land uses. Data were log transformed to meet
normality assumptions. Comparisons were made over the
entire study period and during dry and wet months. We
treated months with total precipitation ≤100 mm as “dry”
months, and months with total precipitation >100 mm as
“wet” months after Aini et al. (2015) and Hirano et al.
(2007). Relationships among trace gas fluxes and physical
parameters were tested with univariate regression using
monthly averages either per spatial position or per plot or
land use. We additionally used univariate regression to test
relationships among annual rates of trace gas fluxes and soil
chemical properties using monthly average gas flux per plot. Soil
mineral N content and net mineralization and nitrification rates

per spatial position among plots within a land-use (n � 9),
among plots within a land-use (n � 9), and between land-uses
(n � 27) were compared using Kruskal Wallis test. Averages
computed by pooling data from the two sampling dates were
similar to averages computed separately for each experiment,
therefore the data from the two sampling dates were pooled to
increase statistical power of the dataset. Soil exchangeable
cations, CEC, base saturation, and total C and N were
compared for the two land-uses (n � 9) and among plots
within a land-use (n � 3) using Kruskal Wallis test. Repeated
measures ANOVA was computed using Statistical Analysis
Software (SAS v 9.4). We used R (v 3.2.5) for all other
analyses (Kruskal Wallis test and univariate regression). The
criteria for significance was p < 0.05 for all statistical tests.

Peat CO2 and GHG Budgets
The peat CO2 budget was calculated as the sum of on- and off-site
C emissions and removals (Hergoualc’h and Verchot, 2014) as:

Peat CO2 budget � (SRh + DOC) − (Litterfall + Roots)

Where Peat CO2 budget: Peat net C uptake or emission; SRh: Soil
heterotrophic respiration; DOC: Dissolved organic carbon
exported from the soil; Litterfall: above ground C inputs
through litterfall; and Roots: below ground C inputs through
root mortality and exudation. All components are in Mg C ha−1

year−1 and a positive budget indicates that the peat is a net source
of CO2.

The peat CO2 budgets combined site-specific soil
heterotrophic respiration and litterfall rates and default values
for root inputs and dissolved organic losses from the literature
(Hergoualc’h and Verchot, 2014). Heterotrophic respiration rates
were estimated from total soil respiration using the partitioning
ratios of 55.1 ± 2.8% and 71.8 ± 10.8% in forest and oil palm,
respectively, determined previously at the sites considering
micro-spatial conditions and, in oil palm plantations,
plantation age (Hergoualc’h et al., 2017, SI2). Cumulative
annual total soil respiration (SI2) was calculated as for CH4

and N2O fluxes (Swails et al., 2019).
Litterfall was collected monthly at the forest plots in one trap

(0.3 m2) per subplot installed 100 cm above the soil. The litter was
subsequently oven dried to constant mass at 60°C and weighed.
Annual litterfall rate was computed by annualizing the average of
monthly rates across plots and its dry mass was converted to
carbon using a carbon fraction of 48% (Aalde et al., 2006). Litter
input in oil palm plots was calculated from the average number of
fronds removed from palms annually, the average dry mass of a
frond and the average palm density across plots (162 palms ha−1).
Annual frond removal was estimated by counting the number of
pruning scars on six palms per plot and dividing by the age of the
plantation. The dry mass of fronds was measured from three
fronds per plot in June 2015. Fronds were cut, fresh-weighed, and
leaflet and stalk subsamples were collected for moisture content
determination by oven drying to constant mass at 60°C. Frond
dry mass was converted to carbon by applying a carbon fraction
of 41.8% (Lamade and Setiyo, 2012).

The peat GHG budget was computed by summing up the peat
CO2 budget expressed in CO2 units and annual emissions of CH4
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and N2O expressed in CO2 equivalent (CO2e) units. Non-CO2 gas
fluxes were converted to CO2e considering the global warming
potentials of 86 for CH4 and 268 for N2O over a 20-year time

horizon and with climate-carbon feedbacks (Myhre et al., 2013).
Though a 100-year time horizon is the convention for national
GHG inventories, a 20-year time horizon is more appropriate for

FIGURE 2 |Monthly mean soil CH4 flux in forest (circle, dotted line) and oil palm (triangle, dashed line) from January 2014 to September 2015. Error bars represent
standard error of the mean (n � 18). Dry months are indicated by red boxes. Dotted and dashed lines represent the 19 months averages.

FIGURE 3 |Monthly mean soil CH4 flux in hummock (square) and hollow (circle) in FOR-1 (A), FOR-2 (B), FOR-3 (C) and near (triangle) and far (diamond) positions
from palm in OP-2011 (D), OP-2009 (E), and OP-2007 (F) from January 2014 to September 2015. Error bars represent standard error of the mean (n � 6). Dry months
are indicated by red boxes. Note different scale between panels.
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evaluating impacts of land-use conversion that typically occurs
over 20–30 years in the tropics.

RESULTS

CH4 and N2O Flux Rates
Over the 19 months of the study, mean CH4 flux rate was roughly
fifteen times higher in forest plots (4.5 ± 0.7 mg CH4 m

−2 d−1)
than in oil palm plots (0.3 ± 0.7 mg CH4 m2 d−1, p < 0.0001,
Figure 2), driven by a significant difference during wet months.
In wet months CH4 flux in forest (5.4 ± 0.5 mg CH4 m

−2 d−1) was
54 times higher than in oil palm (0.1 ± 0.5 mg CH4 m

2 d−1, p <
0.0001) whereas no difference between the two ecosystems was
observed in dry months (p � 0.3). Lower CH4 flux in dry months
than in wet months was conspicuous only in forest (p � 0.002).

Methane flux in forest ranged from 6.0 ± 1.8 mg CH4m
−2 d−1 in

the plot nearest the river (FOR-1, Figure 3A), to 5.1 ± 1.8 mg CH4

m−2 d−1 in plot (FOR-2, Figure 3B) to 2.9 ± 1.8 mg CH4m
−2 d−1 in

the plot furthest from the river (FOR-3, Figure 3C).
Notwithstanding, the flux was not significantly different among
plots (p � 0.3) due to high intra-plot spatial variability. In oil palm,
CH4 production ranged from 0.5 ± 0.3 mg CH4 m

−2 d−1 in OP-
2011 (Figure 3D) to 0.06 ± 0.25 mg CH4 m−2 d−1 in OP-2007
(Figure 3F) and was similar among plots (p � 0.1).

Hollows (5.5 ± 1.5 mg CH4 m
−2 d−1) and hummocks (3.2 ±

1.6 mg CH4 m−2 d−1) exhibited similar CH4 flux (p � 0.8).
Nonetheless during dry months, the flux was marginally
higher in hollows than hummocks (p � 0.07) with a significant
difference between spatial positions in FOR-1 (p � 0.02,
Figure 3A) and FOR-3 (p � 0.02, Figure 3C). In oil palm,
CH4 flux was similar near and far from palm, in wet months,
dry months, and overall, at the plot and land-use level.

Mean N2O fluxes over the monitoring period were alike in oil
palm (1.3 ± 0.3 mg N2O m−2 d−1) and forest (0.8 ± 0.3 mg N2O
m−2 d−1) (p � 0.3), owing to high spatial and temporal variation in
both ecosystems (Figure 4). The fluxes did not vary seasonally in
oil palm (p � 0.9) whereas in forest they were marginally higher in
wet months (3.3 ± 2.7 mg N2O m−2 d−1) than dry months (0.13 ±
0.44 mg N2O m−2 d−1) (p � 0.07).

In November 2014, the first month following the dry season,
huge N2O emissions were recorded in FOR-1 and OP-2011
(Figures 5A,D). These were, respectively, 13 and 15 times
higher than the ecosystem mean over the monitoring period.
Consequently, the range of N2O flux was large in forest: From
1.8 ± 0.65 mg N2O m−2 d−1 in FOR-1 (Figure 5A) to 0.5 ± 0.69‒
0.2 ± 0.67 mg N2Om−2 d−1 in FOR-2 and FOR-3 (Figures 5B,C).
Similarly, oil palm exhibited a wide range of mean N2O flux:
From 3.2 ± 0.4 mg N2Om−2 d−1 in OP-2011 (Figure 5D) to 0.3 ±
0.4–0.2 ± 0.4 mg N2Om−2 d−1 in OP-2009 and OP-2007 (Figures
5E,F). However, the mean flux rate was similar among plots in
both forest (p � 0.8) and oil palm (p � 0.3).

N2O fluxes were not different in hollows (1.1 ± 0.4 mg N2O
m−2 d−1) and hummocks (0.8 ± 0.4 mg N2Om−2 d−1) across plots
(p � 0.6) but greater in hollows than hummocks in FOR-1
(Figure 5A, p � 0.04) and FOR-2 (Figure 5B, p � 0.004). In
oil palm the soil at near and far from palm positions emitted N2O
at a similar rate at the plot and land-use level.

Environmental Drivers of Trace Gas Fluxes
Inorganic N pools in forest and oil palmwere dominated by NH4

+

(Table 2). Soil NH4
+ content was greater in forest plots than oil

palm plots (p � 0.001) while the reverse was true for soil NO3
−

content (p < 0.0001). Net mineralization was higher in forest than
oil palm (p � 0.008) but net nitrification was not different between
the two land-uses. In forest plots soil NO3

− content in hollows
and net mineralization in hummocks as well as net mineralization
at the plot scale was highest in FOR-3 (p � 0.0009, p � 0.0004, and
p � 0.003, respectively). In oil palm plots net nitrification was
higher far from palms than near palms in OP-2007 (p � 0.009).
Soil NH4

+ content was higher near palms than far from palms in
OP-2011 (p � 0.02).

Soil CEC, base saturation and C and N content were similar in
both land uses (p � 0.3, 0.4, and 0.5), Table 3). In forests, there
was a trend towards increasing CEC, base saturation and C
content from FOR-1, which was closest to the river and was a
secondary forest, to FOR-3, which was furthest from river and
was a primary forest.

Results on environmental parameters (water table level, WFPS,
and litterfall rates in forest) are presented in SI3. Factors controlling
temporal variability of soil non-CO2 fluxes were primarily
hydrological. Fluxes of CH4 and N2O were related to water
table level in forest, and CH4 fluxes to WFPS in oil palm. CH4

flux decreased as water table level dropped in forest plots (p � 0.02,
Figure 6A). On the other hand, CH4 flux increased when soil
WFPS increased in oil palm plots (p � 0.02, Figure 6B). Soil N2O
flux increased as the water table rose close to the soil surface in
forest plots (p � 0.02, Figure 6C) though the model relatively
poorly explained the variation in N2O flux (R2 � 0.28). In both
ecosystems, N2O flux varied widely when water table was near the

FIGURE 4 | Monthly mean soil N2O flux in forest (circle, dotted line) and
oil palm (triangle, dashed line) from January 2014 to September 2015 (n � 18).
Error bars represent standard error of the mean. Dry months are indicated by
red boxes. Dotted and dashed lines represent the 19 months averages.
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soil surface, and N2O consumption occurred occasionally when
water table level dropped far below the soil surface. Temporal
fluctuations of CH4 and N2O fluxes were not related to soil or air
temperature in either land use or to litterfall in forest.

Cumulative Annual Fluxes of CH4 and N2O
Cumulative CH4 flux (kg CH4 ha−1 year−1) was two orders of
magnitude higher in forest (14.0 ± 2.8) than oil palm (0.3 ± 0.4,
Table 4, p < 0.0001). In forest plots there was a trend towards
decreased CH4 flux with distance from river, but cumulative CH4

flux was not different among forest plots. Cumulative CH4 fluxes
in oil palm plots were very close to each other and not different.

Cumulative N2O flux (kg N2O ha−1 year−1) was similar in the
two land-uses (5.2 ± 3.7 in forest and 5.0 ± 3.9 in oil palm,
Table 4). In forest, it was more than five times higher in
secondary forest FOR-1 (12.6 ± 1.1) than in primary forests
FOR-2 (2.3 ± 0.4) and FOR-3 (0.6 ± 0.7) (Table 4, p < 0.0001). In
oil palm, N2O flux was more than 10 times higher in OP-2011
(12.7 ± 3.8) than in OP-2009 (1.1 ± 0.6) and OP-2007 (1.1 ± 0.1)
(Table 4, p � 0.048). Among the six plots, annual N2O emissions
increased with decreasing soil C content with highest emissions in
the secondary forest and OP-2011 established on a land cleared
20 years before planting (Figure 7).

FOR-1 accounted for 81% of total cumulative N2O emissions
in forest and OP-2011 accounted for 84% of total cumulative N2O
emissions in oil palm. In addition, in OP-2011 three chambers
located in the unfertilized zone (far from palm position)
contributed 86% of emissions.

Net CO2 and GHG Emissions From Peat
Forest exhibited higher litterfall C inputs and lower C losses
from heterotrophic respiration than oil palm (Table 5).
During the monitoring period oil palm plantation was a
strong net source of CO2 while forest was neither a source
nor a sink. The difference in net CO2 emissions rate between
ecosystems was as high as 28.9 ± 9.7 Mg CO2 ha

−1 year−1. CH4

and N2O contributed importantly to the peat GHG budget in
forest whereas in oil palm most emissions were released in the
form of CO2. Forest to oil palm conversion implied large
GHG emissions from the peat of about 28 ± 10 Mg CO2e ha

−1

year−1.
Disaggregation of peat budgets by forest type shows that in

the secondary forest the peat was a small net CO2 source as
opposed to net CO2 neutrality in primary forests. As a result,
and also owing to large soil N2O emissions, secondary forest was
an important net GHG source. Regardless of their disturbance

FIGURE 5 |Monthly mean soil N2O flux in hummock (square, dotted line) and hollow (circle, dashed line) in FOR-1 (A), FOR-2 (B), FOR-3 (C) and near (triangle) and
far (diamond) positions from palm in OP-2011 (D), OP-2009 (E), and OP-2007 (F) from January 2014 to September 2015. Error bars represent standard error of the
mean (n � 6). Dry months are indicated by red boxes. Dotted and dashed lines representing the 19 months averages are displayed when significantly different between
spatial positions. Note different scale between (A,D,C), and remaining panels.
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history, forests’ peat net GHG emissions were lower than in oil
palm plantations.

DISCUSSION

Spatio-Temporal Variability and Controls of
CH4 Flux
Annual soil CH4 emission in forest plots (14.0 ± 2.8 kg CH4 ha

−1

year−1) was comparable to fluxes measured in undrained peat
swamp forest of Kalimantan in Indonesia (Inubushi et al., 2003;
Jauhiainen et al., 2005) but under the 38 ± 13 kg CH4 ha

−1 year−1

average for Southeast Asian peat swamp forests (Hergoualc’h and
Verchot, 2014). It was also lower than CH4 emission in peat
swamp forest from eddy covariance studies (e.g., Wong et al.,
2018; Deshmukh et al., 2020) which account for peat surface flux
as well as vegetation-mediated flux from tree stems and
pneumatophores (Pangala et al., 2013; Van Lent et al., 2019).

In forest plots CH4 flux decreased in dry months when the
water table fell further below ground level and oxygenation of
peat surface layers promoted methanotrophy over
methanogenesis, as observed in previous studies of Southeast
Asian peatlands (Jauhiainen et al., 2005; Jauhiainen et al., 2008;
Ishikura et al., 2019). In wet months waterlogging of surface
layers created anoxic conditions conducive to anaerobic
respiration and methanogenesis. Methane emissions increased
in magnitude and became more variable as water table level
approached the soil surface during wet months, indicating a
threshold response to water table level, as observed by
Jauhiainen et al. (2008).

Water table level alone only explained 49% of variation in CH4

flux in forest plots (Figure 6A). Soil WFPSmay also have played a
role in controlling CH4 flux when sites were not flooded, as
suggested by higher soil moisture and CH4 flux in FOR-1 than in
FOR-2 and FOR-3 (Supplementary Table S3). Moisture regime
could also have controlled flux rates indirectly. For instance,
visual inspection of the plots indicated higher density of
pneumatophores near the river than further from it,
potentially explaining the trend towards decreased CH4

emission with distance from river as resulting from lower
plant-mediated transport. Methane production also often
correlates with diverse indexes of soil carbon quality (Le Mer

TABLE 2 | Soil ammonium (NH4
+) and nitrate (NO3

−) contents and net mineralization and nitrification rates in forest and oil palm plots at site- and plot-scale and according to
spatial position. Mean values and standard errors are presented.

Land-use Plot Spatial position NH4-N NO3-N Net mineralization Net nitrification

(mg N
kg d.m.−1)

(mg N
kg d.m.−1)

(mg N
kg−1 d−1)

(mg N
kg−1 d−1)

Forest All Site-scale 351.2 ± 64.0α 5.0 ± 0.9α 25.3 ± 7.6α 2.5 ± 0.4
FOR-1 Plot-scale 233.0 ± 122.6AB 1.7 ± 0.5 −4.5 ± 8.3A 1.9 ± 1.7

Hum 271.4 ± 107.2 2.1 ± 0.4 −6.9 ± 7.4a 3.0 ± 1.6
Hol 196.1 ± 59.5 1.4 ± 0.4a −2.3 ± 3.8 0.9 ± 0.5

FOR-2 Plot-scale 185.4 ± 53.56A 4.3 1.9 16.5 ± 11.9A 2.2 ± 0.6
Hum 232.7 ± 49.5 5.7 ± 1.8 23.8 ± 10.3a 2.2 ± 0.6
Hol 136.3 ± 20.5 2.8 ± 0.7a 8.9 ± 5.9 2.1 ± 0.3

FOR-3 Plot-scale 546.3 ± 248.9B 7.4 ± 3.2 54.0 ± 29.0B 2.6 ± 1.1
Hum 608.6 ± 186.1 8.0 ± 3.1 65.0 ± 12.0b 3.0 ± 0.9
Hol 463.7 ± 165.2 6.7 ± 0.8b 39.4 ± 26.4 2.2 ± 0.6

Oil palm All Site-scale 148.0 ± 88.7β 14.4 ± 9.0β 3.9 ± 11.2β 1.6 ± 1.4
OP-2007 Plot-scale 125.6 ± 40.13 11.6 ± 5.7 1.0 ± 1.8 1.7 ± 0.6AB

Near 125.3 ± 19.7 10.0 ± 4.6 2.7 ± 1.4 0.6 ± 0.41

Far 125.6 ± 34.9 12.1 ± 3.4 0.4 ± 1.2 2.1 ± 0.42a

OP-2009 Plot-scale 171.7 ± 64.54 17.2 ± 4.1 1.9 ± 5.4 0.4 ± 0.8A

Near 204.2 ± 53.2 9.0 ± 2.9 7.0 ± 3.6 0.7 ± 0.5
Far 159.6 ± 36.5 20.2 ± 2.9 0.0 ± 4.1 0.3 ± 0.6ab

OP-2011 Plot-scale 146.8 ± 45.68 14.5 ± 5.7 8.8 ± 9.6 2.7 ± 1.1B

Near 208.2 ± 41.41 14.2 ± 5.0 6.6 ± 6.2 2.4 ± 0.8
Far 110.7 ± 19.32 14.7 ± 2.6 10.0 ± 7.3 2.8 ± 0.8b

Significant differences between land-uses are indicated by α, β. Significant differences among plots are indicated by A, B. Significant differences between spatial positions within a plot are
indicated by 1, 2. Significant differences at a spatial position (Hum/Hol or Near/Far) among plots within a land-use are indicated by a, b. Hum: Hummocks, Hol: Hollows, Near: Near to palm,
Far: At mid-distance between two palms.

TABLE 3 | Soil cation exchange capacity (CEC), base saturation, C and N content
in forest and oil palm plots. Mean values and standard errors are presented.

Land
use

Plot CEC (me/
100 g)

Base
saturation

(%)

C Content
(%)

N content
(%)

Forest 88.5 ± 4.8 12.5 ± 2.7 40.8 ± 3.2 1.8 ± 0.2
FOR-1 69.4 ± 0.5a 6.2 ± 0.1a 28.3 ± 0.7a 1.3 ± 0.01a

FOR-2 98.3 ± 0.4b 7.9 ± 0.1ab 46.1 ± 1.1ab 2.3 ± 0.17b

FOR-3 97.8 ± 0.5b 23.3 ± 0.3b 48.0 ± 0.5b 1.8 ± 0.06ab

Oil
palm

93.5 ± 1.2 7.5 ± 0.5 41.2 ± 2.8 1.5 ± 0.1

OP-2007 96.0 ± 0.9 6.3 ± 0.1 48.7 ± 1.4 1.6 ± 0.0
OP-2009 93.7 ± 0.6 6.6 ± 0.4 46.2 ± 1.6 1.6 ± 0.0
OP-2011 90.8 ± 2.9 9.4 ± 0.3 39.3 ± 2.7 1.3 ± 0.3

Significant differences among plots within a land-use are indicated by a, b.
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and Roger, 2001; Bridgham et al., 2012). The trend toward
decreased emission rate with distance from river was
associated with increased soil CEC, base saturation and C
content (Table 3) which suggest changes in organic matter
decomposition state (Andriesse, 1988). Also, there was a trend
toward rising CH4 emission with rising total soil respiration
(Supplementary Figure S5), with FOR-1 the only forest which
was secondary and had suffered past burning events (Table 1),
exhibiting highest emissions of CH4 and highest total soil
respiration.

Though hollows and hummocks displayed a similar CH4 flux
when all forest plots were considered together, the flux was
greater in hollows than hummocks in FOR-1 and FOR-2 in
dry months, when both microtopographies exhibited similar
water table level (Swails et al., 2019). A higher CH4 flux in
hollows than hummocks in pristine peat swamp forest usually
coincides with a difference in moisture conditions between
microtopographies (Ishikura et al., 2019; Hergoualc’h et al.,
2020). As CH4 production is often fueled by recent plant
photosynthate (Bridgham et al., 2012) difference in flux
between the microtopographies at our sites may be linked to
higher root exudates in hollows than hummocks when soil
becomes unsaturated. In drained oil palm plots, CH4

emissions were negligible as typically found in drained tropical
peatlands across various land uses (Hergoualc’h and Verchot,
2012). CH4 flux did not respond to changes in water levels,
contrary to what was measured by Melling et al. (2005). However,
as rainfall can briefly create waterlogged layers at the peat surface
CH4 emissions increased with increasing WFPS (Figure 6B).
There was no tendency toward CH4 uptake by soil during dry
months or overall. Nevertheless, uptake occurred occasionally
when the water table level was <50 cm below ground, indicating
that water saturation at the soil surface was an important driver of
CH4 emission and uptake. CH4 emissions did not vary according
to spatial position (near and far from palms), though gravimetric
soil moisture was higher far from palms than near palms (Swails
et al., 2019).

FIGURE 6 |CH4 flux as a function of water table depth (A) and water-filled pore space (B) and N2O flux as a function of water table depth (C) in forest (green circle,
green dotted line) and oil palm (orange triangle, orange dashed line). Each data point represents the monthly mean in a land use (n � 19 for water table depth and n � 10
for water filled pore space).

TABLE 4 | Cumulative plot-scale soil CH4 and N2O flux rates ± standard error at
the study sites. Mean values and standard errors are presented.

Land use Plot CH4 (kg ha−1 year−1) N2O (kg ha−1 year−1)

Forest Average 14.0 ± 2.8a 5.2 ± 3.7
FOR-1 18.7 ± 5.1 12.6 ± 1.1α

FOR-2 14.3 ± 10.5 2.3 ± 0.4β

FOR-3 9.0 ± 2.6 0.6 ± 0.7β

Oil palm Average 0.3 ± 0.4b 5.0 ± 3.9
OP-2011 −0.3 ± 0.4 12.7 ± 3.8α

OP-2009 0.2 ± 0.9 1.1 ± 0.6β

OP-2007 1.0 ± 0.8 1.1 ± 0.1β

a and b indicate significant differences between land-uses. α and β indicate significant
differences between plots within a land use.

FIGURE 7 | Annual N2O flux as a function of soil C content in forest and
oil palm plantation plots.
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Spatio-Temporal Variability and Controls of
N2O Flux
Soil annual N2O emission in forest plots (5.2 ± 3.9 kg N2O ha−1

year−1) was within the range of fluxes from undrained peat swamp
forests in Indonesia which vary from small net uptakes (−0.5 kg
N2O ha−1 year−1, Inubushi et al., 2003) to high emissions (21.1 kg
N2O ha−1 year−1, Hadi et al., 2005). N2O consumption is not
uncommon across the tropics (Chapuis-Lardy et al., 2007) and soils
in forest plots also appeared as an occasional sink. N2O
consumption occurred primarily in hummocks, which are better
aerated and can remain dry when lower lying hollows are wet
(Swails et al., 2019). N2O uptake has been observed in Southeast
Asian peatland (e.g., Takakai et al., 2006; Jauhiainen et al., 2012) and
is usually promoted by low nitrate availability, highWFPS andmore
generally by conditions inhibiting N2O diffusion in the soil
(Chapuis-Lardy et al., 2007). However, in soils with high soil C
content, enhanced respiration can create anoxic microenvironments
where denitrification takes place, even under well aerated conditions
(Chapuis-Lardy et al., 2007), which may explain N2O uptake by
hummocks in our forest plots. N2O emissions increased as water table
rose closer to the soil surface in forest plots, in agreement with findings
by Melling et al. (2007) but in disagreement with other studies, e.g.,
Hergoualc’h et al. (2020), Takakai et al. (2006), Jauhiainen et al. (2012)
also observed a control of soil water status over N2O emissions in
undrained forest, with greater flux in wet than drymonths. Jauhiainen
et al. (2012) attribute the increase in N2O flux to enhanced
decomposition of litter inputs under optimum soil moisture
conditions. As for CH4, the trend of decrease in cumulative N2O
emissions with river distance was associated with a decrease in total
soil respiration (Supplementary Figure S5) and changes in soil
organic matter decomposition state (Table 3).

Annual emission in oil palm plots (5.0 ± 3.7 kg N2O ha−1 year−1)
was above IPCC default value for oil palm plantations on peat

(1.2 kg N2O ha−1 year−1, Drösler et al., 2014). Assessments of
annual N2O emissions in oil palm plantations on peat (Melling
et al., 2007; Sakata et al., 2015; Oktarita et al., 2017; Chaddy et al.,
2019; Meijide et al., 2020) indicate much higher rates (32 ± 2 kg
N2O ha−1 year−1, n � 8) than our result and IPCC default value.
They also vary greatly according to site, management practices
(tillage/no tillage or use of coated vs. conventional nitrogen
fertilizers) (Sakata et al., 2015) and presence of hot spots
(Oktarita et al., 2017). Emission rates in OP-2007 and OP-2009
were in the range of flux reported by Melling et al. (2007) while
emissions in OP-2011 were closer to but lower than values reported
by Sakata et al. (2015), Oktarita et al. (2017), Chaddy et al. (2019)
and Meijide et al. (2020). Lower average emission at our site as
compared to the literature may arise from low supply of labile
carbon as indicated by the ratio of recalcitrant aromatic compounds
to labile aliphatic compounds in soil organic matter (Swails et al.,
2018) and also potentially from water table levels higher
(Supplementary Table S3) than on average (65 cm, Hergoualc’h
and Verchot, 2014). Water table level was poorly controlled by
smallholders, particularly in OP-2011 (Table 1), which was flooded
inMarch 2014 andMay 2014. High water table can create anaerobic
conditions, thereby decreasing N2O production directly by
inhibiting nitrification and indirectly by decreasing the
production of NO3

− substrate for denitrification. Additionally,
more anaerobic conditions promote the formation of N2 over
N2O during denitrification. Emissions could also be slightly
under-estimated as our experimental design did not use
intensive sampling after fertilization to capture potential
transient spikes in emissions from the area of nitrogen application.

OP-2011 included hot spots which contributed 86% of annual
emissions. Hot spots have been observed in drained organic soils in
the tropics (Oktarita et al., 2017), temperate (Lee et al., 2017) and
Arctic zones (Repo et al., 2009; Marushchak et al., 2011). As in the
study by Oktarita et al. (2017) hot spots were located far from

TABLE 5 | Peat CO2 budget calculated as the difference of mean annual C outputs from heterotrophic soil respiration (SRh) and dissolved organic carbon (DOC) and mean
annual C inputs from litterfall and root mortality in forest and oil palm (OP). Peat greenhouse gas (GHG) budget was computed as the sum of emissions of all GHG. Forest
budgets are also disaggregated by forest type (secondary: FOR-1, primary: FOR-2 and FOR-3). Mean values ± standard error are expressed in Mg C or CO2-equivalent ha

−1

year−1. Negative values indicate an emission reduction or removal.

Secondary forest Primary forest Forest Oil palm Difference OP-Forest

(Mg C ha−1 year−1)

Litterfall 5.8 ± 0.6 5.3 ± 0.6 5.5 ± 0.8 1.1 ± 0.2
Roots 1.5 ± 0.8 1.5 ± 0.8 1.5 ± 0.8 3.6 ± 1.1
Total soil C inputs 7.3 ± 1.0 6.8 ± 1.0 7.0 ± 1.1 4.7 ± 1.1
SRh 8.2 ± 0.7 6.1 ± 0.3 6.8 ± 0.6 12.0 ± 2.0
DOC 0.6 ± 0.0 0.6 ± 0.0 0.6 ± 0.0 0.9 ± 0.1
Total soil C outputs 8.8 ± 0.7 6.7 ± 0.3 7.4 ± 0.6 12.9 ± 2.0
Peat C budget 1.4 ± 1.2 −0.1 ± 1.1 0.4 ± 1.3 8.3 ± 2.3

(Mg CO2e ha−1 yearr−1)

CO2 budget 5.2 ± 4.4 −0.5 ± 3.9 1.4 ± 3.9 30.4 ± 8.5 28.9 ± 9.7
CH4 1.6 ± 0.5 1.0 ± 0.2 1.2 ± 0.2 0.0 ± 0.0 −1.2 ± 0.2
N2O 3.4 ± 0.8 0.4 ± 0.2 1.4 ± 1.0 1.3 ± 1.0 −0.1 ± 1.4
Peat GHG budget 10.2 ± 4.5 0.9 ± 3.9 4.0 ± 4.8 31.7 ± 8.6 27.7 ± 9.8
(%CO2, CH4, N2O) (51, 16, 33) (−51, 109, 42) (35, 30, 35) (96, 0, 4) (104, −4, 0)
Values in italic are from the literature review by Hergoualc’h and Verchot (2014). Values in parenthesis indicate the contribution (%) of CO2, CH4 and N2O to the peat GHG budget.
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palms (Figure 5D), where N uptake by roots may be lower (Nelson
et al., 2006). Also “in vitro” net nitrification rate far from palms was
higher in OP-2011 than elsewhere despite similar initial mineral N
content across plots at this spatial position (Table 2) which
suggests that hot spots are driven by microbial or fungal
community composition, as proposed by Oktarita et al. (2017).

The strong relationship between annual N2O emissions and soil
C content along the six plots (Figure 7) is agreement with findings
by Ye et al. (2016) for rice fields on peat in the Sacramento-San
Joaquin Delta. This relationship suggests that the highest emission
in FOR-1 and OP-2011 may be explained by carbon limitations to
microbial growth and linked to past land-use history in these plots.
FOR-1 was a 30-year-old secondary forest, managed as an
agroforestry garden previously. In OP-2011, forest clearance
occurred in 1989 and was followed by successive crop rotations
and associated fires while other plots were cleared more recently in
2005. The past history of cultivation in FOR-1 and OP-2011 may
have depleted labile carbon supply in soils (Swails et al., 2018) and
exposed deeper layers of peat mixedwithmineral soil.When facing
carbon limitations to growth, microbes break down dissolved
organic nitrogen, using carbon to support energy, growth and
maintenance requirements and secreting NH4

+ as a by-product
(Chapin et al., 2002). Increased availability of NH4

+ enhances
production of NO3

− through nitrification under aerobic conditions
(Robertson, 1989). Thus, nitrification may have been elevated during
dry months in these plots. In FOR-1 as in OP-2011, we observed
extremely high N2O emissions in November 2014. These pulses
occurred at the beginning of the wet season, when precipitation
increased after four dry months. The sudden change in soil
moisture conditions combined with a large supply of NO3

− could
have promoted high rates of denitrification leading to large fluxes of
N2O from soils in FOR-1 and OP-2011 at the beginning of the wet
season, similar to observations in an oil palm plantation on tropical
peatland by Chaddy et al. (2019).

The Global Warming Impact of Peat Forest
Conversion to Oil Palm Plantation
Indonesian peatlands are known as an important and growing
source of GHG emissions to the atmosphere but variations in
estimates remain large. Our study indicates that forest to oil palm
conversion resulted in a massive increase in peat net CO2

emission rate (29 Mg CO2e ha−1 year−1), a small decrease in
CH4 emissions (1 Mg CO2e ha

−1 year−1) and no alteration in N2O
emissions (Table 5). Ensuing GHG loss over a 25-year rotation
period typical of oil palm plantation amounts to 693 Mg CO2e
ha−1. This result combined with C stock changes in above ground
vegetation (excluding litter) measured at the sites by Novita et al.
(2020) (189 and 28 Mg C ha−1 in forest and oil palm) leads to
emissions of 1,283 Mg CO2e ha

−1 over 25 years or 51 Mg CO2e
ha−1 year−1. This assessment doesn’t account for massive
emission from peat burning with each land-clearing fire
releasing 541 Mg CO2e ha−1 (Drösler et al., 2014). It neither
accounts for peat decomposition emissions that occurred during
intermediary crop cultivation before conversion to oil palm. The
larger share of CO2 than that of either CH4 or N2O to peat GHG
emissions from land-use change is consistent with the literature

on Southeast Asian peatlands (Hergoualc’h and Verchot, 2014).
Drainage resulted in a drastic increase in CO2 emissions from
accelerated soil organic matter decomposition, and vegetation
cover change induced substantial reduction in aboveground litter
inputs. The latter may be underestimated as branchfall was not
monitored in forest.

While in forest, all gases contributed equally to the peat GHG
budget, in oil palm CO2 was the dominant gas but several studies
which found highN2O emissions stemming from peat decomposition
highlighted the importance of this gas for GHG accounting (Sakata
et al., 2015; Oktarita et al., 2017; Dommain et al., 2018). Forest
conversion to croplands and shrublands substantially raises soil
emissions of N2O according to the meta-analysis conducted by
Hergoualc’h and Verchot (2014). This was not the case in our
study because primary and secondary forests were merged and
roughly 80% of the N2O flux from forest came from FOR-1.
Discarding observations from FOR-1 resulted in a four times lower
average cumulative N2O flux (0.4Mg CO2e ha−1 year−1) and peat
GHG budget (0.9Mg CO2e ha

−1 year−1) (Table 5) in primary forest
than when all forest types were merged. Current data availability for
GHG inventories only allows disaggregating peat GHG emission
factors of forest by combined drainage and disturbance (primary/
secondary) status, as trace gas measurements in undrained secondary
forest have seldom been conducted. Our results indicate that
undrained 30-year-old secondary forests still suffer from past land-
use history and exhibit soil GHG emissions substantially different
from that of primary forest. The lack of distinction between primary
and secondary undrained peat forest has implications for national
GHG accounting and research is critically needed to support
development of more accurate emission factors.

Knowledge on all GHG is required for assessing either climate
change impacts on the potential of peat forest to act as a C sink or
as a GHG source (Wang et al., 2018), or climate impacts of land-
use change in tropical peatlands. Additional assessments across
the region are necessary to understand the cumulative impact of
simultaneous changes in fluxes of CH4, N2O, and CO2 that occur
with conversion and drainage of tropical peatlands.

CONCLUSION

Drainage and conversion of an Indonesian peat swamp forests to
oil palm plantation implied a large net increase in peat GHG
emissions, mainly released as CO2. Past land-use change also
impacted peat net GHG emissions in a secondary peat swamp
forest, decades following conversion. Spatio-temporal variability
in peat CH4 and N2O flux in forests and oil palm plantations was
related to hydrological drivers. Our study highlights the
devastating impact of tropical peat swamp forest conversion
on peat GHG emissions to the atmosphere, with and without
drainage, and for many years following initial conversion.
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