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Abstract Despite the documented increase in 
greenhouse gas (GHG) emissions from Southeast 
Asian peat swamp forest degradation and conversion 
to oil palm over recent decades, reliable estimates of 
emissions of nitrous oxide  (N2O) and methane  (CH4) 
are lacking. We measured soil fluxes of  N2O and 
 CH4 and their environmental controls along a peat-
land transition from primary forest (PF) to degraded 
drained forest (DF) to oil palm plantation (OP) over 
18  months in Jambi, Sumatra, Indonesia. Sampling 
was conducted monthly at all sites and more inten-
sively following two fertilization events in the OP. 
Mean annual emissions of  N2O (kg N  ha−1   yr−1) 
were 1.7 ± 0.2 for the PF, 2.3 ± 0.2 for the DF and 
for the OP 8.1 ± 0.8 without drainage canals (DC) 

and 7.7 ± 0.7 including DC. High  N2O emissions in 
the OP were driven by peat decomposition, not by 
N fertilizer addition. Mean  CH4 annual fluxes (kg C 
 ha−1  yr−1) were 8.2 ± 1.9 for the PF, 1.9 ± 0.4 for the 
DF, and 1.6 ± 0.3 for the OP with DC and 1.1 ± 0.2 
without. Considering their 20-year global warming 
potentials (GWP), the combined non-CO2 GHG emis-
sion (Mg  CO2-equivalent  ha−1  yr−1) was 3.3 ± 0.6 for 
the PF and 1.6 ± 0.2 for the DF. The emission in the 
OP (3.8 ± 0.3 with or without DC) was similar to the 
PF because reductions in  CH4 emissions offset  N2O 
increases. However, considering 100-year GWP, 
the combined non-CO2 GHG emission was larger 
in the OP (3.4 ± 0.3 with DC and 3.5 ± 0.3 without) 
compared to both the PF and the DF (1.5 ± 0.2 and 
1.2 ± 0.1, respectively). The increase in peat  N2O 
emissions associated with the land-use change transi-
tion from primary forest to oil palm plantation at our 
sites provides further evidence of the urgent need to 
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protect tropical peat swamp forests from drainage and 
conversion.
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Drainage · Southeast Asia · Fertilizer

Introduction

Tropical peatlands are crucial for mitigating climate 
change (Murdiyarso et  al. 2013) as they contain a 
globally important carbon (C) stock of 152–350 Gt C 
(Gumbricht et al. 2017; Ribeiro et al. 2021) and their 
disturbance results in vast greenhouse gas (GHG) 
emissions to the atmosphere (Limpens et  al. 2008). 
Peatlands in the tropics have been widely degraded, 
with an estimate of 24.7 Mha of natural peatland hav-
ing been lost between 1850 and 2015, potentially 
increasing to 36.3 Mha by 2100 (Leifeld et al. 2019). 
In Peninsular Malaysia, Sumatra and Borneo, where 
peatlands have been subjected to substantial deforest-
ation and drainage for agriculture including monocul-
ture pulpwood and oil palm plantations only 29% of 
peatlands (or 4.6 Mha) remained covered by forests 
in 2015 (Miettinen et al. 2016). Peatlands in Indone-
sia cover an estimated 13.4–22.5 Mha (Anda et  al. 
2021; Gumbricht et  al. 2017) and have faced exten-
sive threat from reclamation for decades. According 
to Miettinen et  al. (2016), only 7% of pristine peat 
swamp forest remained in Sumatra and Kalimantan 
in 2015, with degraded areas including drained and 
logged forest (23%) and areas managed by either 
industry (24%) or smallholders (25%). In Jambi prov-
ince of Sumatra, the majority (65%) of areas industri-
ally operated were oil palm plantations.

Lowland peat swamp forests of Eastern Sumatra 
are typically flooded for the majority of the year and 
can have a widely fluctuating water table. Nonethe-
less, they remain dominated by anoxic conditions, 
resulting in low rates of organic matter decomposi-
tion. They are ombrotrophic, with limited nutrients 
only delivered via precipitation. As a first step of 
the degradation process, peat forests are selectively 
logged for valuable timber by either smallholders or 
industrial groups. Whenever these forests are con-
verted for cultivation, their remaining biomass is 
burned and drainage canals are constructed to lower 
and control the water table. Before planting, machin-
ery is commonly used in industrial plantations to 

compact the peat for a better anchoring of trees or 
crops. Oil palms are typically planted following a 
triangular design and fertilized for optimal produc-
tivity. In Indonesia, nitrogen (N) fertilizer is gener-
ally delivered in form of urea and plantation blocks 
are usually managed individually for best efficiency 
given that the oil palm demands change as they age 
(Comte et al. 2013). Recommended N fertilizer doses 
for oil palm plantations on peat range from 50 to 
100 kg N  ha−1   yr−1 for immature palms (< 3 years) 
and 120–160 kg N  ha−1  yr−1 after palms reach matu-
rity (Mutert et al. 1999). Fertilizer is typically applied 
to a limited area around palms where roots are most 
active, so the actual N application rates in the ferti-
lized zone around palms are much higher on a per 
area basis.

Studies conducting concurrent measurements of 
soil fluxes of carbon dioxide  (CO2), nitrous oxide 
 (N2O) and methane  (CH4) indicated that pristine, 
degraded and converted peat soils are expected to 
contribute varying magnitudes of GHG emissions 
(Inubushi et al. 2003; Hergoualc’h et al. 2020, 2023; 
Swails et al. 2021). Cultivated peatlands in the tropics 
have been identified as global hotspots for  N2O, but 
the magnitude of these emissions is still poorly quan-
tified (Oktarita et al. 2017; Pärn et al. 2018). The main 
processes leading to soil  N2O emissions are nitrifica-
tion and denitrification (Davidson et  al. 2000). Soil-
atmosphere exchanges of  N2O are driven by a number 
of factors including soil water content, temperature, 
and labile carbon and N availability (Firestone and 
Davidson 1989; Skiba and Smith 2000), with useful 
indicators being soil net N mineralization and nitrifi-
cation rates (Verchot et al. 2006). Inputs of N via lit-
terfall (Aryal et al. 2015), root turnover (Silver et al. 
2005; Varner et  al. 2003), or addition of fertilizer 
(Shcherbak et al. 2014; Oktarita et al. 2017) are likely 
to stimulate soil  N2O emissions. When N application 
exceeds crop needs, an exponential rather than a lin-
ear response of soil  N2O emissions to increasing N 
rates can be expected (Shcherbak et al. 2014; Oktarita 
et  al. 2017). Soil moisture and, more specifically, 
the water-filled pore space (WFPS) is a key indica-
tor of oxygen availability in soils and has an impor-
tant effect on  N2O emissions (Butterbach-Bahl et al. 
2013). Under tropical climates, the optimum WFPS 
for soil  N2O emissions was estimated to be around 
60% but emissions can remain high at values of 80% 
(van Lent et al. 2019). Denitrification is known to be 
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more temperature sensitive than N mineralization and 
nitrification (Butterbach-Bahl et  al. 2013). However, 
in the tropics where the daily and seasonal ampli-
tude of temperature are relatively small, the change 
in magnitude of  N2O emissions associated with diel 
temperature changes may be low. Denitrification and 
nitrification are also influenced by soil pH (Bremnar 
and Shaw 1958; Verstraete and Focht 1977; Haynes 
1986) and salinity (Inubushi et al. 1999).

Methane is emitted or taken up by the soil depend-
ing on the balance between methanogenesis and 
methanotrophy. Methanogenesis is the anaerobic 
microbial decomposition of organic material which 
occurs in waterlogged soils or in anaerobic microag-
gregates, and methanotrophy takes place in parts of 
the soil where oxygen is available. While the two pro-
cesses take place simultaneously in soils, methano-
genesis is likely to be the dominant process in water-
logged conditions, whereas at WFPS less than 100%, 
 CH4 is solely produced in anoxic microsites and part 
of this  CH4 is subsequently oxidized. Methanogen-
esis is dependent on a number of factors including the 
quality and supply of the substrate, anaerobic condi-
tions, temperature and availability of alternative ter-
minal electron acceptors (e.g.,  NO3

−,  SO4
−2), (Bode-

lier et al. 2000; Couwenberg et al. 2010; Hergoualc’h 
and Verchot 2014; Melling et al. 2006). Lowering the 
water table has been reported to substantially reduce 
net  CH4 fluxes (Hergoualc’h and Verchot 2012, 2014; 
Hoyos-Santillan et al. 2016; Swails et al. 2021).

N2O and  CH4 have high global warming potentials 
(268 and 86 higher than  CO2 on a 20-year time hori-
zon, respectively (Myhre et  al. 2013)). Furthermore, 
the area of drained peatlands in Southeast Asia is 
large, with increasing development of oil palm plan-
tations on peat. Therefore, it is crucial to put more 
effort into comprehensively quantifying non-CO2 
GHG emissions in degraded, drained, and converted 
peat swamp forests, especially in evaluating spati-
otemporal variability of fluxes and investigating the 
mechanisms that regulate this variability. Suitable 
experimental designs considering factors influencing 
temporality (e.g., diel cycles in fluxes, seasonality, 
plantation age) and spatiality (e.g., microtopography, 
site management) are needed to upscale emissions 
estimates over larger time (e.g., years, decades) and 
spatial (e.g., plantation, regional, national) scales. 
For example, in oil palm plantations peat GHG fluxes 
differ considerably between the fertilized zone (FZ) 

close to palms and the non-fertilized zone (NFZ) 
between palms (Oktarita et  al. 2017; Swails et  al. 
2021). Long-term (> 6  months) measurements are 
sparse (Skiba et al. 2020), and studies of the impact 
of degradation on peat  N2O and  CH4 fluxes in paired 
sites are rare, with only two studies in Southeast 
Asia on paired primary forest—oil palm sites, to our 
knowledge (Cooper et  al. 2020; Swails et  al. 2021) 
and one study in paired primary—drained forest sites 
(Deshmukh et  al. 2021). Increased understanding of 
the processes driving peat GHG fluxes is also needed 
to inform management decisions and decrease uncer-
tainty in peat GHG emissions estimates.

In this study we investigated monthly soil fluxes 
of  N2O and  CH4 and their environmental controls 
along a peat degradation gradient from primary for-
est to degraded drained forest to oil palm plantation 
over 18  months in Jambi, Sumatra, Indonesia, with 
more frequent measurements following two fertiliza-
tion events in the plantation. Our experimental design 
considered micro-scale spatial variation which in the 
primary forest included hummock and hollow micro-
topography and in the oil palm plantation fertilized 
and non-fertilized zones as well as drainage canals. 
Taking this temporal and spatial heterogeneity into 
account we calculated surface emissions of  N2O and 
 CH4 and combined non-CO2 GHG considering 20- 
and 100-year GWP. Although a 100-year time horizon 
[GWP of 265 and 28 for  N2O and  CH4, respectively 
(Myhre et  al. 2013)] is the convention for national 
GHG inventories, a 20-year time horizon may be 
more appropriate for evaluating impacts of forest deg-
radation that typically occur over 20–30 years in the 
tropics, and is aligned with the urgent need to reduce 
emissions to meet temperature goals under the Paris 
Agreement (Abernethy and Jackson 2022).

Our specific research questions were: (1) How 
does forest degradation, drainage and further conver-
sion to oil palm affect fluxes of  N2O and  CH4, and 
what is the combined net effect of non-CO2 GHG? 
(2) What are the magnitudes of N-fertilizer induced 
changes in  N2O and  CH4 fluxes? (3) Which environ-
mental factors affect these fluxes and to what extent? 
We hypothesized that (1) Emissions of  N2O increase 
and  CH4 emissions decrease with forest degradation 
and conversion to oil palm plantations, (2) N-ferti-
lizer induced  N2O and  CH4 fluxes contribute mini-
mally to total combined non-CO2 GHG in oil palm, 
and (3) Variation in  N2O and  CH4 fluxes in the three 
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land-uses is linked to changes in water table depth, 
soil moisture, soil temperature, and changes in inor-
ganic N availability.

Materials and methods

Study site

Measurements were carried out at three sites repre-
senting a typical peatland land-use change transition 
in Southeast Asia from primary forest, to degraded 
forest, to oil palm plantation. All three sites were 
located on a single peat formation in Jambi prov-
ince on the east coast of central Sumatra, Indonesia 
(Fig. 1). The climate in the region is humid tropical. 
Long-term records from the Jambi airport weather 
station indicated an average annual rainfall of 
2466 mm  y−1, with June, July and August being the 
driest months, and a mean minimum and maximum 

monthly temperatures of 22.7 °C and 32.7 °C, respec-
tively (Siderius 2004).

The primary forest site (PF) was an undisturbed 
mixed peat swamp forest located in the core of Ber-
bak National Park (1° 27′ S, 104° 21′ E), 2 km from 
the Batang-Hari River (Fig. 1). Hydrology at the site 
is influenced by diel (tidal) ebb dominated water table 
fluctuations coupled with flooding from precipitation. 
Dominant tree families in the PF were Anacardiaceae, 
Annonaceae, Bombacaceae and Dipterocarpaceae. 
The degraded forest site (DF) was a community for-
est located close to the oil palm plantation site (OP), 
approximately 60 km west-southwest from the PF (1° 
39′ S, 103° 52′ E) (Fig. 1). The DF had been selec-
tively logged and drained previously, but no logging 
occurred at the site during the study and the canals 
were overgrown and partially blocked due to lack of 
maintenance. The vegetation in the DF was character-
ized by a single canopy and a dense understory domi-
nated by Pandanus, an early-successional species 
indicative of disturbance (Lampela et al. 2016). Tree 

Fig. 1  Location of the study area in Jambi, Sumatra, Indonesia. The black star indicates the location of the degraded forest (DF) and 
oil palm (OP) sites; the red cross highlights the primary forest (PF) site within Berbak National Park (after Comeau et al. 2021)
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species included Alstonia angustiloba Miq, Shorea 
spp., Koompassia spp., and Tetramerisita glabra Miq.

The OP was an industrial plantation operated 
by the company PT Bakrie Sumatera. The site was 
cleared and burned in 2004 a year before planting 
in 2005. There were no records of major fire events 
after initial forest clearance. Palms were planted at a 
density of 148 palms  ha−1 in a triangular design with 
a spacing of 8.8  m between palms. Harvest paths 
between palm rows alternated with inter-rows where 
fronds were piled and left to decompose. A main 
drainage canal of approximately 1.5 m depth was ori-
ented perpendicular to palm rows, with smaller ter-
tiary canals of less than 1 m depth joining the main 
canal every 8th row. The drainage system was effec-
tive at keeping the water table at 50–100  cm below 
ground surface level. Following the plantation’s 
common practice, palms were fertilized one or two 
times per year with urea at a rate of 1–1.5  kg palm 
 yr−1 equivalent to 68–101 kg N  ha−1   yr−1. Fertilizer 
was applied to the area within a 1.5 m radius around 
the base of the palm, to cover the active roots. Due 
to supply shortage, palms had not been fertilized for 
12  months before measurements began in October 
2011. The palms were 7 years old at the beginning of 
the study.

Sampling regime and soil flux measurements

Our sampling approach was designed to capture 
within-site temporal and spatial heterogeneity in envi-
ronmental conditions and soil GHG fluxes. We put 
emphasis on characterizing monthly variation which 
is known to be much larger than diel variation (e.g., 
Günther et  al. 2014). Also, three short-term experi-
ments conducted at the sites (detailed information 
presented in S1) showed no diel variation in soil 
fluxes of  N2O and  CH4 (Figure S1). We collected 
measurements once per month from October 2011 
until March 2013 in the DF and OP sites with con-
current monthly sampling beginning at the PF site 
in November 2011. Gas sampling was routinely per-
formed between 10:00 and 13:00. Soil GHG fluxes 
and environmental variables in the OP site were 
monitored more intensively following two fertiliza-
tion events in March 2012 and February 2013. Meas-
urements were collected 1 day before fertilization, the 
day of fertilization, and 1, 2, 3, 4, 5, 6, 7, 10, 14, 21, 
28, and 35  days after both fertilization events, with 

additional sampling on days 15, 16, 31 and 32 dur-
ing the first fertilizer application. Urea was sprinkled 
onto the bare soil surface in its crystalline form less 
than 30 min prior to sampling on the day of fertiliza-
tion. The palms were fertilized at a rate of 0.5 kg urea 
 palm−1 (33 kg N  ha−1) for the first event and increased 
to 1 kg  palm−1 (68 kg N  ha−1) for the second event. In 
total 1.5 kg urea  palm−1 was applied during the entire 
18-month study period (101 kg N  ha−1).

Rates of soil  CH4 and  N2O fluxes were determined 
by the static chamber method (Verchot et  al. 1999) 
using permanently installed opaque white polyvinyl 
chloride (PVC) chambers (diameter = 0.27  m and 
height < 0.3  m). One month before sampling started 
10 chamber bases were inserted 5–10  cm into the 
soil at each site. The chambers in both forests were 
located within an area covering 50  m2. The micro-
topography at the PF site was characterized by alter-
nating raised mounds (hummocks) and depressions 
(hollows). At this site 6 chambers were installed at 
randomly determined locations in hollows and 4 were 
installed on hummocks. In the DF site, the 10 cham-
bers were installed at randomly determined locations 
across a relatively homogenous microtopography. 
In the OP site, our sampling design distinguished 
between the zone within a 1.5  m radius of palms 
which received fertilizer (FZ) and the NFZ further 
from palms. At this site, 5 replicate chambers were 
installed at each position (FZ and NFZ).

The PVC chamber lids included a port for gas 
sampling and a vent. Samples of air were drawn 
into 40 ml pre-evacuated glass vials at 0, 10, 20 and 
30 min after closing the chamber. The samples were 
analyzed within 15  days by the Center for Interna-
tional Forestry in Jambi on a Shimadzu 14A gas chro-
matograph (GC) equipped with an electron capture 
detector for  N2O and a flame ionisation detector for 
 CH4 (Loftfield et al. 1997).

In addition, and concomitant with monthly sam-
pling of soil GHG fluxes in the OP site,  N2O and  CH4 
fluxes from the main drainage canal were measured at 
two chambers in the main drainage canal over 1 year, 
from March 2012 to March 2013, as described in the 
Supplementary Information (S2).

Peat properties and environmental variables

At each site, shortly before sampling began the 
peat depth was measured and a pit was dug to 1  m 
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depth for classification of soil following the inter-
national framework by the IUSS Working Group 
WRB (2006) (Micheli et  al. 2006). Three replicate 
peat samples were collected from the top 20  cm of 
soil at each pit and analyzed for peat C and N con-
tent using a Costech Elemental Combustion System 
(Costech Analytical 191 Technologies, Inc.) coupled 
to a Delta V Advantage Mass Spectrometer (Thermo 
Fisher 192 Scientific Inc.) (Comeau 2016). Samples 
for determination of peat bulk density using the core 
method (Grimaldi et  al. 2003) were collected from 
the soil surface (0–6  cm) in November 2011 using 
a brass sampling ring (inner diameter = 8.15 cm and 
depth = 6 cm). We collected 5 samples from hollows 
and 5 from hummocks in the PF site, 10 samples 
from randomly chosen locations in the DF site, and 5 
samples each from FZ and NFZ areas in the OP site. 
Due to a processing error, hummock samples were 
lost, therefore we assumed the bulk density of hum-
mocks to be similar to that of hollows as found by 
Hergoualc’h et  al. (2017) in a peat swamp forest of 
Central Kalimantan.

Hourly rainfall and air temperature were monitored 
using two weather stations (HD2013, Delta Ohm, 
Padova, Italy). One was installed at Berbak National 
Park Simpang Malaka station, approximately 1  km 
from the PF, and one within the oil palm plantation at 
the mid-point between the DF and the OP.

Water table depth, air and soil temperature, soil 
pH, salinity, conductivity, and total dissolved solids, 
and soil moisture (WFPS) were monitored concur-
rently with peat GHG flux measurements (monthly 
and post-fertilization experiments). The water table 
depth was monitored in a 2  m long PVC pipe (dip 
well) perforated to allow water flow and installed 
adjacent (< 75  cm) to each collar. A thermocouple 
probe (GTH 1170, Greisinger electronic GmBH) was 
used to measure air temperature, soil temperature to 
5 cm depth, and water temperature in the main drain-
age canal. Peat pH, salinity, conductivity and total 
dissolved solids were measured to 5  cm depth in 
the field using a pH electrode with an auto ranging 
conductivity cell (EC510, Extech©, US). The probe 
was capable of working on moist peat and, when 
soils were considered too dry, they were diluted 1:1 
with distilled water. Peat samples for moisture con-
tent analysis were collected from the top 5 cm adja-
cent to each collar. Samples were transported to the 
laboratory, weighed, and oven-dried to constant mass 

at 60  °C (Warren et  al. 2012; Farmer et  al. 2014). 
After August 2012, a volumetric soil moisture probe 
(Theta probe, ML2x, Delta T Systems, Cambridge, 
UK), inserted 5 cm into the peat, was used in the OP 
in order to prevent excessive disturbance. The probe 
was calibrated specifically for FZ/NFZ areas with 
an error margin of ± 0.01%. The probe was not used 
in the DF and PF where the bulk density was below 
the probe’s optimal working range in organic soils of 
0.2–0.7 g   cm−3. The WFPS and porosity of samples 
were calculated using site-specific bulk densities and 
a default particle density value from the literature of 
1.4  g   cm−3 (Könönen et  al. 2015). This resulted in 
estimated WFPS values over 100% in some instances 
when measured volumetric soil moisture content was 
very high.

Litterfall was monitored during 1 year in both for-
ests, from April 2012 to March 2013. Methods for 
litterfall monitoring in the forests are detailed in the 
Supplementary Information (S3). Litterfall was not 
measured in the OP plantation where fronds were cut 
at harvest time and piled in rows.

Samples for determination of peat inorganic N 
availability were collected from all sites in March 
2013 (day 35 of the second fertilization event in OP 
plot). One soil sample was collected from the soil 
surface (0–6  cm) adjacent to each chamber using a 
brass sampling ring (inner diameter = 8.15  cm and 
depth = 6 cm). Samples were kept on ice during trans-
portation to the laboratory. We followed the proce-
dure by Hart et al. (1994) to determine net N miner-
alization and net nitrification rates. For each sample 
10 g triplicates were extracted in 100 ml of 2 M KCl 
to determine inorganic N concentrations. These 
extracts were shaken for an hour with a rotary shaker 
and allowed to settle in the dark at room temperature 
for 24 h. The supernatant was filtered (Whatmann fil-
ter paper no. 42) and analyzed for ammonium  (NH4

+) 
and nitrate  (NO3

−) content at the Indonesian Soil 
Research Institute in Bogor by spectrophotometry 
using the indophenol blue method (Solórzano 1969) 
and the brucine procedure, respectively (EPA 1971). 
To ascertain net N mineralization and nitrification 
rates, a further 3 × 10 g replicates were concurrently 
taken from the initial sample and incubated in the 
laboratory in the dark at ambient temperature (28 °C) 
for 10  days. After 10  days, the incubated sample 
was extracted according to the procedures described 
above. The net N mineralization rate was calculated 



Biogeochemistry 

1 3
Vol.: (0123456789)

as the change in inorganic N  (NH4
+  +  NO3

−) con-
centration; the net nitrification rate as the change in 
 NO3

− concentration. Initial inorganic N stocks were 
calculated from the first extraction. Soil gravimetric 
moisture of all samples was measured and the results 
are reported on a dry mass (d.m.) basis (Oktarita et al. 
2017).

Data calculation and presentation

Cumulative rates of peat  N2O and  CH4 fluxes were 
calculated using linear interpolation between meas-
urement dates (including post-fertilization and diel 
variation data) and annualized considering 365 days 
in a year. Annualized fluxes were scaled to the plot-
level in the PF and OP considering the proportion of 
the terrestrial plot area occupied by respectively, hol-
lows/hummocks (50:50) and FZ/NFZ (10:90). Drain-
age canals were estimated to cover approximately 
5% of the area within the NFZ in the OP site, thus a 
ratio of 10:85:5 coverage of FZ:NFZ:DC was used to 
estimate emissions including DC fluxes. Errors were 
computed by Gaussian error propagation (Lo 2005). 
We considered cumulative rates with non-overlapping 
standard errors as different.

Cumulative fertilizer-induced  N2O emissions in 
the OP following fertilization events were calculated 
using data from the day of fertilizer application until 
35  days after fertilization. Cumulative  N2O emis-
sions outside of fertilization periods (non-fertilizer 
induced) were computed by subtracting the two 
post-fertilization cumulative emissions from the total 
cumulative  N2O emissions over the study period.

The annual  CH4 and  N2O fluxes were converted 
to  CO2-equivalents considering GWPs with climate-
carbon feedbacks over time horizons of 20 years (268 
and 86 for  N2O and  CH4, respectively) and 100 years 
(265 and 28 for  N2O and  CH4, respectively) (Myhre 
et al. 2013).

Statistical analysis

Statistical analysis was performed using R (V4.0.5) 
software (R Core Team 2017) with a probability 
threshold of 0.05 to determine significance. Uncer-
tainties are reported as standard errors.  N2O and 
 CH4 fluxes were calculated from the rate of change 
in concentration of the analyte in the chamber head-
space, determined by linear regression based on the 

four gas samples (Verchot et al. 1999, 2000). The nor-
mality of residuals distribution for peat  N2O and  CH4 
fluxes and environmental variables was tested using 
the Shapiro–Wilk test. Monthly peat GHG fluxes and 
environmental variables in hummocks, hollows, DF, 
FZ, and NFZ were compared using the Kruskal–Wal-
lis test. We excluded from the land use comparison, 
data from the diel and fertilization experiments in the 
DF and the OP, and measurements of pH, salinity, 
conductivity, and total dissolved solids at high tide 
when the PF plot was inundated by the adjacent river. 
Relationships between monthly GHG fluxes and envi-
ronmental variables were examined within sites using 
chamber-scale measurements binned into classes for 
the independent variables (e.g., 10  cm intervals for 
the water table depth). Relationships between soil 
 N2O and  CH4 fluxes and mineral N availability were 
tested using micro-scale average GHG fluxes in the 
month of inorganic N measurements.

Results

Peat properties and environmental variables

Peat properties and environmental variables are 
presented in Table  1. Peat classification reflected 
more severe soil degradation as land-use intensity 
increased, with intact wood fragments at the PF site 
(Lignic) being absent at the drained sites, and loss of 
the folic (organic) horizon at the OP. Soil bulk density 
was similar in the forests but significantly higher in 
the OP (P < 0.05, Comeau 2016). Peat C, N, and C:N 
ratio were homogeneous among the three sites. Peat 
salinity, conductivity, and total dissolved solids were 
highest in the PF and lowest in the DF, with interme-
diate values in the OP, while the opposite was true for 
pH (P < 0.001 for all variables).  NH4

+ dominated soil 
inorganic N across land-uses and microtopographies 
and decreased with increasing land-use intensity 
(PF > DF > OP) (P < 0.05). Soil  NO3

− content was 
similar in both forests, and significantly lower in the 
FZ of the OP (P < 0.001). In the NFZ it was similar 
to the DF and higher than in the PF (P < 0.001). The 
absolute values of net N mineralization rates tended 
to be much higher than net nitrification. Net N miner-
alization increased with increasing land-use intensity 
(PF < DF < OP) (P < 0.05). The net nitrification rate 
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was the highest in hollows at the PF, and the lowest in 
the NFZ area at the OP (P < 0.01).

Over the study period the water table was closer 
to the peat surface and the soil WFPS was greater 
in the PF than in the drained sites (P < 0.05 for both 
variables) (Table  1). Air and soil temperatures were 

greatest in the OP and lowest in the PF, with interme-
diate values in the DF (P < 0.05 for both variables). 
The annual litterfall rate was similar among forest 
sites and amounted over 18 months (96.0 ± 12.4 and 
87.6 ± 14.0 kg N  ha−1  yr−1 in the PF and DF, respec-
tively) to 87–95% of the N-fertilization rate applied 

Table 1  Mean ± standard error (n) of peat properties and environmental parameters for the primary forest (PF), degraded forest (DF) 
and oil palm plantation (OP) sites

Variables are presented per microtopography (hummock/hollow in the PF, Fertilized/Non-Fertilized Zone in the OP). Soil micro-
topography was homogeneous at the DF site
Letters a–d indicate significant differences between sites and spatial positions. No letters are displayed in the absence of difference
# Data from Comeau et al. (2013, 2021) and Comeau (2016)
† Excludes for the PF site, high pH (7.6 ± 0.1, n = 60), salinity (167.7 ± 4.7 ppm, n = 60), conductivity (332.6 ± 9.7 ppm, n = 60) and 
total dissolved solids (233.6 ± 6.9 ppm, n = 60) values from when the site was inundated at high tide of adjacent river. Units of mass 
are reported as dry matter (d.m.)

PF DF OP

Hummock Hollow Fertilized zone Non-fertilized zone

Peat  type# Lignic hemic ombric histosol Folic hemic histosol Hemic histosol
(Dystric) (Dystric, drainic) (Dystric, drainic)

Peat depth (m)# 4.5 6 6
Bulk density (g d.m. 

 cm−3)
0.16 ± 0.02a (5) 0.16 ± 0.02a (5) 0.16 ± 0.01a (10) 0.21 ± 0.02b (5) 0.23 ± 0.02b (5)

C (%)# 57.3 ± 3.0 (3) 52.2 ± 1.5 (3) 53.8 ± 0.6 (3)
N (%)# 1.3 ± 0.1 (3) 1.5 ± 0.2 (3) 1.3 ± 0.1 (3)
C:N# 44.0 ± 3.6 (3) 36.3 ± 4.3 (3) 41.9 ± 2.4 (3)
pH† 3.3 ± 0.1a (33) 3.3 ± 0.0a (48) 3.7 ± 0.0c (145) 3.7 ± 0.1b (73) 3.6 ± 0.0b (74)
Salinity (ppm)† 142.9 ± 8.4c (29) 145.1 ± 7.0c (42) 48.4 ± 1.8a (144) 54.5 ± 1.8b (74) 53.1 ± 2.7b (89)
Conductivity (μs)† 282.4 ± 16.9c (29) 277.2 ± 12.4c (42) 88.4 ± 2.4a (145) 106.8 ± 3.5b (74) 102.4 ± 3.6b (74)
Total dissolved solids 

(ppm)†
197.8 ± 11.3c (29) 197.4 ± 8.3c (42) 65.9 ± 3.5a (145) 75.2 ± 2.3b (74) 71.6 ± 2.6b (74)

NH4
+ content (mg N 

kg d.m.−1)
2999.3 ± 720.9c (12) 2354.2 ± 220.7c (18) 1277.5 ± 144.5b (30) 294.6 ± 66.0a (15) 199.9 ± 79.0a (15)

NO3
− content (mg N 

kg d.m.−1)
21.9 ± 6.0b (12) 22.3 ± 4.5b (18) 29.4 ± 6.2bc (30) 6.0 ± 2.2a (15) 42.7 ± 10.4c (15)

Net N mineraliza-
tion rate (mg N kg 
d.m.−1  d−1)

-47.6 ± 21.9a (12) -37.0 ± 20.1a (18) -3.8 ± 16.7b (30) 14.9 ± 4.3c (15) 14.2 ± 5.7c (15)

Net nitrification rate 
(mg N kg d.m.−1 
 d−1)

1.1 ± 1.1bc (12) 3.2 ± 1.1c (18) 0.2 ± 0.5b (30) 0.1 ± 0.2ab (15) -0.1 ± 0.6a (15)

Water table depth 
(cm)

27.7 ± 3.1b (65) 17.9 ± 2.3a (94) 70.6 ± 1.6c (169) 79.1 ± 1.2d (90) 67.2 ± 1.2c (89)

Peat WFPS (%) 81.7 ± 2.9c (64) 88.6 ± 1.8d (93) 44.9 ± 0.8a (170) 45.6 ± 2.2a (85) 72.0 ± 2.6b (83)
Air temp. (°C) 28.3 ± 0.2a (65) 28.3 ± 0.1a (94) 29.4 ± 0.2b (170) 30.9 ± 0.3c (90) 31.4 ± 0.4c (89)
Peat temp. (°C) 26.2 ± 0.1a (65) 26.2 ± 0.1a (94) 27.0 ± 0.1b (170) 27.3 ± 0.1c (90) 27.4 ± 0.1c (89)
Litterfall (Mg d.m. 

 ha−1  yr−1)
9.3 ± 0.8 (240) 8.5 ± 1.1 (240) n/a

Litterfall (kg N 
 ha−1  yr−1)

96.0 ± 12.4 (244) 87.6 ± 14.0 (244) n/a
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in the OP plantation (101 kg N  ha−1   yr−1). Monthly 
dynamic of litterfall is presented in SI3. Monthly 
variation in rainfall, water table depth, and soil WFPS 
are reported in SI4. Soil and air temperature monthly 
variation are detailed in SI5.

Soil nitrous oxide fluxes

Monthly and post-fertilization soil  N2O fluxes are dis-
played in Fig.  2. Average monthly fluxes (g N  ha−1 
 d−1) were highest in the NFZ of the OP (24.3 ± 0.4) 
and lowest in the PF (3.4 ± 0.1 and 5.5 ± 0.1 in hum-
mocks and hollows, respectively) and the FZ of the 

OP (4.2 ± 0.1) (P < 0.05). In the DF (6.0 ± 0.1) they 
tended to be greater but not significantly different 
from fluxes in PF hollows. In both forests and in the 
OP FZ and drainage canal (Figure S2) monthly  N2O 
fluxes were < 20 g N  ha−1  d−1 with very few excep-
tions while the OP NFZ fluxes occasionally exceeded 
40 g N  ha−1  d−1 (in Jul, Nov, and Dec 2012). In Nov 
2012 there were also noticeable spikes in  N2O emis-
sions in the DF and in PF hollows (26.6 ± 9.6 and 
24.0 ± 10.0 g N  ha−1  d−1, respectively)..

Soil  N2O emissions in the FZ following the first 
(F1) and second (F2) fertilization events (average 
daily flux rates of 10.0 ± 1.0 and 18.4 ± 2.3 g N  ha−1 

Fig. 2  Monthly mean nitrous oxide  (N2O) fluxes in the pri-
mary forest (PF) (a), degraded forest (DF) (b), and oil palm 
plantation (OP) (c) sites. Daily average  N2O fluxes and daily 
rainfall in the OP during two fertilization events (March 
2012) (F1) and (February 2013) (F2) are displayed in the 
insets. Fluxes are presented per microtopography in the PF 
(hum = hummock, hol = hollow) and in the OP (FZ = Fertilized 

Zone, NFZ = Non-Fertilized Zone). The soil microtopography 
in the DF was homogeneous. Error bars represent the stand-
ard errors of the means (hum, n = 4; hol, n = 6, DF, n = 10; 
FZ, n = 5; NFZ, n = 5). The arrows in c indicate the two ferti-
lization events in the OP. Please note different scales of y-axes 
between the forest sites (a, b) and the OP (c)
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 d−1, respectively) were higher compared to emis-
sions outside of fertilization events (4.1 ± 0.9  g N 
 ha−1  d−1) (P < 0.001). They were higher after F2 
than after F1 when the N application rate was dou-
bled compared to the first event (68 and 33  kg N 
 ha−1 applied in F2 and F1, respectively) (P < 0.001). 
In the NFZ fluxes were similar following F2 
(27.7 ± 2.7  g N  ha−1  d−1) and F1 (27.1 ± 5.8  g N 
 ha−1  d−1) and after F2 slightly higher than emis-
sions outside of fertilization events (24.6 ± 4.2 g N 
 ha−1  d−1) (P < 0.01). Peaks in emissions occurred 
after rainfall events. The emissions in the FZ area 
peaked in days 5–6 following F1 and two times after 
F2, at day 5 and 10. Peaks in  N2O emissions in the 
NFZ area occurred three times after F1, at day 6, 
16, and 28 and coincided with peaks in the FZ area 
after F2.

Monthly average  N2O flux variation was linked to 
fluctuations in air temperature in the OP (P < 0.05) 
(Fig.  3a), and to water table depth in forest sites 
(P < 0.01 and P < 0.001 in the PF and the DF, respec-
tively) (Fig.  3b).  N2O fluxes rose linearly with air 
temperature in the OP and decreased logarithmically 
with increasing water table depth in the PF and the 
DF. Furthermore, micro-scale average  N2O fluxes in 

March 2013 increased exponentially with increasing 
net N mineralization across sites (P < 0.01) (Fig. 3c).

Site-scale annual soil  N2O emissions increased 
with increasing land-use intensity (PF < DF < OP) 
(Table  2). They were higher in hollows than hum-
mocks in the PF, and in the OP they were higher in 
the NFZ than the FZ. Post-fertilization  N2O fluxes 
contributed 69% of cumulative soil emissions in the 
FZ and 25% in the NFZ, and were equivalent to 26% 
of site-scale cumulative emissions. Fluxes of  N2O 
from canals generally ranged from small uptakes to 
emissions of < 5  g N  ha−1  d−1 (Figure S2) and con-
tributed minimally to site-scale  N2O emissions in the 
OP.

Soil methane fluxes

Monthly and post-fertilization  CH4 fluxes are dis-
played in Fig.  4. Average monthly fluxes (g C  ha−1 
 d−1) were greatest in the PF hollows (25.3 ± 1.1), fol-
lowed by hummocks (17.4 ± 0.9) and the OP FZ area 
(12.0 ± 0.3), and lowest in the DF (5.2 ± 0.1) and OP 
NFZ area (2.1 ± 0.1) (P < 0.05). In the PF, monthly 
fluxes varied over a wide range in hollows, from large 
uptakes (− 68.6 ± 73.2 g C  ha−1  d−1, October 2012) 

Fig. 3  Relationships between binned monthly non-CO2 green-
house gas fluxes and environmental variables in the oil palm 
plantation (OP), drained forest (DF), and primary forest (PF) 
sites. Relationships between nitrous oxide  (N2O) fluxes and 
air temperature and water table depth are displayed in pan-
els (a) and (b) respectively. Relationship between daily mean 
 N2O fluxes and net N mineralization (NetMin) in March 2013 
across land uses is displayed in c. Relationships between 
methane  (CH4) fluxes and air temperature, water table depth, 
and soil water-filled pore space (WFPS) displayed in panels 

(d), (e), and (f), respectively. Very large  CH4 fluxes of 139 
and 86  kg C  ha−1   yr−1 in the PF at WFPS values > 100% in 
(f) are not shown. All relationships are significant (p < 0.05). 
Error bars represent standard error of the mean. The size of 
the bubbles is relative to the sample size in all panels except 
(c). Fluxes are presented per microtopography in the PF 
(hum = hummock, hol = hollow) and in the OP (FZ = Fertilized 
Zone, NFZ = Non-Fertilized Zone) in c. The soil microtopog-
raphy in the DF was homogeneous
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to large emissions (152.1 ± 138.0 g C  ha−1  d−1, April 
2012). In the drained sites, soil fluxes were rarely 
greater than 20 g C  ha−1  d−1. On the other hand,  CH4 
fluxes from the canal in the OP exceeded 80 g C  ha−1 
 d−1 on several occasions (Figure S2). In all three 
land uses, large pulses of  CH4 emissions from soils 
were observed in months with high rainfall, and con-
versely, low  CH4 emissions, or uptake, occurred in 
months with rainfall < 100 mm.

In the FZ,  CH4 fluxes were lower following F2 
(5.3 ± 0.7  g N  ha−1  d−1) than following F1 and out-
side of fertilization events (average daily flux rates 
of 13.1 ± 1.4  g N  ha−1  d−1 and 12.4 ± 2.6  g C  ha−1 
 d−1, respectively) (P < 0.001). Fluxes in the NFZ 
were similar during all periods (2.5 ± 0.7, 1.3 ± 0.9, 
and 1.1 ± 0.7  g C  ha−1  d−1 for the periods outside 

of fertilization events, post F1 and post F2 periods, 
respectively).

Mean monthly  CH4 fluxes increased as water table 
rose closer to the soil surface in the PF (P < 0.05) 
(Fig.  3e). In the OP,  CH4 fluxes increased with 
decreasing soil WFPS (P < 0.001), but the magnitude 
of increase was low (8  g C  ha−1  d−1 over the range 
of measured soil WFPS) (Fig. 3f).  CH4 fluxes in the 
OP also decreased with increasing air temperature 
(P < 0.01) (Fig.  3d). Micro-scale variation in aver-
age  CH4 fluxes was not related to soil mineral N 
availability.

Annual site-scale  CH4 fluxes from soils followed 
an opposite trend to  N2O, with highest emissions 
fluxes in the PF followed by the DF, and the OP 
(Table  2). However, considering the contribution of 

Fig. 4  Monthly mean methane  (CH4) fluxes in the primary 
forest (PF) (a), degraded forest (DF) (b), and oil palm plan-
tation (OP) (c) sites. Fluxes are presented per microtopogra-
phy in the PF (hum = hummock, hol = hollow) and in the OP 
(FZ = Fertilized Zone, NFZ = Non-Fertilized Zone). The soil 

microtopography in the DF was homogeneous. Error bars rep-
resent the standard errors of the monthly means (hum, n = 4; 
hol, n = 6, DF, n = 10; FZ, n = 5; NFZ, n = 5). The arrows indi-
cate the two fertilization events in the OP. Please note different 
scales of y-axes between (a) and (b, c)
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drainage canal fluxes, site-scale  CH4 fluxes in the OP 
were not different from the DF. Annual  CH4 fluxes 
tended to be higher in hollows than hummocks in the 
PF and were higher in the FZ area compared to the 
NFZ area in the OP.

Combined changes in nitrous oxide and methane 
fluxes

Over a 20-year time horizon, site-scale combined 
non-CO2 GHG emissions, expressed in units of 
 CO2 equivalents  (CO2e), were similar in the PF and 
the OP (regardless of whether drainage canal fluxes 
were considered), and lower in the DF (Table  2). 
 N2O made up a relatively larger proportion than  CH4 
of site level non-CO2 GHG emissions in the DF and 
OP sites (62% and 87%, respectively) but only 21% 
in the PF site considering 20-year GWP. Considering 
their 100-year GWP, combined non-CO2 GHG emis-
sions were similar in the PF and the DF, and higher 
in the OP, with  N2O dominating non-CO2 fluxes in 
the drained sites (83% and 94% in the PF and the DF, 
respectively).  N2O and  CH4 made more equal contri-
butions in the PF (47% and 53%, respectively) over a 
100-year time horizon.

Discussion

Nitrous oxide fluxes and controls

In agreement with a synthesis of prior studies not-
ing the importance of  N2O emissions in tropical 
wetland forests (van Lent et al. 2015; 2.7 ± 1.9 kg N 
 ha−1   yr−1), annual site-scale  N2O emissions in the 
PF (1.7 ± 0.2  kg N  ha−1   yr−1) were relatively large. 
In comparison to regional results, they were higher 
than values reported in primary peat swamp forests of 
Sumatra (0.1 ± 0.1  kg N  ha−1   yr−1, Deshmukh et  al. 
2021) and Kalimantan (0.9 ± 0.1  kg N  ha−1   yr−1, 
Swails et  al. 2021). While these forests had annual 
water table depths comparable to our site, their soil 
mineral N concentrations  (NH4

+  +  NO3
−) were an 

order of magnitude lower than in this study, poten-
tially explaining the differences in flux magnitude. 
The control that mineral N substrate availability 
exerts on  N2O production (Firestone and Davidson 
1989; Butterbach-Bahl et  al. 2013) was apparent 
across land-uses with increased  N2O emissions in the 

field as rates of net N mineralization rose in labora-
tory incubations (Fig.  3c). Annual peat emissions 
of  N2O at the site scale in the DF (2.3 ± 0.2  kg N 
 ha−1   yr−1) were substantial, matching other observa-
tions in Southeast Asian drained peat swamp forests 
(4.0 ± 1.6, n = 6, Furukawa et  al. 2005; Jauhiainen 
et  al. 2012; Takakai et  al. 2006; Deshmukh et  al. 
2021). Site-scale annual soil  N2O emissions in the OP 
(8.1 ± 0.8 kg N  ha−1   yr−1) were high, but lower than 
observations in another block of the same plantation 
(12.8 ± 2.7 kg N  ha−1  yr−1, Oktarita et al. 2017) ferti-
lized at a similar rate. Age-related differences in vege-
tation N-demand (Comte et al. 2013), which increases 
over the first 10 years after planting (Ng 1977), could 
explain the lower  N2O emission rate from soils at our 
site. N uptake by our 7-year-old palms may have been 
greater compared to the site measured by Oktarita 
et al. (2017) (3-year-old palms) resulting in less inor-
ganic-N substrate available for  N2O production at our 
site relative to the younger block.

Observations of  N2O fluxes in tropical peat swamp 
forests are scarce and rarely disaggregated by micro-
topography, but the tendency towards higher  N2O 
emissions from hollows than hummocks in the PF 
matches findings in undrained Kalimantan forests 
(Swails et al. 2021). Enhancement of denitrification, 
the main  N2O production process which is generally 
favored under anaerobic or reducing conditions (But-
terbach-Bahl et  al. 2013), may explain the relatively 
larger  N2O emissions in hollows, where the water 
table level was closer to the surface than in the hum-
mocks (Table  1). The temporary fertilizer-induced 
 N2O emissions in the FZ, and the higher emissions 
from the NFZ throughout the year, suggest that 
applied N and mineralized N was mostly taken up by 
the palm in the root zone (FZ) rather than being lost 
as  N2O. The large contribution of peat decomposition 
(74%) to total annual site-scale  N2O emissions is con-
sistent with process-based simulations (Swails et  al. 
2021) and observations (Oktarita et  al. 2017; Toma 
et al. 2011) of cultivated peatlands elsewhere in Indo-
nesia and fertilized similarly to our site.

High concentrations of  NH4
+ and a dominance of 

 NH4
+ over  NO3

− in the inorganic-N pool (Table 1) 
is common in wet peat soils (e.g., Hergoualc’h 
et al., 2020; Oktarita et al. 2017; Swails et al. 2021). 
This tendency was more pronounced in the und-
rained PF compared to the drained land-uses (DF 
and OP), potentially due to oxygen constraints on 
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transformation of  NH4
+ to  NO3

− by nitrification, an 
aerobic process. Reduction in soil moisture is also 
known to stimulate mineralization (Martikainen 
et  al. 1993; Golovchenko et  al. 2007; Pärn et  al. 
2018) which could be induced by peatland drainage, 
as evidenced by the association between lower soil 
moisture and higher net N mineralization rates in 
the drained land-uses (DF and OP) compared to the 
PF (Table 1).

Increased available substrate for the anaero-
bic process of denitrification, evidenced by higher 
peat  NO3

− content in the DF compared to the PF 
(Table  1), could explain the greater increase in 
 N2O emissions with rising water table level in the 
drained than undrained forest (Fig.  3). The lack of 
response of DF and PF  N2O emissions to air tem-
perature may be related to the narrow range of air 
temperatures in this land use, as opposed to the OP 
with different vegetation type where air temperature 
varied widely.

Increased soil  N2O emissions at drained sites 
compared to the PF agrees with observations in 
paired primary forest—drained forest (Deshmukh 
et  al. 2021) and primary forest—oil palm (Swails 
et  al. 2021) peatland sites elsewhere in Southeast 
Asia. The impact of forest disturbance on micro-
climate (Blonder et  al. 2018; Both et  al. 2017; 
Marsh et  al. 2022), which can affect biogeochemi-
cal cycling rates (Both et al. 2017), was evidenced 
by the increase in soil and air temperatures in the 
DF relative to the PF (Table  1). Conversion to oil 
palm plantation results in even more drastic changes 
to vegetation with greatly increased soil and air 
temperatures compared to forest (Hergoualc’h and 
Verchot 2014) as observed in our OP site (Table 1). 
Lowering water table level enhances peat minerali-
zation, which stimulates peat emissions of  N2O as 
a result of increased availability of mineral N sub-
strate for nitrification and denitrification (Pärn et al. 
2018) in addition to the contribution of direct  N2O 
emissions from N-fertilizers (van Lent et al. 2015). 
Rising temperature is known to increase rates of 
nitrification and denitrification (Skiba and Smith 
2000), and higher air and soil temperatures in the 
OP compared to the DF (Table  1) could explain 
larger  N2O fluxes from peat decomposition in the 
OP compared to the DF despite similar mean annual 
water table levels in the two land-uses.

Methane fluxes and controls

Undrained tropical wetlands are widely recognized 
as important, but uncertain global  CH4 sources (e.g., 
Ma et  al. 2021; Nisbet et  al. 2014; Sjögersten et  al. 
2014; Zhang et  al. 2017; 2023). Annual site-scale 
soil  CH4 fluxes in the PF (8.2 ± 1.9 kg C  ha−1   yr−1) 
were substantial and similar to fluxes from other 
Southeast Asian primary forests (8.7 ± 4.1  kg C 
 ha−1   yr−1, Swails et  al. 2021). Emissions of  CH4 in 
the DF (1.9 ± 0.4  kg C  ha−1   yr−1) were relatively 
small and comparable to other soil chamber-based 
measurements in drained peat forests in the region 
(4.3 ± 2.7  kg C  ha−1   yr−1, n = 4, Furukawa et  al. 
2005; Hirano et  al. 2009; Jauhiainen et  al. 2008). 
There is increasing evidence that vegetation-medi-
ated egress of  CH4 can contribute substantially to 
ecosystem-scale  CH4 emissions in tropical peat for-
ests (Covey and Megonigal et al. 2019; Pangala et al 
2013; Sjogersten et  al. 2020). However, the propor-
tion of  CH4 emitted by vegetation may vary by loca-
tion. For example, emissions of  CH4 measured using 
eddy-covariance by Sakabe et al. (2018) in an Indo-
nesian peat swamp forest were similar to soil cham-
ber-based  CH4 fluxes measured at the same site by 
Hirano et al. (2009), indicating a minor contribution 
of trees to ecosystem-scale  CH4 flux at that site. In 
the OP the annual  CH4 flux from soil (1.1 ± 0.2 kg C 
 ha−1  yr−1) was within the range observed in oil palm 
plantations on peat in Southeast Asia which varies 
from net uptake to small emissions (− 0.2 to 5.3 kg 
C  ha−1  yr−1, n = 6, Swails et al. 2021; Lau et al. 2022; 
Melling et al. 2005).

Higher  CH4 emissions from hollows than hum-
mocks in the PF is consistent with previous obser-
vations in the region which linked microspatial vari-
ation in  CH4 fluxes from undrained peat forests to 
soil moisture conditions (Akhtar et al. 2022; Ishikura 
et  al. 2019; Jauhiainen et  al. 2008). The activity of 
methanotrophs is mainly limited by oxygen availabil-
ity (Le Mer and Roger 2001); therefore higher water 
table level in hollows (Table 1) can promote metha-
nogenesis over methanotrophy (Inubushi et al. 2003). 
Contrary to observations in other oil palm plantations 
on peat (Melling et al. 2006), urea application did not 
induce transient  CH4 emission increases in the FZ 
area (Fig. 4). Nonetheless, soil emissions of  CH4 were 
higher overall in the FZ compared to the NFZ, poten-
tially as the result of labile C inputs by palm roots, 
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despite drier soils conditions (Table 1) which favors 
 CH4 consumption over  CH4 production (Le Mer and 
Roger 2001). Indeed, methanogenesis is often fuelled 
by recent plant photosynthate (Bridgham et al. 2013). 
Repeated N addition may have also contributed to 
higher long-term  CH4 emissions from the root zone 
either through the stimulation of root growth or alter-
natively through changes to the microbial community.

Given that methanogenesis and methanotrophy are 
known to occur simultaneously in soils, the lack of 
response of  CH4 emission rate to variation in water 
table depth in the DF and OP, where the water table 
level was usually well below the soil surface, could 
be explained by a predominance of methanotrophy 
in surface peat layers, as opposed to the PF where 
the water table level frequently approached the soil 
surface.

In contrast to soil  N2O emissions, which were 
greater in drained land-uses than undrained forest, 
drainage and conversion reduced  CH4 emissions in 
the DF and the OP compared to the PF. Decreased 
soil  CH4 emissions with lowered water table levels 
is in agreement with observations from other paired 
undrained and drained sites in Indonesia (Deshmukh 
et  al. 2021; Swails et  al. 2021) and a meta-analysis 
of soil emission factors for different land-uses on peat 
in Southeast Asia (Hergoualc’h and Verchot 2014). 
Even though soil  CH4 fluxes from OP were lower 
than those from PF and DF, it is noticeable that the 
net flux was generally positive and not zero or  CH4 
uptake as might have been expected from drained 
sites.

Combined peat non-CO2 carbon dioxide greenhouse 
gas emissions

Contrary to a previous meta-analysis of soil GHG 
emissions from different land-uses in Southeast Asian 
peatlands, which found reduced non-CO2 emissions 
in oil palm plantations compared to undrained forests 
considering 20-year GWP (Hergoualc’h and Verchot 
2014), combined  N2O and  CH4 emissions, expressed 
as  CO2 equivalents, were similar in our PF and OP 
over a 20-year time horizon. On the other hand, the 
20-year GWP impact of non-CO2 emissions in the 
DF was lower than the PF, in agreement with previ-
ous findings for the region (Hergoualc’h and Ver-
chot 2014). However, it is important to note that peat 
swamp forest drainage and conversion to oil palm 

plantation is known to result in massive  CO2 emis-
sions from peat decomposition accounting for 90% of 
the peat GHG budget in drained land-uses of South-
east Asia (Hergoualch and Verchot 2014).

If  CH4 emissions in drained tropical peat forests 
and oil palm plantations on peat are small to negli-
gible (Drösler et  al. 2014), drained nitrogen-rich 
organic soils in the tropics are known to be a major 
source of  N2O emission (Pärn et  al. 2018). There-
fore,  N2O made a much larger contribution than  CH4 
to non-CO2 peat GHG emissions at our drained sites 
(62% and 87% in the DF and the OP, respectively), 
and particularly considering the 100-year GWP fol-
lowing norms for GHG inventories (increasing to 
83% and 94% in the PF and the DF, respectively). 
The underlying cause of high  N2O emissions in the 
OP was not, as often assumed, primarily the added 
N-fertilizer but peat degradation and decomposition.

In the OP DC  N2O fluxes were minimal and  CH4 
emissions (12.3 ± 5.4  kg C  ha−1   yr−1), were drasti-
cally lower than the IPCC default EF (1.6  Mg C 
 ha−1  yr−1) (Drösler et al. 2014). Given that the IPCC 
Tier 1 default for DC emissions is based on a single 
observation, securing data from additional sites and 
understanding the underlying mechanisms of emis-
sions from drainage canals would be useful. In our 
case, DC emissions in the OP increased site-scale 
 CH4 emissions by 45%, but contributed negligibly to 
total site-scale non-CO2 emissions.

Conclusions

This study using an experimental design that con-
sidered microscale spatial variability and inter-sea-
sonal variation at all sites, as well as temporary fer-
tilizer-induced increase in OP non-CO2 emissions, 
contributes to reducing uncertainty in estimates 
of the impact of land-use change on tropical peat 
GHG emissions. However, our study was conducted 
over a monitoring period of < 2 years in a limited 
number of sites. Additional studies monitoring soil 
GHG fluxes and controlling variables over multiple 
years in sites covering a wide range of environmen-
tal conditions are needed to characterize interan-
nual variability in soil fluxes of  N2O and  CH4 and 
increase understanding of the mechanisms regulat-
ing non-CO2 emissions from pristine, degraded, and 
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converted tropical peat soils. In particular, studies 
that disaggregate soil  N2O sources (peat decompo-
sition and emissions induced by N application) in 
fertilized systems on tropical peatlands are needed. 
Substantial increases in peat  N2O emissions in the 
DF and the OP compared to the PF demonstrate the 
need to include peat emissions of  N2O in invento-
ries of anthropogenic GHG emissions. Although the 
contribution of non-CO2 emissions to net peat GHG 
budgets (10%) in disturbed Southeast Asian peat-
lands is small in relation to  CO2 (90%),  N2O has a 
much larger GWP (268 and 265 over 20- and 100-
year time horizons, respectively) compared to  CO2 
and may be amenable to management. The results 
of this study suggest air temperature and water table 
level as potential proxies for assessing spatial and 
temporal variation in  N2O emissions in drained 
and converted peatlands. The increase in peat  N2O 
emissions associated with the land-use change tran-
sition from undrained peat swamp forest to oil palm 
plantation at our sites provides further evidence of 
the urgent need to protect tropical peat swamp for-
ests from drainage and conversion.
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