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ABSTRACT

ARTICLE HISTORY

Nitrogen fertilizer application is crucial in maintaining soil fertility and crop
productivity in oil palm (Elaeis guineensis Jacq.) plantations. However, the
effects of N addition on soil’s chemical and biological properties, particularly
tropical peat are still unclear. This study investigated the impact of
N fertilizer addition on peat properties, greenhouse gas (GHG) fluxes, soil
bacterial and fungal diversity in an oil palm plantation on tropical peat.
A long-term field experiment (from 2012 to 2013 and 2016 to 2017) was
conducted to compare the application of 124.3 kg N ha −1 y −1 of ammo
nium sulfate (the treatment) to no N application (the control). Baseline data
were collected from a primary peat swamp. Overall, N fertilizer input slightly
decreased soil pH, total carbon (C), total N, pyrophosphate solubility index
(PSI) but increased nitrate (NO3−), ammonium (NH4+) concentration,
methane (CH4), and nitrous oxide (N2O) fluxes. The result suggested
a reduction in soil bacterial diversity but an increase in soil fungal diversity.
Forest soil showed naturally low NO3− concentration but a NH4+ concentra
tion comparable to that in the oil palm plantation. These findings provide
evidence of changes in soil chemical and biological properties from longterm ammonium sulfate application on tropical peat.
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Introduction
Tropical peatland is one of the important terrestrial carbon stores formed from the accumulation of
plant organic matter due to higher deposition and lower decomposition rate under geological
distinct environments. Tropical peat soils are composed of plant deposits such as leaves, branches,
tree trunks, and roots from the overlying forest vegetation (Dommain et al. 2015). Thus, peat soil
characteristics in terms of quality, bulk density, porosity, woodiness, water-holding capacity, and
hydraulic conductivity are highly dependent on the major tree species of the different peat forest
types (Melling et al. 2007). Generally, tropical peat soils are highly acidic with pH 4 or lower
(Whitmore 1975), low bulk density, high hydraulic conductivity (Melling et al. 2011), low in trace
elements (Abat et al. 2012), deficient in copper, boron, and zinc (Xaviar et al. 2007). Consequently, it is
categorized as marginal soil with severe limitations for any crop cultivation. However, the shortage of
suitable land for oil palm cultivation in Malaysia has caused the expansion of oil palm development
into peatland areas.
Oil palm plantation on tropical peat is intricately associated with land clearing and lowering of
water table that results in subsidence and mineralization of organic matter, releasing CO2 from soil in
the process (Skiba et al. 2020). Other GHG gases related to tropical peatland use are the N2O and CH4.
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Nitrous oxides are mainly converted from mineralization products in the form of ammonium and
nitrate through microbial processes (Butterbach-Bahl et al. 2013). Other sources of N2O include
fertilization, and the rate of N2O emissions depends on N application rates and fertilizer types
(Hassler et al. 2017). In contrast, oil palm plantations on tropical peat are reported as CH4 sinks
with an annual uptake of −0.15 kg C ha−1 y−1 from soil (Melling et al. 2005). However, oil palm
plantations are an overall net source of CH4 to the atmosphere by considering the emissions from
ditches (Wong et al. 2020) and treatment ponds (Yacob et al. 2006).
Fertilizing activity dominates most of the life cycle of oil palm (Darras et al. 2019) and the
application rates depend on factors, such as climate, soil type, age of palms, and palm yield
potential (Comte et al. 2012). However, oil palm is commonly immoderately fertilized as the
rates applied usually exceed the nutrient export from fruit harvest (Darras et al. 2019) and was
detected to not significantly increase fruit yield (Chaddy et al. 2019). The recommended
N fertilizer application rate for oil palm ranges from 48 to 260 kg N ha−1 y−1 with either split
rates every six months or one annual dose (Skiba et al. 2020). As for N fertilizer application on
peat, a range of 50 to 100 kg N ha−1 y−1 for palms less than three years old (immature), and
from 120 to 160 kg N ha−1 y−1 for palms that are more than three years old (mature) (Mutert
et al. 1999). Certainly, fertilization may not immediately impact fruit yield because assimilated
nutrients are allocated initially to vegetative growth (Corley and Mok 1972), and the maturation
of fruit from pollination to harvest takes up to six months (Corley and Tinker 2016). Therefore,
the effects of fertilization on fruit yield can take years to be measurable (Sidhu et al. 2009). Very
often when fertilization is above the optimum level, nutrient losses from the soil and detri
mental environmental impacts become more evident. Thus, fertilization is always associated
with environmental effects, such as greenhouse gas emissions, nutrient leaching into water
bodies, and biological diversity losses (Vitousek et al. 1997; Hassler et al. 2017).
There are various commonly used N fertilizers for oil palms, such as urea (46% N), ammonium
nitrate (26% N), ammonium chloride (25% N), and ammonium sulfate (21% N) (Goh et al. 2000). The
choice of N fertilizer is usually a balance between science and economic reasoning. For instance, urea
is a relatively cheaper form of N fertilizer. It is reported to give a higher fresh fruit bunch (FFB) yield in
areas with high rainfall and clayey soils (Goh et al. 2000). Still, urea is prone to volatilization (Fenn and
Hossner 1985), especially when applied onto a weeded circle around the oil palm (Zin et al. 1990).
Alternatively, ammonium sulfate is a source of N and sulfur (S), an essential element in proteins,
enzymes, vitamins, and chlorophyll synthesis that are important in maintaining plant growth and
health (Corley and Tinker 2016). However, ammonium sulfate tends to decrease soil pH from
oxidation of ammonium ion to nitrate and leaching of the nitrate ion (Bolan and Hedley 2003;
Fageria et al. 2010). A single application of ammonium sulfate was reported to reduce surface soil pH
from 4.23 to 3.37 (Corley and Tinker 2016) and decrease pH from 5.8 to 5.2 with 210 kg N ha–1
ammonium sulfate application in a lowland rice field (Fageria et al. 2010). In terms of acidification
strength, Stumpe and Vlek (1991) reported that the different N fertilizers were ranked in the order
ammonium sulfate > urea > ammonium nitrate.
Studies of N fertilizer on tropical peat soil are limited, and most N fertilizer recommendations are
based on knowledge on mineral soil. Although ammonium sulfate is known to decrease soil pH,
some oil palm plantations cultivated on tropical peat still resort to this form due to the high
volatilization rate of urea, the cheaper N source. Rizal et al. (2015) tested ammonium sulfate’s
mineralization and nitrification rates in tropical peat soil. At the end of the incubation period, higher
inorganic N was accumulated. Other studies such as nitrous oxide and methane emission from
pineapple plantation (Choo and Osumanu 2017a, 2017b), effect on soil N content and oil palm
growth and yield (Siaw 2016), and nitrous oxide emission with different ammonium fertilizer rates in
oil palm plantation (Chaddy et al. 2019). The overall effects of ammonium sulfate application in
tropical peat under oil palm cultivation are not well studied. Therefore, incorporating soil chemical
and biological study to ammonium sulfate application will be valuable for exploring the changes
from the input of ammonium sulfate.
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Therefore, the objective of this study was to investigate the impact of N fertilizer on soil
chemical properties, GHG fluxes, and soil bacterial and fungal diversity in an oil palm plantation
on tropical peat. This study postulated that N addition would acidify the soil, decrease soil
C content, increase GHG fluxes, and reduce microbial diversity in the intensively N fertilized oil
palm plantation.

Materials and methods
Site description and field sampling
The study was conducted at two sites, an existing experimental site in oil palm plantation on tropical
peatland (2° 11ʹ N and 111° 50ʹ E) and a primary peat swamp forest in Maludam National Park (1° 31ʹ
N and 111° 08ʹ E), Sarawak, Malaysia. Maludam National Park underwent selective logging before the
1990s whereby trees of more than 45 cm diameter at breast height (DBH) were harvested (Monda
et al. 2018). Both sites originally supported the same forest type, Mixed Peat Swamp (MPS) forest. The
oil palm plantation site was first cleared and drained in 2007 with palms planted in February 2008 at
a density of 148 palms ha−1.
The existing experimental site has a randomized complete block design established to test
different N application rates in the field (Chaddy et al. 2019). For this study, two plots were
selected, and one was treated with 124.3 kg N ha−1 y−1 (N application) while the other had no
N application and was the control. The N source, ammonium sulfate was applied four times a year
in March, June, September, and November, according to the management practice in that
particular oil palm plantation. Although urea is commonly used as a source of N for oil palm on
peat, ammonium sulfate was selected for its single N source. An experimental site in primary peat
swamp at Maludam National Park was selected for forest soil baseline measurements (undisturbed
condition). The study was conducted over a period of four years from 2012 to 2013 and 2016 to
2017.
Field sampling was conducted on alternate months (February, April, June, August, October and
December) each year. Peat soil samples were collected with a peat auger at depths of 0−25 cm and
25−50 cm. Approximately 0.3 kg of composite soil samples were collected and placed in polyethy
lene zipper bags. Soil core samples from the forest were only taken during non-flooded months. The
soil samples were kept away from direct exposure to sunlight and transported back to the laboratory
with ice packs, where they were stored at −80 °C for total DNA extraction and 4 °C for soil chemical
analysis.

Environmental parameters
Environmental variables measured were air temperature and relative humidity, using TESTO 625
(Testo SE and Co. KGaA, Germany), and soil temperature at 5 cm and 10 cm, using a Hanna
CheckTemp 1 (Hanna Instruments Inc, USA). Perforated polyvinyl chloride (PVC) pipes that had
been inserted into the soil were used to measure the water levels, H1 being the height (cm) from
the top of the pipe to the water surface inside the pipe and H2 being the height from the top of the
pipe to the ground surface outside the pipe. Measurements were taken from three different sides of
the pipe circumference to obtain an average reading for each sampling site. The water table (WT),
H1-H2, was calculated. Rainfall data were collected using a rain gauge. Soil bulk density (BD) and
water-filled pore space (WFPS) were determined from soil core samples collected using a core ring
5 cm in diameter and 5.1 cm long. Environmental measurements were made during gas sample
collection.
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Soil chemical analyses
Soil pH was determined using 2:5 (w/v) soil-to-water ratio method. The pH reading was taken using
a pH meter Metrohm 827 (Metrohm, Switzerland). Loss on ignition (LOI) was determined by using
a thermo gravimetric analyzer (TGA) 701 (Leco Corporation, USA). Total N and total C values were
determined using a TruMac CN analyzer (Leco Corporation, USA) and the CN ratio was calculated.
Pyrophosphate solubility index was determined using sodium pyrophosphate (NA4P2O7•10H2O) and
measured using an ultraviolet visible spectrophotometer LAMBDA 35 (Perkin Elmer, USA). This
method provides a quantitative colorimetric estimation of the degree of humification of organic
soil by measuring the colour intensity of the extract obtained (Karl 1956). Soil NO3− and NH4+ were
determined from a soil extract using deionized water and analysed using an ion chromatograph
Metrohm 761 Compact IC (Metrohm, Switzerland) while NH4+ was determined using the method of
Keeney and Nelson (1982).

Soil CO2, CH4 and N2O emission measurement
Soil gas were collected during field sampling on alternate months (February, April, June, August,
October and December) each year from 2012 to 2013 and 2016 to 2017. Soil gas emission were
measured on non-rainy days. A closed chamber method was used whereby four chambers (stainlesssteel rings 25 cm tall × 20 cm diameter) were inserted 3 cm into the soil and at least 2 m away from
each other at each plot prior to gas sampling. After installation the chambers were left for 30 min to
attain stability. For CO2 measurements, 500 mL of gas was sampled from each chamber headspace
using a 50 mL syringe at 0 min and placed in a gas-tight bag, after which the chamber was closed.
Another 500 mL of gas was sampled after 4 min. The CO2 concentrations were determined within 4 h
using a CO2 infrared gas analyser ZFP-5 (Fuji Electric, Japan), calibrated using a standard calibration
gas mixture of 0 and 1887 ppm CO2 in N2. For CH4 and N2O measurements, 20 mL of gas was
sampled from the chamber headspace using a gas-tight 25 mL syringe at 0 min after which the
chamber was closed. The gas sample was transferred into a vacuumed vial. Under closed-chamber
conditions, 20 mL gas was sampled in the same manner after 10, 20 and 40 min. The CH4 and N2O gas
concentrations were determined using a flame ionization detector (FID) and electron capture
detector (ECD) gas chromatograph 7890A (Agilent Technologies, USA).

Total soil DNA extraction and microbial DNA profiling (PCR-DGGE)
Total DNA was extracted from approximately 2 g of fresh peat soil based on Lau’s (2015) protocols.
The DNA quality was examined on a 1% agarose gel and the concentration was measured with
a NanophotometerTM P-Class P360 (IMPLEN, Germany). The Denaturing Gradient Gel Electrophoresis
(DGGE) of polymerase-chain reaction (PCR)-amplified 16S rRNA and 18S rRNA gene fragments
method was used to profile microbial DNA. The primer pairs used were 341F_GC and 907R targeting
the V4 hypervariable region in the bacterial 16S rRNA gene (Amann et al. 1995) and NS1 and
Fung_GC targeting the fungal 18S rDNA. Amplification was performed in 30 µL reaction volumes
containing 2.25 U of Amplitaq Gold DNA polymerase (Applied Biosystems, USA), 0.2 mM dNTPs
mixture (Vivantis Technologies, Malaysia), 2 mM MgCl2 (Promega, USA), 3 µL of 10x AmpliTaq buffer
(Applied Biosystems, USA), 0.5 mM of each primer and 1.15−6.39 ng of soil DNA. The PCR procedure
was conducted using a Mastercycler Nexus G2 (Eppendorf, Germany) with an initial denaturation at
94 °C for 3 min, 25 cycles of 1 min at 94 °C, 1 min at 54 °C and 2 min at 72 °C, and a final extension at
72 °C for 10 min. PCR products were run on the 2% (w/v) gel and viewed using a Molecular Imager®
Gel DocTM XR system (Bio-Rad, USA). The amplified bacterial 16S rRNA and 18S rRNA gene fragments
(≈ 75 ng of DNA) were separated with denaturing gradients of 50%−70% and 20%̶ −45% respec
tively. The polyacrylamide gel contained 6% acrylamide and separation was conducted using the
D-Code system (Bio-Rad, USA). The electrophoresis was run in 1x TAE buffer at 60 °C at a constant
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voltage of 80 V for 16 h. The DGGE gels were stained with SYBRTM Green I Nucleic Acid Gel Stain
(Thermo Fisher Scientific, USA) and the DGGE profile analyses were conducted using Bio-Rad
Quantity One 1-D Analysis software (Bio-Rad, USA) according to Yu et al. (2015). Bands with
intensities <0.05 were excluded from the analysis.

Statistical analysis
Soil physicochemical properties and GHG fluxes were analysed using R version 3.5.1 and all data were
tested for normality using the Shapiro–Wilk test. For the normally distributed data, analysis of
variance (ANOVA) was used to test for significant differences, followed by post hoc Tukey’s HSD
test using the ‘aov’ and ‘TukeyHSD’ functions while for the non-normally distributed data the
Friedman test was utilized along with the pairwise Wilcox test. The Spearman and Pearson correla
tion tests were used to indicate the degree of correlation between bacterial and fungal Shannon’s
Diversity Index and soil properties. The differences were considered statistically significant when
p < 0.05. The relationship between treatments and soil chemical properties was visualized using
principal component analysis (PCA).

Results
Soil properties
Table 1 shows the soil physicochemical properties in the oil palm plantation and the primary peat
swamp forest. The water table averaged −57.4 cm and −10.9 cm below the peat surface for oil palm
plantation and forest sites, respectively. The soil bulk density in the oil palm plantation was
0.24 g cm−3 (due to compaction and consolidation upon drainage) compared to 0.14 g cm−3 in
the forest. The WFPS was higher, at an average of 80.3% for oil palm plantation than 77.2% for forest
despite the lower water table. Total N, NO3− and NH4+ were observed to be higher in both the control
and treatment in the oil palm plantation site. The PCA of soil chemical properties by the different
treatments is shown in Figure 1. Both plots in oil palm plantation, that is, treatment (124.3 kg N ha−1
y−1) and control (0 kg N ha−1 y−1) was influenced by total N, NH4+, NO3− and pH while the forest is
affected by parameters, such as total C, CN ratio and PSI.

Soil GHG fluxes
Average soil CO2, CH4 and N2O fluxes of four years were calculated and shown in Figure 2. The CO2
values for the treatment and control ranged from 129.9 to 157.7 mg C m−2 h−1 and did not differ
significantly (p > 0.05) between the N treatment and the control. There were significant differences
(p < 0.05) between the N treatment and the control for CH4 and N2O emission values and values
ranged from 5.2 to 564.7 µg C m−2 h−1 and 57.4 to 443.1 µg N2O m−2 h−1, respectively. Methane
emissions were observed to be highest in the forest and negligible in the control. As for N2O, the
highest emission was shown by the treatment (124.3 kg N ha−1 y−1).
Table 1. Main characteristics of the oil palm plantation and primary peat swamp forest. Values are
mean ± SE.

Annual rainfall (mm)
Water table (cm)
Peat depth (cm)
Bulk density (g cm−3)
Loss on ignition (%)
Water-filled pore space (%)

Oil Palm Plantation
2° 11ʹ N, 111º 50ʹ E
2489.5 ± 641.49
−57.4 ± 17.93
920
0.24 ± 0.01
97.43 ± 0.26
80.30 ± 8.43

Primary Peat Swamp Forest
1° 25ʹ N, 111° 07ʹ E
2775.8 ± 517.69
−10.9 ± 13.73
595
0.14 ± 0.01
98.54 ± 0.91
77.18 ± 7.68
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Figure 1. Principal component analysis (PCA) biplot showing the relationship between soil chemical properties and the different
treatments/baseline (Control: 0 kg N ha−1 y−1, Treatment: 124.3 kg N ha−1 y−1 and Baseline: forest). The clusters correspond to the
treatments/baseline. Soil physicochemical properties indicated in red text and arrow lengths indicate the strength of the
relationship between soil properties compared to treatments/baseline.

Figure 2. Effect of N fertilizer addition on carbon dioxide, methane, and nitrous oxide fluxes. Different letters indicate significant
(p < 0.05) differences based on Tukey’s HSD test. There was no significant difference (p = 0.448) in carbon dioxide fluxes observed
in Control: 0 kg N ha−1 y−1, Treatment: 124.3 kg N ha−1 y−1 and baseline: forest.

Bacterial and fungal diversity indices
The Shannon diversity index was calculated from the bacterial and fungal DGGE profiles for
treatment, control, and the forest. However, the Friedman test used to analyze the nonnormally distributed Shannon diversity indices for both bacteria and fungi showed no signifi
cant differences between the three sites. To identify a pattern, the site with the highest

Figure 3. Effect of N fertilizer addition on fungal and bacterial diversity in control: 0 kg N ha−1 y−1, Treatment: 124.3 kg N ha−1 y−1 and baseline: forest.
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Shannon diversity index generated for each month was then tabulated (Figure 3).
Consequently, the bacterial DGGE profile showed that fertilizer application (124.3 kg N ha−1
y−1) resulted in fewer months with the highest Shannon diversity index than no fertilizer
application, whereas conversely, the fungal DGGE profile showed that fertilizer application
(124.3 kg N ha−1 y−1) increased the number of months with the highest Shannon diversity
compared to no fertilizer application. The forest showed the highest number of months with
the highest Shannon diversity index for both bacteria and fungi.

Effects of soil characteristics on bacterial and fungal diversity
The Spearman and Pearson correlation tests on the bacterial and fungal diversity data, respectively,
showed that the bacterial Shannon diversity index was significantly negatively correlated (p < 0.05)
with NH4+ and pH while positively correlated with the PSI (Figure 4). The fungal Shannon diversity
index was significantly negatively correlated with NH4+ and pH (Figure 5).

Figure 4. Scatterplot between bacterial diversity index with (A) ammonium (NH4+), (B) pH and (C) pyrophosphate solubility
index (PSI).

Figure 5. Scatterplot between fungal diversity index with (A) ammonium (NH4+) and (B) pH.
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Discussion
Changes in soil properties after fertilizer treatment
This study showed that field application of N in the form of ammonium sulfate at the rate of 124.3 kg
N ha−1 y−1 slightly decreased soil pH, total C, total N, PSI, and increased NO3− and NH4+ concentration
but did not reach statistical significance (Table 2). Many studies have found the long-term applica
tion of N fertilizers to increase soil acidity (Stumpe and Vlek 1991; Guo et al. 2010). Moreover, the use
of ammonium sulfate as the N fertilizer is known to decrease soil pH (Stumpe and Vlek 1991; Fageria
et al. 2010) through the replacement of basic cations with NH4+ (Bolan and Hedley 2003) and
production of hydrogen (H+) from nitrification (Kirikae et al. 2001). However, this study’s insignificant
increase in soil acidity could be due to other environment-related factors or because the soil pH was
already too highly acidic for the fertilizer to have any added effect.
It has been reported that nitrogen fertilization could decrease soil organic carbon through carbon
mineralization that is directly impacted by the increase in microbial activity and biomass (Russell
et al. 2009). However, no significant reduction in total C was observed for the fertilized plots in this
study. This could be due to the natural availability of N that reduces microbial mineralization of soil
organic matter (SOM) as microbes do not need to decompose SOM to meet N demand for growth
metabolism (Hicks et al. 2019; Mahal et al. 2019). Therefore, this result suggests that the availability of
N decreases SOM-N mineralization and keeps SOM stocks intact. This is also reflected in the
insignificant CO2 emission in N fertilized plots in comparison to non-fertilized plots (Figure 2).

Higher CH4 and N2O emissions from fertilized plots
The CO2, CH4 and N2O values recorded in this study were attributed to the fact that nitrogen
fertilization influences not only the soil N pool but can also affect the soil C balance in
agricultural ecosystems by directly impacting the plant and microbial components (Russell
et al. 2009; Mahal et al. 2019). A slight increase in CO2 emission was observed in the nitrogen
fertilized plots (treatment) in comparison to non-fertilized plots (control) but the difference was
not significant (p = 0.448). Nitrogen fertilizer addition is known to improve plant root growth
(Anas et al. 2020) and directly provides substrate for soil microbial processes, which contribute to
CO2 fluxes into the atmosphere (Sakata et al. 2015). Agamuthu and Broughton (1986) also
reported that oil palm root development in soil was increased by nitrogen fertilizer up to an
intermediate rate, but the results were very irregular.
Meanwhile, CH4 emission was observed to be negligible in non-fertilized plots (Figure 2). This is
supported by previous studies, where an oil palm plantation on peat (Melling et al. 2005) and
a drained peat swamp forest (Jauhiainen et al. 2008) were reported as CH4 sinks due to lower ground
water table. The thicker aerobic topsoil layer decreases soil CH4 production and enables oxidation
process to happen by either ammonia oxidizers or methanotrophs (Hansen et al. 1993). In our
previous study, a methanotroph Methylovirgula ligni was found abundant in MPS forest (Dom et al.
2021), which could be the contributing factor to the low CH4 gas emissions from the oil palm
Table 2. Soil chemical properties of control, treatment, and baseline forest.
Soil Properties
pH (1:2.5)
Total C (%)
Total N (%)
C:N
PSI
NO3–N (mg kg−1)
NH4+-N (mg kg−1)

0 kg N ha−1 y−1
3.41 ± 0.03a
55.93 ± 0.25ab
1.80 ± 0.04a
31.47 ± 0.59a
36.20 ± 2.53ab
34.30 ± 6.36a
39.27 ± 6.69a

124.3 kg N ha−1 y−1
3.32 ± 0.04a
55.29 ± 0.29a
1.78 ± 0.04a
31.51 ± 0.59a
32.38 ± 2.40a
36.54 ± 6.75a
47.59 ± 9.05a

Forest
3.33 ± 0.02a
56.96 ± 0.46b
1.48 ± 0.02b
39.46 ± 0.60b
43.17 ± 3.97b
3.85 ± 0.44b
42.86 ± 3.49a

The result showed means ± SE and different letters in a row indicate significant (p < 0.05) differences
based on Tukey’s HSD test.
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plantation planted on originally a MPS forest. However, a significant increase was detected in CH4
emission in fertilized plots (Figure 2). Application of N fertilizer, especially in the form of NH4+ in
croplands, is known to affect soil CH4 exchange to the atmosphere because of their similar structures
and sizes of NH4+ and CH4 (Steudler et al. 1989; Sun et al. 2016). If the ratio of NH4+ to CH4 is
sufficiently high, methanotrophs preferentially oxidize NH4+ rather than CH4 (Sun et al. 2016). This is
the basis of many other findings that high N input in any agricultural system has an inhibitory effect
on CH4 uptake (Steudler et al. 1989; Sun et al. 2016).
The effect of N fertilization in this study was clearly observed in higher N2O emissions. The
ammonium sulfate addition did not significantly raise NH4+ concentration in soil, with the value
only slightly higher than for forest (baseline) and for the control (0 kg N ha−1 y−1). The oil palm yield
from the same treated plot was also shown to be not significantly higher than that for the control
(Chaddy et al. 2019), which may indicate that a major portion of the NH4+ input was not taken up by
palms and may become the major N2O source via nitrification by ammonia-oxidizing bacteria (AOB)
and ammonia-oxidizing archaea (AOA) (Prosser et al. 2019). The nitrification product, NO2− can be
easily oxidized into NO3− and could become the substrate for denitrification that produces N2
O (Baggs and Philippot 2010). This is supported by the significantly higher NO3− found in soil for
both the treated and the control plots despite there being no N input in the form of NO3− and most
notably, NO3− concentration in forest soils are naturally low (Table 2). The other pathways to NH4+
losses to the environment are via leaching and methanotrophs’ preference for NH4+ oxidation in
place of CH4. This could suggest that the current N fertilizer applied in this study may not efficiently
maintain crop productivity.

Fertilizer addition decreased bacterial diversity but increased fungal diversity
In the present study, bacterial and fungal diversities were examined as they are the major players
in soil nutrient cycling. Nitrogen fertilization in this study may cause a reduction in soil bacterial
diversity. A report on the reduction in bacterial diversity in fertilized areas (Li et al. 2016) suggests
that nitrogen enrichment may reduce niche space and therefore, community diversity. Long-term
N fertilizer application in any agricultural plot will certainly have a direct effect on the nitrogen
cycle-related communities, for example, reducing soil nitrogen-fixing bacterial communities, as
biological nitrogen fixation is the primary natural supply of N to any ecosystem (Berthrong et al.
2014). A prolonged supply of external N may lead these natural fixers to eventually cease to play
a role in providing N in agricultural ecosystems. In addition, ammonium sulfate input in this
study may affect sulfur cycling microorganisms, such as sulfate-reducing and sulfide-oxidizing
bacteria. The sulfur cycle is closely linked to the other biogeochemical cycles of carbon, nitrogen,
and phosphorus, the absorption and transformation of Fe, and the homeostasis of plant growth
(Hasler-Sheetal et al. 2016).
This study suggested that N fertilizer addition may increase soil fungal diversity. Most research has
reported intensive N fertilizer application causes a decrease in fungal diversity (Demoling et al. 2008;
Ding et al. 2017). A recent study by Liao et al. (2021) also recorded increased fungal diversity with
moderate N enrichment due to the increase of saprophytic fungi that contribute to C decomposition.
Paungfoo-Lonhienne et al. (2015) reported that an increase in N fertilizer modifies the composition of
fungal communities. There is a tendency for high N to substantially increase the proportions of
pathogenic fungi. The promotion of pathogenic fungi will eventually lead to negative impacts on
plant health (Paungfoo-Lonhienne et al. 2015; Brinkmann et al. 2019).

Correlation between soil characteristics on bacterial and fungal diversity
In this study, correlation analysis showed that the bacterial and fungal diversities were negatively
correlated with NH4+ concentration and soil pH (Figure 4 and Figure 5). Ammonium is an important
nitrogen source for soil microorganisms (Daebeler et al. 2014). However, excessive levels of NH4+ are
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well known to cause toxicity in plants, animals, bacteria, and yeasts (Von Wiren and Merrick 2004;
Reisser et al. 2013). Soil pH is regarded as one of the most important factors in shaping microbial
community structure (Fierer and Jackson 2006). Generally, an increase in soil acidity decreases the
relative abundances of soil microbes, but it has been shown that the relative abundance of certain
groups of microbes, such as acidobacteria has a tendency to increase with lower pH (Rousk et al.
2010).

Baseline data from forest soil
Both study sites (oil palm and forest) originally supported MPS forest type. Notably, the NO3−
concentration in the forest soil was found to be naturally low. The only source of NO3− in the forest
ecosystem could be mainly from nitrogen mineralization of soil organic matter and the conversion
from NH4+ through the nitrification pathway during the drier season. This may be the reason for the
low N2O emission from forest soil (Figure 2). Another notable finding is that NH4+ concentrations in
the forest soil were comparable with those recorded in the oil palm plantation (Table 2). The source
of NH4+ in both forest and non-fertilized soil in the oil palm plantation could be from nitrogen
mineralization, whereby organically bound nitrogen is converted to inorganic N.

Conclusions
From this study, ammonium sulfate addition did not significantly raise soil acidity, decrease
C content, or increase CO2 flux in tropical peat as hypothesized. However, ammonium sulfate
addition contributed to the 12-fold and 3-fold increase in CH4 and N2O fluxes, respectively, from
soil to the atmosphere. The increase in CH4 flux could result from methanotrophs’ preference for
NH4+ over CH4 (which have similar structures and sizes) for oxidation when the NH4+ level is
sufficiently high. As for the increase in N2O, it is as expected from the N substrate input. This study
also suggested that N addition caused a reduction in soil bacterial diversity but an increase in soil
fungal diversity. The former may stem from the direct effect on N cycle-related communities such as
the nitrogen-fixing bacteria, ammonia-oxidizers, and denitrifiers. The latter (increase in soil fungal
diversity) may be due to the tendency of high N levels in the soil to substantially increase the
proportions of pathogenic fungi.
Therefore, further research into the specific roles of microbial communities linked to the N and
C biogeochemical cycles would be instrumental in elucidating the dominant below-ground pro
cesses in oil palm plantation on tropical peatland.
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