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Abstract: (1) Background: Nitrogen (N) fertilization on drained tropical peatland will likely stimulate
peat decomposition and mineralization, enhancing N2O emission from the peat soil. (2) Methods:
A field experiment was conducted to quantify the N2O emissions from soil in an oil palm plantation
(Elaeis guineensis Jacq.) located in a tropical peatland in Sarawak, Malaysia, under different rates
of N fertilizers. The study was conducted from January 2010 to December 2013 and resumed from
January 2016 to December 2017. Nitrous oxide (N2O) flux was measured every month using a closed
chamber method for four different N rates; control—without N (T1), 31.1 kg N ha−1 yr−1 (T2),
62.2 kg N ha−1 yr−1 (T3), and 124.3 kg N ha−1 yr−1 (T4); (3) Results: Application of the N
fertilizer significantly increased annual cumulative N2O emissions for T4 only in the years
2010 (p = 0.017), 2011 (p = 0.012), 2012 (p = 0.007), and 2016 (p = 0.048). The highest average annual
cumulative N2O emissions were recorded for T4 (41.5 ± 28.7 kg N ha−1 yr−1), followed by
T3 (35.1 ± 25.7 kg N ha−1 yr−1), T1 (25.2 ± 17.8 kg N ha−1 yr−1), and T2 (25.1 ± 15.4 kg N ha−1 yr−1),
indicating that the N rates of 62.2 kg N ha−1 yr−1 and 124.3 kg N ha−1 yr−1 increased the average
annual cumulative N2O emissions by 39% and 65%, respectively, as compared to the control.
The N fertilization had no significant effect on annual oil palm yield (p = 0.994). Alternating between
low (deeper than −60 cm) and high groundwater level (GWL) (shallower than −60 cm) enhanced
nitrification during low GWL, further supplying NO3

− for denitrification in the high GWL,
and contributing to higher N2O emissions in high GWL. The emissions of N2O ranged from
17 µg N m−2 hr−1 to 2447 µg N m−2 hr−1 and decreased when the water-filled pore space (WFPS) was
between 70% and 96%, suggesting the occurrence of complete denitrification. A positive correlation
between N2O emissions and NO3

− at 70–96% WFPS indicated that denitrification increased with
increased NO3

− availability. Based on their standardized regression coefficients, the effect of GWL
on N2O emissions increased with increased N rate (p < 0.001). Furthermore, it was found that
annual oil palm yields negatively correlated with annual N2O emission and NO3

− for all treatments.
Both nitrification and denitrification increased with increased N availability, making both processes
important sources of N2O in oil palm cultivation on tropical peatland.; and (4) Conclusions: To improve
understanding of N2O mitigation strategies, further studies should consider plant N uptake on N2O
emissions, at least until the completion of the planting.

Keywords: ground water level (GWL); water-filled pore space (WFPS); oil palm yield;
nitrification; denitrification
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1. Introduction

Nitrous oxide (N2O) is one of the most potent greenhouse gases, with 298 times the global warming
potential (GWP) of CO2 over a 100-year timescale [1]. Agricultural soils are responsible for 60–80%
of anthropogenic N2O sources; mainly derived from synthetic fertilizers, manure applications, and crop
residues left on farms [2,3]. The drive to fulfill the global demand for food supply and the scarcity of other
suitable lands for agriculture has pushed the expansion of oil palm plantations into lowland tropical
peatland. Drainage in tropical peatland is strengthened to create oxic conditions for palm growth, with an
optimum water table depth of 50–75 cm [4]. Furthermore, nitrogen (N) fertilization is added to promote
palm productivity. In Malaysia, the recommended annual N fertilizer for immature and mature oil palms
established on tropical peat soil is 50–100 kg N ha−1 yr−1 and 120–160 kg N ha−1 yr−1, respectively [5].
However, both will likely stimulate peat decomposition and mineralization, enhancing N2O emission
from the soil [6–8].

The N2O emissions from soils are produced by the microbial processes of nitrification (conversion of
NH4

+ to NO3
−) in aerobic condition and denitrification (NO3

− to N2O or N2) in anaerobic condition [6,9].
Takakai et al. [10] found that N2O emission from vegetable fields on tropical peatland significantly
increased in the wet season and, although NO3-N still accumulated in the soil in the dry season,
N2O emission was low. Therefore, denitrification is believed to be a significant emitter of N2O and that
soil moisture is a major environmental factor controlling the N2O emissions, as it regulates the oxygen
availability to soil microbes, affecting the process of denitrification and nitrification [9]. One study
observed nitrification as the dominant N2O-producing process in all soils with 60% water-filled pore
space (WFPS) while 70% WFPS peat soil was dominated by denitrification [11]. Groundwater level
(GWL) governs the anaerobicity and mineralization rate of soil [12]. Dobbie and Smith [13] found that
rises in GWL were associated with increases in the WFPS of topsoil. The lowering of GWL was mainly
reported to increase N2O emissions by introducing an oxic layer, enhancing peat decomposition and
thus nitrogen mineralization [6,14]. However, another study reported that the presence of groundwater
enhanced N2O production through denitrification [13,15]. Factors such as soil pH, precipitation [16],
and NH4

+ and NO3
− concentration [17,18] have also been identified to affect soil N2O emissions.

Only a few studies on soil N2O emissions from oil palm plantation on tropical peatland [16–18]
have been carried out. Of these studies, Oktarita et al. [18] conducted the only long-term study.
Sakata et al. [16] found that there were no significant effects of the N fertilizer on N2O emissions
in a young oil palm plantation on peat but high N2O emissions were observed when fertilizer was
applied to wet peat soil. They concluded that N fertilizer had insignificant effects on annual N2O
emissions because of the predominantly high emissions resulting from peat decomposition [10,18].
Meanwhile, Hadi et al. [19] reported that the addition of ammonium sulphate to soil significantly
reduced the emission of N2O compared to the control treatments because of the high ammonium
content that inhibited nitrification.

Emissions of N2O are typically erratic, often occurring as pulse events. They are also spatially
variable and hard to predict, as they are generally not well correlated with any single environmental
factor [20]. Thus, more information and understanding of the key factors influencing the response
of soil N2O emissions due to N fertilization, besides urea, is necessary to develop approaches to mitigate
N2O emissions from cultivated tropical peatland. Finding a suitable nitrogen rate for optimum oil
palm growth and yield whilst maintaining low environmental impact is also crucial for the economic
growth of the oil palm sector in Malaysia.

In this study, long-term monitoring was conducted to quantify soil N2O emissions by varying
the rates of N fertilizers and the key factors influencing the response of soil N2O emissions under N
fertilization were identified. In this study, ammonium sulphate (21% N) was used for N fertilization
instead of urea.
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2. Materials and Methods

2.1. Site Description

This study was carried out in an oil palm plantation (Elaeis guineensis Jacq.) on tropical peatland
in Sarawak, Malaysia (2◦11’ N, 111◦50’ E). Sarawak has an average annual air temperature and an
annual rainfall of 32.6 ◦C and 2701 mm, respectively. Generally, the wet season occurs between October
and March while the dry season occurs between April and September. The peat in the experimental site
is a deep peat of about 9 m depth, classified as Typic Haplofibrist based on the USDA soil classification
system [21] and Dystric Histosols based on the World Reference Base (WRB) for soil classification
systems [22]. The site was cleared and drained in 2007. After the peat surface was flattened with
compaction and consolidated using a heavy machine, oil palms were planted in February 2008 at
a density of 148 palms ha−1 (8.5 m between oil palms in a triangular design). The water table level was
initially deeper than −1 m but became shallower and controlled between −50 cm and −70 cm below
the soil surface in June 2010 and, therefore, suited for oil palm growth.

2.2. Field Experimental Design

The experiment used a randomized complete block design with four different N rates in three
blocks (three replications). Each block (1564 m2) consisted of 36 oil palms of which 16 central palms
were selected for the fresh fruit bunch (FFB) collection record while four were selected as the gas
sampling points. Each block was separated by 2 to 3 rows of palms or field drains, as shown in Figure 1.
The treatments included the control (T1, without N fertilization), low N (T2, 31.1 kg N ha−1), moderate N
(T3, 62.2 kg N ha−1), and high N (T4, 124.3 kg N ha−1). The moderate N rate (T3) in this study was based
on the recommended rate by Hasnol et al. [23]. Ammonium sulphate (AS) (21%N) was applied as the N
fertilizer four times a year in March, June, September, and November. The rate of N fertilization is
shown in Table 1. Other fertilizers such as rock phosphate (RP), muriate of potash (MOP), copper (Cu),
Zinc (Zn), and borate (Bo), were also applied based on the schedule shown in Table 2. All fertilizers
were applied 2 m away from the palm trunk (Figure 1).
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Figure 1. A diagram of the experimental design; each color represents different treatments (black—T1,
yellow—T2, red—T3, and green—T4).
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Table 1. Rate of ammonium sulphate (AS).

Treatment Month kg AS palm−1 kg AS palm−1 yr−1 kg N ha−1 yr−1

T1 March 0 0 0
June 0

September 0
November 0

T2 March 0.25 1 31.1
June 0.25

September 0.25
November 0.25

T3 March 0.5 2 62.2
June 0.5

September 0.5
November 0.5

T4 March 1 4 124.3
June 1

September 1
November 1

Table 2. Fertilization schedule from 2010 to 2017 (kg palm−1).

Rate
February March May June

RP AS MOP Cu Zn Bo AS MOP

T1 (Control) 1.75 0 1 0.1 0.1 0.1 0 1
T2 (Low N) 1.75 0.25 1 0.1 0.1 0.1 0.25 1
T3 (Recommended N) 1.75 0.5 1 0.1 0.1 0.1 0.5 1
T4 (High N) 1.75 1.0 1 0.1 0.1 0.1 1.0 1

Rate
August September October November

Kieserite AS MOP Cu Zn Bo AS MOP

T1 (Control) 1.75 0 1.6 0.1 0.1 0.1 0 1.6
T2 (Low N) 1.75 0.25 1.6 0.1 0.1 0.1 0.25 1.6
T3 (Recommended N) 1.75 0.5 1.6 0.1 0.1 0.1 0.5 1.6
T4 (High N) 1.75 1.0 1.6 0.1 0.1 0.1 1.0 1.6

Ammonium sulphate (NH4)2SO4 (AS); Rock phosphate Ca3(PO4)2 (RP); Muriate of potash (KCl) (MOP); Copper (Cu);
Zinc (Zn); Borate (B2O3) (Bo). All values are in kilogram (kg).

2.3. Soil N2O Emission Measurements and Soil Sampling

This study was conducted from January 2010 to December 2013, and resumed from January
2016 to December 2017. The N2O emissions were measured in the first week of every month on
a non-rainy day, 1 week after fertilization, using a closed chamber method. The chambers consisted
of white-painted stainless-steel rings (25 cm height with a 20 cm diameter). Four palms in the middle
of each replication plot were selected for the gas sampling. Prior to gas sampling, each chamber for each
palm was placed directly into the soil, at a fertilizer spot 2 m away from the selected palm. The chamber
was then inserted directly up to 3 cm depth. To attain stability in the presence of installation disturbance,
all the chambers were left for 30 minutes upon installation [24]. Gas emissions in the field were collected
between 11 a.m. and 2 p.m. Before closing the chamber, a 20 mL gas sample from the headspace
of each chamber was extracted using a gas-tight 25 mL syringe and transferred into an evacuated vial
for N2O analysis. This measurement was regarded as time 0 min. Under closed chamber conditions,
another 20 mL gas sample was taken after 10, 20, and 40 min, and then transferred into an evacuated
vial. In the laboratory, N2O gas concentrations were determined using an electron capture detector
(ECD) gas chromatograph (Agilent Technologies 7890A).
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Gas emissions were calculated using the following linear regression equation [25]:

F = p × h × (∆c/∆t) × (273/(273 + T) × α (1)

where F is the gas flux (µg N m−2 h−1 for N2O), p is the gas density (N2O = 1.978 × 109 µg m−3);
h is the height of the chamber from the soil surface (m); ∆c/∆t is the change in gas concentration
inside the chamber during the sampling period (10−6 m3 m−3 h−1); T is the average air temperature
during the sampling period (0, 10, 20, and 40 min) (◦C); and α is the conversion factor from N2O to N
(i.e., 28/44). A positive flux denotes emission from the soil and a negative flux denotes uptake from
the atmosphere. The annual cumulative soil N2O emissions were calculated from the monthly mean
values as follows [17]:

Annual cumulative N2O emission =
n−1∑
i=1

Fi×Di (2)

where Fi is the mean gas flux (kg N ha−1 day−1) between two sampling times (i.e., for time interval i),
Di is the number of days in the sampling interval, and n is the frequency of sampling. The emission
factor (EF) was calculated using the following formula [26]:

EF (%) = (F − C)/N × 100 (3)

where F is the annual cumulative N2O emission emitted from the fertilized treatment (kg N ha−1 yr−1),
C is the annual cumulative N2O emissions from the control treatments (kg N2O-N ha−1 yr−1), and N is
the annual amount of N application (kg N ha−1 yr−1).

2.4. Environmental Parameters and Soil Sampling

At the same time that the gas measurement was performed, environmental variables such as air
temperature, relative humidity, soil temperature at 5 cm and 10 cm, groundwater level, and rainfall were
also measured. Air temperature and relative humidity were measured using an air temperature and
relative humidity meter (TESTO 625, Testo SE & Co. KGaA, Lenzkirch, Germany) while soil temperature
was measured using a portable soil temperature meter (Hanna CheckTemp 1, Hanna Instruments
Inc, Rhode Island, USA). Groundwater level was measured by installing a PVC perforated pipe into
the ground and rainfall was collected and measured using a rain gauge.

Upon completing the gas measurement, the bulk density and the water-filled pore space (WFPS)
of the soil inside the chamber were assessed by collecting soil core samples using a core ring (5 cm diameter,
5.1 cm height). Then, soil at 0–25 cm (higher root density zone) was sampled using a peat auger, after which
the chemical characteristics of the soil were further analyzed. In the laboratory, the soil samples were
air-dried and sieved (2 mm sieve) and extracted in deionized water or 2 M potassium chloride (KCl),
filtered using filter paper. The extracts were then stored at 4 ◦C for further analysis to determine the content
of soil nitrate (NO3

−), and ammonium (NH4
+). From the water extracts, NO3

− concentrations of the soil
were analyzed using an ion chromatograph (Methrohm 761 Compact IC), while soil pH was measured
using a pH meter (Methrohm 744) and NH4

+ was determined using a method proposed by Keeney and
Nelson [27]. Loss on ignition (LOI) was determined using a thermogravimetric analyzer (LECO TGA701,
LECO Corporation, San Jose, MI, USA) while carbon (C) and nitrogen (N) were analyzed using a CN
analyzer (LECO TruMac 4060, LECO Corporation, San Jose, MI, USA).

2.5. Oil Palm Yield Collection

Oil palm yield, parameterized as the fresh fruit bunch (FFB) in each palm of each treatment block,
were harvested, weighed, and recorded according to an approximately 7–10-day harvest interval in each
month whereas the yearly total was derived using the density of 148 palms ha−1. The number of fruit
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bunches produced was also recorded. In this study, the production of palm oil started in May 2010;
thus the annual oil palm yield was calculated starting from 2011 onwards.

2.6. Statistical Analysis

One-way ANOVA and Tukey’s test was used to compare the mean difference (p < 0.05) of the given
variable across the treatments. A stepwise multiple regression analysis and Pearson’s Correlation
were conducted to identify the main factors influencing N2O emissions as well as the environmental
parameters and soil properties. All analyses were performed using SPSS Statistics Software version 21
(IBM, New York, NY, USA).

3. Results

3.1. General Soil Properties

The physicochemical properties of soil in the control plot are shown in Table 3. The groundwater
level (GWL) recorded an average of −53.0 ± 20.4 cm below the peat surface and the water-filled pore
space (WFPS) was 70.4 ± 10.4%. The bulk density in the study site was 0.24 ± 0.01 g cm−3—a result
of compaction and consolidation upon drainage. The soil pH was 3.4 ± 0.1 and the loss on ignition
(LOI) was 96.7 ± 1.0%. A high soil C/N ratio (30.3 ± 2.4) was recorded due to the higher C content
(55.8 ± 2.4%) of the soil. Since the peat was ombrogenic, it had high acidity and high C content.

Table 3. Descriptions and physicochemical properties of soil at the study site (mean ± STD). WFPS:
water-filled pore space; GWL: groundwater level; LOI: loss on ignition.

Properties Value ± SD

Average annual rainfall (mm) 2697 ± 596.7
WFPS (%) 70.4 ± 10.4
GWL (cm) −53.0 ± 20.4
Bulk density (g cm−3) 0.24 ± 0.01
Soil pH 3.4 ± 0.1
LOI (%) 96.7 ± 1.0
C (%) 55.8 ± 2.4
N (%) 1.9 ± 0.2
C/N ratio 30.3 ± 2.4

3.2. Ground Water Level, WFPS, and Soil Temperatures

The monthly rainfall, WFPS, GWL, and soil temperatures are shown in Figure 2. There is a clear
seasonal pattern in the rainfall (Figure 2a). The GWL pattern generally follows the rainfall pattern
(Figure 2b). The short-term low GWL for all treatments was observed between January 2010 and June
2010, ranging from −76 cm to −109 cm below the peat surface. The GWL increased beginning from
July 2010 onwards, ranging from −23 cm to −101.5 cm below the peat surface. A lower GWL was also
clearly observed from June 2011–December 2011, June 2016–December 2015, and June 2017–September
2017 (Figure 2b). A lower WFPS was observed from January to June 2010 ranging between 51% and
70%, coinciding with the lower GWL in the same period. The WFPS in all treatments eventually
increased with time, ranging from 59% to 95.9% (Figure 2c). The significant differences (p < 0.05)
of WFPS between continuous low GWL (−76 cm to −109 cm) and high GWL (−24 cm to −58.3 cm)
in 2010 are shown in Table 4. However, from 2010 to 2012, the pattern of WFPS (ranging from 51%
to 82.1%) was mainly influenced by the pattern of GWL. After 2012, the pattern of WFPS increased
with an increase in the age of the palm, to range from 71% to 95.9% (Figure 2c).
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Table 4. Mean WFPS, NO3
− concentrations, NH4

+ concentrations, and N2O emissions for each
treatment at low GWL (−76 cm to −109 cm) (January–June) and at high GWL (−24 cm to 58.3 cm)
(July–December) in 2010.

Properties GWL T1 T2 T3 T4

WFPS (%) Low GWL 61.5 (7.0) a 61.4 (7.4) a 64.0 (6.4) a 59.7 (7.1) a

High GWL 68.0 (7.0) a* 72.2 (6.6) a* 69.3 (7.8) a* 71.3 (6.3) a*

NO3
− (0–25 cm)

(mg N kg−1)
Low GWL 25.0 (14.7) a 28.9 (11.2) a 31.9 (18.1) a 34.8 (10.6) a

High GWL 14.7 (8.6) b* 14.1 (14.0) b* 20.8 (14.8) ab 33.7 (33.9) a

NH4
+ (0–25 cm)

(mg N kg−1)
Low GWL 489.1 (182.7) a 484.6 (144.4) a 440.0 (188.7) a 436.7 (143.8) a

High GWL 411.5 (144.6) a 460.8 (481.7) a 447.4 (134.6) a 497.2 (192.3) a

N2O
(µg N m−2 hr−1)

Low GWL 343.7 (240.4) a 270.9 (144.9) a 394.4 (340.0) a 424.1 (200.9) a

High GWL 1063.9 (920.7) a* 957.0 (621.3) a* 1304.8 (729.5) a* 1209.9 (564.3) a*

The data represents the mean (standard deviation) (n = 18). The different letters show the significant differences
among the treatments (p < 0.05). The asterisk (*) indicates significant differences between low and high GWL
(p < 0.05).

Soil temperature at 5 cm and 10 cm depth did not show a clear seasonal or annual trend and
remained in the range of 26.6 ◦C to 30.0 ◦C (Figure 2d).

3.3. Soil NH4
+ and NO3

− concentrations

As shown in Figure 2, the soil NH4
+ for all treatments were higher than the soil NO3

− throughout
this study, indicating that inorganic-N was dominated by NH4

+ at the study site. The variations
in NH4

+ among the treatments were small, ranging from 253–865.2 mg N kg−1, 263–785.7 mg N kg−1,
253–641.5 mg N kg−1, and 171–651.6 mg N kg−1 for T1, T2, T3, and T4, respectively. Following N
fertilization, small peaks of NH4

+ could sometimes be observed (Figure 2e). Short-term GWL changed
in 2010 but did not significantly affect NH4

+ either between treatments or between both low and high
GWL conditions for each treatment (p > 0.05) (Table 4). The N fertilization had no effect on NH4

+

in each year (p > 0.05).
The soil NO3

− varied from 1.1–41.9 mg N kg−1, 1.0–52.0 mg N kg−1, 1.8–44.5 mg N kg−1,
and 1.5–81.1 mg N kg−1 for T1, T2, T3, and T4, respectively (Figure 2f)). Generally, small peaks
denoting NO3

− concentration were observed upon N fertilization. Variation in NO3
− was generally

driven by the GWL pattern, especially from 2010 to 2012. A significant negative correlation was
consistently found between GWL and NO3

− from 2010 to 2012 (p < 0.05) (Table 5). High soil NO3
−

concentrations were recorded from January 2010 to June 2010 and then decreased mainly from June
2010 to June 2011 for all treatments except for T4 where higher concentrations were observed in July
2010 and August 2010 upon N fertilization. A wider peak of NO3

− for all treatments appeared in July
2011 to September 2011 following N application, also coinciding with a drop in GWL (Figure 2b).
Soil NO3

− concentrations for all treatments became constantly low afterwards except for T4 in August
2012 where the highest peak of NO3

− concentration (81.1 mg N kg−1) of T4 appeared two months after
N application (Figure 2f). Significant effects of N application on soil NO3

− were only observed in 2010
with only T4 being significantly higher than the control (p < 0.05). The changes in GWL in 2010 had
a significant effect on NO3

− for T1 and T2, as the high GWL significantly decreased NO3
− concentration.

The N rates only had an effect at high GWL with only T4 denoting significantly increased NO3
− at

high GWL (Table 4).
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Table 5. Pearson’s correlation coefficient denoting the effect of GWL on NO3
− concentrations for each

year (n = 48).

2010 2011 2012 2013 2016 2017

GWL
−0.348 * −0.527 ** −0.297 * −0.054 −0.418 ** 0.003
0.015 0.000 0.043 0.714 0.003 0.981

** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed).

3.4. Soil N2O Emissions

The highest N2O fluxes were generally recorded for T4. The N2O fluxes varied from 28.43–2635
µg N m−2 hr−1, 17.19–1658.41 µg N m−2 hr−1, 38.07–2447.36 µg N m−2 hr−1, and 45.63–2110.94 µg N
m−2 hr−1 for T1, T2, T3, and T4, respectively (Figure 2g). Higher soil N2O emissions for all treatments
were observed mainly in 2010, 2011, and 2012 compared to 2013, 2016, and 2017. In 2010, peaks of N2O
fluxes appeared following N fertilization in most of the N fertilized treatments. Emissions of N2O still
increased 2 to 3 months upon N application, particularly for T4. The N2O flux for T4 was significantly
higher (1493.84 µg N m−2 hr−1) than other treatments (where T1, T2, and T3 were 728.04 µg N m−2 hr−1,
581.55 µg N m−2 hr−1, and 649.67 µg N m−2 hr−1, respectively) in August 2010 (p < 0.05). The peak N2O
flux occurred in October 2010 for all treatments following N application, with the control recording
the highest flux. The peak of N2O flux for T4 was significantly higher than other treatments upon N
application in August 2012 (p < 0.05), coinciding with a higher peak concentration of NO3

− for T4
in the same month. In 2013, the pattern of N2O emissions started to decrease with a decrease in NO3-
(Figure 2f,g).

Besides N fertilization, the patterns of N2O fluxes were also driven by the pattern of GWL and
WFPS, particularly in 2010, where continuously lower GWL occurred between January to June 2010
before it started to increase in July 2010 (Figure 2b,c). A comparison of N2O emissions from all
treatments between the low GWL and high GWL periods in 2010 is shown in Table 4. At a lower GWL
(−76 cm to −109 cm), N2O emissions ranged from 155–630.22 µg N m−2 hr−1 for T1, 152–474.5 µg N
m−2 hr−1 for T2, 159–721.89 µg N m−2 hr−1 for T3, and 330–607.64 µg N m−2 hr−1 for T4. Meanwhile, at
a higher GWL (−24 cm to −58 cm), N2O fluxes for T1, T2, T3, and T4 ranged from 661–2635 µg N m−2

hr−1, 581–1658 µg N m−2 hr−1, 649–2447 µg N m−2 hr−1, and 664–1902 µg N m−2 hr−1, respectively.
There were no significant effects of N fertilizers on N2O fluxes in both GWL conditions (low GWL
p = 0.24; high GWL p = 0.48) for all treatments but a rise in GWL significantly increased N2O emissions
by 185% to 253% at low GWL (p < 0.05). A pattern of higher soil N2O emissions were continuously
observed up until 2012.

The annual cumulative N2O emissions for each year for all treatments are shown
in Table 6. The annual cumulative N2O emissions for T1, T2, T3, and T4 ranged from
6.5–47.4 kg N ha−1 yr−1, 7.6–43.5 kg N ha−1 yr−1, 8.2–70.7 kg N ha−1 yr−1, and 9.8–79.7 kg N ha−1 yr−1,
respectively. The application of N fertilizer significantly increased the annual cumulative N2O
emissions only for T4 in 2010 (p = 0.017), 2011 (p = 0.012), 2012 (p = 0.007), and 2016 (p = 0.048),
which were significantly higher than the control by 48%, 68%, 96%, and 52% in 2010, 2011,
2012 and 2016, respectively. This was also reflected in the N2O EF whereby T4 induced an
EF ranging between 2.7% and 25.9% with the highest N2O EF recorded in 2011. The annual
cumulative N2O emissions for all treatments started to significantly decrease in 2012, coinciding with
increased WFPS and decreased NO3

− (Figure 2c,f). The highest average annual cumulative N2O
emissions were recorded for T4 (41.5 ± 28.7 kg N ha−1 yr−1), followed by T3 (35.1 ± 25.7 kg N ha−1 yr−1),
T1 (25.2 ± 17.8 kg N ha−1 yr−1), and T2 (25.1 ± 15.4 kg N ha−1 yr−1), indicating that the N rates
of 62.2 kg N ha−1 yr−1 and 127.7 kg N ha−1 yr−1 increased the average annual cumulative N2O emissions
by 39% and 65%, respectively, compared to the control.
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Table 6. Annual cumulative N2O emissions for each treatment.

Year
Annual Cumulative N2O Emissions (kg N ha−1 yr−1)

T1 T2 T3 T4

2010 45.9 (11.5)b AB 43.5 (5.3)b A 60.4 (11.7)ab A 67.8 (9.7)a A

2011 47.5 (4.2)b A 43.3 (2.5)b A 70.7 (22.2)ab A 79.7 (3.3)a A

2012 25.9 (11.3)b BC 24.9 (6.2)b B 36.8 (5.4)ab BC 50.7 (2.8)a B

2013 13.59 (4.6)a C 19.4 (3.2)a BC 20.9 (7.0)a CD 22.9 (3.8)a C

2016 6.5 (0.3)b C 7.6 (1.6)ab D 8.2 (0.6)ab D 9.8 (1.6)a C

2017 12.2 (5.1)a C 11.8 (1.0)a D 13.4 (0.1)a CD 18.2 (3.3)a C

Mean 25.2 (17.8)a 25.1(15.4)a 35.1 (25.7)a 41.5(28.7)a

The data presents the mean (standard deviation) (n = 3–12). The letters (a, b, c) in the row indicate a significant
difference between treatments while the letters (A, B, C) in the column indicate a significant difference between
years using Tukey’s Test at p < 0.05.

3.5. Oil Palm Yield

The oil palm in this study started to produce yield in May 2010 for all treatments (Figure 3).
An increasing trend could be observed from May 2010 until December 2013. The yield productions of all
treatments were increased in October 2011 to November 2011. A trend of higher oil palm yield from all
treatments was observed in December 2012 and remained high up until December 2013. A higher annual
oil palm yield for all treatments was recorded in 2013 and followed by 2017 i.e., more than 30 t ha−1 yr−1.
The oil palm yields decreased in 2016 and started to increase again in 2017. However, N fertilization
had no significant effect on annual oil palm production in each year (p = 0.994). Annual oil palm yield
was negatively correlated with annual N2O fluxes and NO3

− for overall treatment (Figure 4).
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3.6. Factors Controlling Soil N2O Emissions

A stepwise regression analysis was done to examine the factors influencing soil N2O flux for each
of the treatments (Table 7). Both GWL and WFPS were significant predictors in all treatments. A positive
correlation between GWL and N2O flux was observed for each treatment (T1: R2 = 0.18; T2: R2 = 0.20;
T3: R2 = 0.13; T4: R2 = 0.17), indicating that N2O flux increased with increased GWL. The highest
N2O flux (2635 µg N m−2 hr−1) was also observed in the control plots at a high GWL of −24 cm.
An exponential negative correlation was found between WFPS and N2O emissions for all treatments
(T1: R2 = 0.32; T2: R2 = 0.30; T3: R2 = 0.42; T4: R2 = 0.17). The emissions of N2O at higher N rates
(T3 and T4) were highest at a WFPS of more than 70%. It was observed that the N2O fluxes increased
when WFPS increased from 50% to 70% and decreased afterwards when the WFPS increased to a higher
WFPS (> 70%) (Table 8). A significant positive correlation between NO3

− concentration and N2O
emissions (p < 0.01) and a significant negative correlation between WFPS and NO3

− (p < 0.05) were
observed with a WFPS ranging between 70% and 96% (Table 8). Based on the standardized regression
coefficients, the strongest predictor was GWL, except for T2 (Table 7). Also, the standardized coefficient
of GWL was increased from T2 to T4 (Table 7). Soil N2O emissions were significantly correlated with
both GWL (p < 0.001) and WFPS (p < 0.01) for all treatments. Soil N2O emission was significantly
correlated with soil temperature for T2 only (p < 0.01) while inorganic N was significantly correlated
with N2O emissions for T3 and T4 only (p < 0.05) (Table 7). An exponential positive correlation between
N2O emissions and NO3

− for T3 (R2 = 0.23) and T4 (R2 = 0.12) was observed.

Table 7. The stepwise regression analysis denoting the effect of environmental variables and soil
inorganic N on the N2O fluxes in each treatment (n = 72).

Treatment Variable Std. Coefficient SE p-Value R2

T1 GWL 0.375 1.958 0.000 0.18
WFPS −0.374 3.810 0.000 0.32

T2 GWL 0.373 1.659 0.000 0.20
WFPS −0.322 3.143 0.002 0.29
Soil temperature at 5 cm 0.648 52.43 0.003
Soil temperature at 10 cm −0.419 69.20 0.050

T3 WFPS −0.415 4.698 0.000 0.42
GWL 0.454 2.314 0.000 0.13
NH4

+ 0.235 0.473 0.009
NO3

− 0.222 4.216 0.038

T4 NO3
− 0.442 2.645 0.000 0.29

GWL 0.516 2.253 0.000 0.17
WFPS −0.293 4.730 0.002 0.31

Table 8. Pearson’s correlation between the N2O emissions and WFPS and NO3
− concentrations at WFPS

of 50–70% and > 70% (n = 79–207).

Variable 50–70% 70–96%

N2O WFPS N2O WFPS

WFPS 0.384 ** - −0.506 ** -
0.000 - 0.000 -

NO3
− 0.032 −0.115 0.376 ** −0.137 *

0.782 0.313 0.000 0.049

** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed).

The effect of GWL on N2O flux for both GWL conditions in 2010 is shown in Figure 5. The N2O
flux increased to above 800 µg N m−2 hr−1 with a GWL shallower than −60 cm. A significant positive
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correlation between N2O flux and NO3
− was observed for T4 (R2 = 0.23) but only at a low GWL

of deeper than −60 cm (p < 0.05).
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4. Discussion

4.1. Effect of N Fertilization on N2O Emissions

The increase in N2O flux with a small peak following N fertilization, as generally observed in this
study, was also reported in other studies [28,29]. In this study, only T4 saw significantly increased
annual N2O emissions. However, a previous incubation study showed that the addition of ammonium
sulphate to tropical peatland suppressed N2O emissions due to high ammonium content and an
anaerobic condition that inhibited nitrification [19]. However, it was also observed that N2O fluxes
were occasionally higher in control plots compared to N-fertilized plots. It is likely that the greater part
of N2O fluxes from drained organic soil was derived from N released as a result of peat decomposition,
and not from fertilization [10,18,30], contributing to insignificant effects of N fertilizers on N2O
emissions on tropical peatland. A study on temperate peat showed that N fertilization stimulated N2O
flux only when application rates were very high (480 kg N ha−1) but the N2O flux hardly increased
under 60–120 kg N ha−1 application rates even when NO3

− was high [31]. Although the effect of N
application on annual cumulative N2O emissions was only significant in T4, the N application still has
the potential to induce annual cumulative N2O emissions when the N fertilizer goes above 62.2 kg N
ha−1 yr−1—10% to 96% higher than without N.

The annual N2O emissions in this study were significantly increased with N fertilization for T4
only in 2010, 2011, 2012, and 2016 (Table 6). In these years, annual cumulative N2O emissions were
higher, coinciding with higher NO3

− concentration. In 2010, N fertilization significantly increased
both NO3

− and N2O emissions but only for T4. This could be due to the short-term drastic GWL
change in 2010 in which increased GWL significantly decreased NO3

− concentration and significantly
increased both WFPS and N2O emissions (Table 4). Alternating between low (deeper than −60 cm)
and high groundwater level (GWL) (shallower than −60 cm), enhanced nitrification during low GWL
further supplied NO3

− for denitrification in high GWL, contributing to higher N2O emissions in high
GWL [32,33]. In 2011, higher N2O and NO3

− were observed with decreasing GWL in June 2011
to December 2011, implying the occurrence of the nitrification process, which may be the reason
for the larger annual N2O emissions. In 2012, annual N2O emissions started to significantly reduce
for all treatments (Table 6), possibly due to the palm canopy density and leaf area index (LAI).
As the palm grows, the size of its canopy increases and eventually closes (usually 4 years after planting).
Canopies with high LAIs can block sunlight from reaching the soil surface and absorb more momentum;
therefore allowing less vertical mixing of air within the canopy [34]. These conditions keep the air
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and soil beneath the canopy cool during the day, reducing water loss from the soil via evaporation.
A higher bulk density and a lower total porosity due to compaction and peat decomposition cause
more micropores to form, resulting in increased water retention capacity even during the dry season
and the reduction in ground water level [35]. The increase in WFPS with time may have decreased
the N mineralization and nitrification but enhanced denitrification, leading to a reduction in NO3

−

supplies and N2O emission.
To date, studies investigating the effect of N fertilization on N2O emissions in tropical peatland have

mainly used urea as the N source [10,16–18]. Urea is widely used as an N fertilizer worldwide due to its
lower price per unit N and its high N content (46% N) compared to other N fertilizers. The magnitude
of the pH decrease has been found to be greater using ammonium sulfate compared to urea [36]. It has
been reported that the addition of urea accelerated nitrification while AS tended to lower the nitrification
status and inhibited nitrification at higher rates due to increased soil pH as a result of the hydrolysis
of urea, which stimulated nitrifier activity and the availability of soluble substrate, thus enhancing
the nitrification rate [37,38]. However, in the case of paddy fields, application of ammonium sulphate
would result in larger emissions of N2O than that of urea, probably due to the faster availability
of NH4-N from AS for faster nitrification and thus, higher N2O production [39,40].

In the current study, annual cumulative N2O emissions from 2010 until 2012 (ranging from
24.9–79.7 kg N ha−1 yr−1) were higher than the values obtained in a previous study involving
a urea-fertilized oil palm plantation on tropical peatland (ranging from 12.8–26.6 kg N ha−1 yr−1) [18]
while the values from 2013 until 2016 (ranging from 6.5–22.9 kg N ha−1 yr−1) fell within the previous
study’s range. The higher values of N2O emissions from 2010 until 2012 in this study compared
to the previous study may be due to the lower GWL during the period in this study. However,
the aforementioned values still fall within the values obtained by studies on cropland on tropical
peatland [10] (ranging from 21–259 kg N ha−1 yr−1). The EF for T4 in 2010, 2011, 2012, and 2016
was 17.6%, 25.9%, 20.0%, and 2.7%, respectively. In other studies on oil palm plantation on tropical
peatland, the EF of urea and coated urea was 19.1% and 43.8%, respectively [16], higher than the EF
values obtained in this study.

4.2. Factors Influencing Soil N2O Emissions

The regression analysis revealed that N2O fluxes correlated significantly with GWL and WFPS
for all treatments, with GWL as the strongest predictor. This result shows that the depth of the water
table affects the degree of anaerobicity of the peat, which is essential for denitrification, and the thickness
of the aerobic layer, which determines the soil volume for nitrification rate. There was a significant
positive correlation between GWL and N2O flux (p < 0.001), where N2O flux increased as GWL
increased. The highest N2O emissions in the drained tropical peatland forest were found to relate
to rising water table conditions during the start of the wet season. After the onset of the wet season,
peat moisture increased due to the increased water infiltration and water table accompanied by
sufficiently oxic conditions in the surface peat and the increased decomposition of fine root and leaf
litter deposited during drier conditions, resulting in a surge in N2O emissions [6]. In 2010, short-term
drastic GWL changes were observed and increased GWL significantly increased N2O emissions by 185%
to 253.3% over the low GWL (p < 0.05) (Table 4). Rises in GWL were accompanied by increases in N2O
emissions, through associated increases in WFPS. Peat soil moisture distribution is also influenced by
the rate of capillary rise, which, in turn, is affected by GWL and bulk density. The highest soil water
content (308%) corresponded to the soil capillary rise in high GWL (−40 cm) and high bulk density
(0.2 g cm−3) while the lowest water content (37%) occurred in low GWL (−100 cm) and low bulk
density (0.1 g cm−3) [41]. At low GWL (deeper than −60 cm), the WFPS ranged from 50–70% while at
high GWL (shallower than −60 cm), the WFPS ranged from 60–80%. The effect of N fertilization on
N2O emission was prominent in wet soil [16,42,43], which explains the larger effect of GWL on N2O
emissions at high N rates (Table 7).
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After GWL, WFPS was one of the important factors in affecting soil N2O emissions in this study.
The WFPS was negatively correlated with N2O flux (p < 0.01). Soil N2O emissions increased when
WFPS increased from 50% to 70% and decreased when WFPS went above 70%. This phenomenon was
observed in the beginning of 2012 where both N2O flux and NO3

− decreased in tandem with increased
WFPS (>70%) (Figure 2). Complete denitrification might have occurred and N2O was mostly reduced
to N2 when WFPS went above 70% [44,45]. Increasing WFPS likely reduced gas diffusivity in the soil,
inhibiting the escape of N2O and enhancing the probability of its reduction to N2 [17,46]. Moreover,
the low nitrification rate in continuously high WFPS limited the production of NO3

− for denitrification,
leading to low N2O emissions.

A significant positive correlation between NO3
− and N2O flux was only found in T3 and T4 while

the effect of NH4
+ on N2O flux was only found for T3 (Table 7). The emissions of N2O from the soil

were better correlated with NO3
− (product of nitrification and precursor of denitrification) than with

NH4
+, suggesting that denitrification was an important source of soil N2O in this case [47]. According to

Liu et al. [48], NH4
+ enhanced the N2O flux from the soil only at lower soil moisture, which explains

the lack of a relationship between NH4
+ and N2O flux when WFPS was mostly higher than 70%.

Soil temperature is also considered important in regulating the rate of N2O flux, as the contributions
of nitrification and denitrification to N2O flux may vary with temperature [49,50]. For instance,
Lai et al. [50] reported that nitrification and denitrification peaked at 35–40 ◦C. However, at temperatures
above 40 ◦C, high soil respiration rates will likely decrease oxygen availability, enhancing the anaerobic
microsites, leading to the reduced of N2O to N2 production. In this study, a significant correlation
between soil temperature at 5 cm and 10 cm and soil N2O flux was only found for T2 (Table 7). The lack
of a relationship between soil temperature and N2O flux may be due to the constant variation in the soil
temperature in tropical regions.

4.3. Effect of N Fertilization on Oil Palm Yield

In this study, the N fertilization rates had no effect on annual oil palm yield (p > 0.05).
Morris et al. [51] also reported the significant effect of N fertilization on the grain yield of rice
plant planted on peat, indicating the existence of a large N pool in the rewetted peat soils, which was
also reflected by the higher oil palm yield in the control plot rather than the fertilized plot in the study.
A study on the mineral soil in an oil palm plantation showed that N rates of 120 kg N ha−1 yr−1 met
the nitrogen demands (116.2 kg N ha−1 yr−1) to produce 30 t ha−1 yr−1 FFB [52]. According to Teh [53],
nutrient demand in oil palm plantations will increase steeply in the next two to four years, after which
it will stabilize to a rather constant level (180 kg N ha−1); thus, high soil nutrient levels may not
always lead to high nutrient uptake. The annual oil palm yield in this study was negatively correlated
(p < 0.05) with annual cumulative N2O emissions and NO3

−, suggesting that increased oil palm yield
reduced NO3

− in soil via N uptake, resulting in lower N2O emissions. The effect of plant N uptake on
N2O emissions was also reported by other studies [54,55]. Marwanto et al. [56] showed that during
a drought, two tropical peatlands exhibited a low soil pH (pH 3.7–pH 4.0) at a depth of 50 cm and
a high soil pH (pH 5.9–pH 6.8) at a depth of 200 cm. These phenomena are attributed to oxidation
reactions such as organic acids and NO3

− generation in shallower soil and reduction reactions such as
denitrification in deeper soil during a drought. Therefore, in the rainy season, when NO3 leaches and
ground water level rises, N2O production in subsurface soil will be increased. Kusa et al. [57] also
found that the subsurface soil with a shallower ground water level would produce higher N2O due
to NO3

− leaching.

5. Conclusions

Although the effect of N application on annual cumulative N2O emissions was only significant
for T4, N application still has the potential to induce annual cumulative N2O emissions when more
than 62.2 kg N ha−1 yr−1 N fertilizer rate is applied. Both GWL (p < 0.001) and WFPS (p < 0.01) were
significant predictors for all treatments in which the effect of GWL on N2O flux increased as the N
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rates increased. Based on this relationship, denitrification was the dominant source of N2O emissions
in this study. Alternating between low and high GWL, particularly in 2010–2011, enhanced nitrification
during low GWL further supplied NO3

− for denitrification in the high GWL, contributing to higher
N2O fluxes in the aforementioned years. Increasing WFPS (> 70%) was observed to start in 2012
correlating to a decrease in both N2O flux and NO3

−, which could be due to complete denitrification,
a reduction in gas diffusivity, and plant N uptake. However, the effect of plant uptake on N2O flux
should not be undermined, at least until the completion of the planting cycle.
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