EEET ECOLOGICAL ENGINEERING
——— & ENVIRONMENTAL TECHNOLOGY

Ecological Engineering & Environmental Technology, 2025, 26(3), 220-232
https://doi.org/10.12912/27197050/200006
ISSN 2719-7050, License CC-BY 4.0

Received: 2024.12.21
Accepted: 2025.01.21
Published: 2025.02.01

Mitigating methane emissions in chili farming with sustainable
agricultural practices

Aristya Ardhitama'?®, Bayu Dwi Apri Nugroho*®, Junun Sartohadi*®, Supari*®,
Muammar Qadafi®*®, Indah Retno Wulan?’®, Jeane Claudea Tanjung’®

! Doctoral Programme of Agricultural Engineering Science, Faculty of Agricultural Technology, Universitas
Gadjah Mada, JI. Flora No. 1 Bulaksumur Sleman, Yogyakarta, 55281 Indonesia

2 BMKG - Climatology Station of Yogyakarta, JI. Kabupaten Km. 5.5 Duwet, Sendangadi, Mlati, Sleman,
Yogyakarta, 55284, Indonesia

3 Department of Agricultural and Biosystems Engineering, Faculty of Agricultural Technology, Universitas
Gadjah Mada, JI. Flora No. 1 Bulaksumur Sleman, Yogyakarta, 55281, Indonesia

4 Center of Land Resources Management, Universitas Gadjah Mada, JI. Kuningan, Karang Malang, Caturtunggal,
Depok, Sleman, Yogyakarta, 55281, Indonesia

> Center for Climate Change, Indonesia Agency for Meteorology Climatology and Geophysics (BMKG), JI.
Angkasa |, No.2 Kemayoran, Jakarta, 10610, Indonesia

6 Research Center for Environmental and Clean Technology, National Research and Innovation Agency (BRIN),
JI. Sangkuriang, Bandung 40135, Indonesia

7 Faculty of Agricultural Technology, Universitas Gadjah Mada, JI. Flora No. 1 Bulaksumur Sleman, Yogyakarta,
55281, Indonesia

* Corresponding author’s e-mail: bayu.tep@ugm.ac.id

ABSTRACT

The appropriate use of fertilizers and mulches can reduce methane emissions in chili cultivation. This research seeks
to assess the impact of various conditions on methane emissions, encompassing chili cultivation under the following
scenarios: absence of fertilizers, application of organic fertilizers, use of NPK (nitrogen, phosphorus, and potassium)
fertilizers, absence of mulch, utilization of organic mulch, and application of inorganic mulch. Fertilizer application
was combined with mulching to assess their impact on methane emissions. The study was conducted at two different
sites with similar soil types. NPK levels were also measured to determine their correlation with methane emissions.
The findings show that applying NPK fertilizers boosts the levels of soil nutrients, such as nitrogen (N), phosphorus
(P), and potassium (K), while organic fertilizers contribute to an increase in soil organic carbon content. The appli-
cation of organic mulch increases soil NPK levels while reducing methane emissions. In contrast, the use of plastic
mulch significantly increases methane emissions, particularly when combined with NPK fertilizers. Soil nitrogen
levels show a correlation with methane emissions exceeding 90%, while phosphorus and potassium exhibit moderate
relationships with methane emissions (72%). The results of this research are anticipated to offer valuable insights into
optimal fertilization and mulching practices for chili cultivation, with the aim of reducing methane emissions.

Keywords: chili cultivation, mulching, fertilizer, NPK, methane emissions.

INTRODUCTION

Climate change is a global challenge that
threatens the sustainability of ecosystems and
the survival of living things (Ostad-Ali-Askari
et al., 2017; Rosenzweig and Tubiello, 2007).
A significant contributor to climate change and
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global warming is the rise in greenhouse gas
(GHG) concentrations in the atmosphere, driven
by human activities (Yoro and Daramola, 2020).
Today, global warming is an environmental cri-
sis that impacts countries around the world. On
a global scale, the energy sector represents the
primary source of GHG emissions, whereas the
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agriculture sector accounts for a substantial pro-
portion, contributing approximately 10-12% of
the total emissions (Huang et al., 2019).

The agricultural sector faces various environ-
mental challenges due to human activities that
utilize natural resources intensively and put great
pressure on ecosystems. One of the most promi-
nent environmental issues is the contribution of
the agricultural sector to GHG emissions into the
atmosphere (Foley et al., 2011; Gilbert, 2012;
Zhou et al., 2019). The global rise in GHG emis-
sions is predominantly attributed to human activi-
ties, including the combustion of fossil fuels, the
application of nitrogen-based fertilizers in agri-
culture, and livestock production systems (Jose
et al.,, 2016). The agricultural sector generates
emissions comprising carbon dioxide, methane,
and nitrous oxide. Methane is a major concern
due to its much higher Global Warming Potential
(GWP) than carbon dioxide (Molina et al., 2023).

Indonesia is known as an agricultural coun-
try rich in natural resources, supported by a
tropical climate, abundant water availability,
and fertile soil (Hilmawan and Clark, 2019).
Sleman Regency, located in the central part of
Java Island, has the characteristics of a tropical
monsoon climate and fertile soil, making chili
peppers a major agricultural commodity that
is widely cultivated in the region (Rahayu and
Febriani, 2021). Chili cultivation requires the
use of large amounts of nitrogen fertilizer and
manure to achieve optimal productivity (Kim et
al., 2022; Zhang et al., 2023). Despite the great
potential of chili cultivation amidst the chal-
lenges of climate change, the agricultural sec-
tor faces the problem of greenhouse gas (GHG)
emissions, one of which is methane emissions.
Research shows that chili cultivation can pro-
duce GHG emissions, where methane emis-
sions account for about 52—-83% of the total of
GWP (Tao et al., 2024).

Previous studies reported that agricultural
practices such as soil tillage (Pandey et al., 2012;
Bhattacharya et al., 2023; Rafique et al., 2014;
Voltr et al., 2021; Yagioka et al., 2015), straw and
organic fertilizer management (Gonzaga et al.,
2019; Huang et al., 2020; Liu et al., 2016; Song
et al., 2021), irrigation water management (Islam
et al., 2020; Song et al., 2021), compost fertil-
izer application (Jeong et al., 2019, 2018), the
use of mulching (Chiesa et al., 2022; Kim, et al.,
2017b; Lee et al., 2019; Yagioka et al., 2015), and
the management of chemical/nitrogen fertilizers

(Kim et al., 2017a; Lee et al., 2019; Song et al.,
2021; Wang et al., 2018; Yang et al., 2023) play a
role GHG emissions from agricultural land. How-
ever, earlier studies have identified several limita-
tions, particularly in integrating these practices.
To establish low-emission farming systems, fur-
ther research is essential to develop integrated ag-
ricultural approaches that combine elements such
as fertilisers, mulch, straw, and minimal tillage.

Study on methane emissions in drylands, es-
pecially chilli cultivation, often receives less at-
tention than GHG emissions in irrigated paddy
fields. So far, it is known that methane gas is emit-
ted from flooded paddy fields. However, methane
emissions can also occur in drylands, such as in
chili cultivation (Kim et al., 2022). This is due to
the activity of microorganisms in the soil that de-
compose organic matter under partially anaerobic
conditions, utilizing organic matter inputs (Das-
sonville et al., 2004). This organic matter comes
from the practice of fertilizing with compost as
well as the use of plastic mulch or straw (Jeong et
al., 2018; Lee et al., 2019; Liu et al., 2016).

Studies on the combined impact of fertilizer
types (organic and NPK) and mulches (organic
and plastic) on methane emissions are limited,
especially in chili cultivation. Previous stud-
ies have mostly focused on individual aspects
of fertilizer or mulch use without holistically
investigating how the interaction between the
two affects GHG emissions, especially meth-
ane. In addition, the direct relationship between
nitrogen, phosphorus and potassium levels in
the soil and methane emission levels has not
been quantitatively explained. Therefore, there
is a knowledge gap that needs to be filled to
identify the most effective farming methods to
minimize methane emissions while still main-
taining crop productivity.

This research aims to fill the gap by ex-
amining the impact of organic fertilizer, NPK
fertilizer and organic mulch on methane emis-
sions, and revealing the pattern of interrelation-
ships between nitrogen, phosphorus and potas-
sium levels in soil and methane emissions. This
research is expected to contribute to the devel-
opment of sustainable agricultural practices
that are optimal and environmentally friendly.
The results of this study are anticipated to offer
valuable scientific insights for farmers, practi-
tioners, and policymakers in devising strategies
to mitigate greenhouse gas emissions, particu-
larly within the context of chili cultivation.
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MATERIALS AND METHODS

Research location

Figure 1 shows the location sites of this study.
This study was conducted during dry season (Juni
untill October 2024) in Sleman Regency, Special
Region of Yogyakarta, Indonesia. The Special
Region of Yogyakarta is a chili production cen-
ter that contributes significantly to national chili
production in Indonesia. The research was car-
ried out at two sites, namely Mlati (7°39°16.5”S
110°24°09.5”E, 450 msl) and Pakem (7°43°50.2”’S
110°21°12.3”E, 182 msl). These locations were
selected because they share the same soil type
(regosol) and are key chili production areas in
Sleman Regency (Figure 2).

Research design

This study was carried out on experimental de-
monstration plots (demplots) measuring 1 x 1 me-
ter, organized in a randomized block design (RBD)
with three replications (Figure 3). The cultivation
of curly red chili in each plot utilized the Electra
variety. The Electra variety was chosen based on
its resistance to diseases, fungi, and viruses when
cultivated during the dry season with fluctuating
temperature and humidity conditions. The treat-
ments applied in this study combined the use of
mulch and fertilizers. The specific treatments im-
plemented are as follows: treatment without fertili-
zer (P0), treatment without mulch (MO), treatment
with organic fertilizer (P1), treatment with organic
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Figure 2. Soil classification map of research area

mulch (M), treatment with inorganic fertilizer
(P2), and treatment with inorganic mulch (M2).
Treatment P1 involves the application of agri-
cultural practices utilizing organic fertilizer and
pesticide management, specifically employing
eco-enzyme fertilizer, which is more environmen-
tally friendly and serves as a mitigation effort for
GHG emissions in agricultural fields (Benny et al.,
2023). Treatment P2 involves the use of chemical
inorganic fertilizers, specifically NPK, at a 100%
recommended dosage. Treatment M1 refers to the
use of organic mulch derived from straw manage-
ment using bamboo leaf residues, which has been
shown to enhance crop production and effectively
suppress weeds (Huang et al., 2020). The thickness
of the dried bamboo leaf mulch is set at 3 cm. In
contrast, M2 involves the use of plastic mulch. PO
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Figure 1. Study sites
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Figure 3. Research design

represents treatment without fertilizer, while MO
denotes treatment without mulch. Both organic
and inorganic fertilization processes are conducted
weekly (Jeong et al., 2019).

Analytical methods

Methane gas measurements were conducted
using the closed chamber method (Collier et al.,
2014; Zaman et al., 2021). The chamber dimen-
sions were 61 cm in length, 41 cm in width, and
71 cm in height, and it was equipped with a fan
to circulate air within the chamber (Huang et al.,
2020; Shaukat et al., 2022), which was operated
for 10 minutes. A 27G syringe was used to ex-
tract air from the chamber and transfer it into
a 10 mL vial. The vial was then vacuum-sealed
to ensure precise gas sampling results. The sam-
ples were analyzed using Gas Chromatography
(Shimadzu 14 B) equipped with a flame ioniza-
tion detector (GC-FID).

This research utilizes IoT technology
equipped with soil sensors to measure various
soil attributes, the tool is called Soil Monitor-
ing System. Data on soil properties, including
temperature, soil moisture, pH, electrical con-
ductivity (EC), and NPK content, were obtained
through measurements using an RS485 soil in-
tegrated sensor. This advanced 7-in-1 sensor
serves as a comprehensive tool, enabling the
simultaneous assessment of multiple soil param-
eters critical for understanding and optimizing

soil health and productivity. Images of the en-
closed space and soil monitoring system are pre-
sented in Figure 4. Sampling was conducted four
months after planting and the illustration of data
collection is presented in Figure 5.

The relationship between soil NPK concentra-
tion and methane (CH,) emissions was analysed us-
ing the simple linear regression method, with meth-
ane emissions being the dependent variable and soil
NPK as the independent variable. Regression coeffi-
cients were calculated using the least squares meth-
od to measure the effect of NPK on methane emis-
sions, while the coefficient of determination (R?)
was used to evaluate the extent to which the model
could explain the variability of methane emissions.
Significance testing was conducted using a t-test to
ensure the relationship between the independent and
dependent variables was not random, by comparing
the p-value against the 0.05 significance level.

RESULTS AND DISCUSSIONS
Soil characteristics

Table 1 presents the soil characteristics at the
research sites. At both research sites, the soil tex-
ture predominantly consists of sand and silt, while
clay constitutes less than 15% of the soil compo-
sition. Soil moisture ranges from 5.20% to 7.34%,
with a slightly acidic pH (below 7). The electrical
conductivity (EC) falls within a moderate range.
The soil’s NPK content is classified as high, with
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Figure 4. Closed chamber and soil monitoring system
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Figure 5. Mechanism for soil attributes and methane gas data collection

Table 1. Soil characteristics
Parameters Mlati Pakem
Soil composition
Sand (%) 62.40 72.06
Dust (%) 28.25 15.38
Clay (%) 9.35 12.56
Soil moisture (%) 7.34 5.20
pH 6.38 6.02
EC (uS/cm) 49 26
NPK content
Nitrogen (%) 0.14 0.35
Phosphate (ppm) 15.05 20.72
Potassium (%) 0.31 0.34
Organic carbon (%) 1.29 1.19

Note: Soil sampling results (2024).
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The Pakem sites exhibited a significant contribu-
tion. Soil moisture and pH are critical factors in-
fluencing the biochemical and geochemical pro-
cesses associated with methane emissions from
the soil. Biogeochemistry is centred around four
fundamental principles—abundance, landscape,
repetition, and cycles—that shape the interactions
between living organisms and their surrounding
environment (Li et al.,, 1992). The concentra-
tion of soil organic carbon (SOC) at both sites is
categorized as low to medium. The availability
of SOC is a key indicator of fertile and healthy
soil (Bationo et al., 2007; Bhunia et al., 2018).
Raising SOC levels is an essential approach for
alleviating the effects of global warming. This is
accomplished by improving the availability of
SOC to capture carbon dioxide, thereby prevent-
ing its emission into the atmosphere and facilitat-
ing its long-term storage in the soil. This process,
referred to as soil carbon sequestration, entails
the conversion of atmospheric carbon dioxide
into the soil, where it is stored as organic matter

and retained over time (Lal, 2004). Soil carbon
sequestration is considered one of the most ef-
fective and cost-efficient methods for reducing
GHG emissions to the atmosphere, thereby con-
tributing to efforts to mitigate global warming
and climate change (Agus, 2013). Changes in soil
carbon stocks are significantly influenced by soil
management practices, including crop rotation,
fertilization, irrigation, organic matter addition,
tillage, and others (Lal et al., 2015; Smith, 2008).

Effect of research scenario on NPK concentration

Figure 6 illustrates the effects of the research
scenarios on soil NPK levels. The application of
inorganic fertilizers and inorganic mulch (P2M2),
which inherently have high NPK levels, resulted
in the highest increase in NPK content at both
sites. This was followed by the use of inorganic
fertilizers combined with organic mulch (P2M1)
and inorganic fertilizers without mulch (P2MO0).
The Mlati site (Figure 6a) exhibited the highest
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Figure 6. NPK concentration in soil: (a) Mlati, and (b) Pakem sites
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NPK levels under these scenarios compared to
the Pakem site (Figure 6b).

At both study sites, the NPK content of chili
plants grown with organic mulch without fertil-
izer (POM1) was higher than that of those with
inorganic mulch without fertilizer (POM2). Or-
ganic mulch may contain varying levels of nutri-
ents such as nitrogen, phosphorus, and potassium.
Apart from its NPK composition, bamboo leaves
have also been found to be rich in organic carbon
and calcium. Incorporating bamboo leaves into
the soil facilitates nutrient recycling and enhances
soil organic carbon levels, potentially reducing the
need for fertilizers in subsequent cropping cycles.

The use of organic fertilizer without mulch
(PIMO) resulted in relatively low NPK content at
the Mlati site and the lowest at the Pakem site. This
may be attributed to the fact that organic fertilizer
alone does not provide additional nutrients to the
soil, unlike organic mulch. On the other hand, the
combination of inorganic mulch with organic fertil-
izer also failed to improve soil NPK content.

Effect of research scenario on Methane emission

The application of bamboo leaves as organic
mulch effectively reduced methane emissions
in chili fields as shown in Figure 7. Among the
scenarios, PIM1 resulted in the lowest methane
emissions, followed by POM2 at the Mlati site
(Fig. 7a) and PIMO at the Pakem site (Fig. 7b),
compared to other scenarios across both study
sites. Conversely, the P2M2 scenario exhibited
the highest methane emissions. The reduction in
methane emissions was influenced not only by
the use of organic mulch but also by the absence
of fertilizer Soil mulching can effectively reduce
surface soil evaporation and increase water reten-
tion in the root zone, thereby promoting methane
production and emissions (Guo and Liu, 2022).
Methane was consumed through microbial oxida-
tion in the no-mulching cultivation process (Cuel-
lo et al., 2015). Inorganic mulch such as plastic
film can increase the methane emission due to
the increase of soil temperature that favorable
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Figure 7. Methane generation: (a) Mlati, and (b) Pakem sites
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conditions for microbial activity (Cuello et al.,
2015; Li and Sarah, 2003).

In contrast to organic mulch, the use of NPK
fertilizer tended to increase methane emissions
due to the greater availability of substrates for
methanogens (Zhang et al., 2018) and a reduc-
tion in soil redox potential (Olufemi et al., 2022).
Methane emissions are determined by the net bal-
ance between the activities of methanogens and
methanotrophs (Zhang et al., 2018). Methano-
trophs are gram-negative bacteria that use meth-
ane as their carbon and energy source (Ma et al.,
2013). Nitrogenous fertilizers can enhance meth-
ane production while inhibiting methane oxida-
tion (Yuan et al., 2018) (Figure 7).
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Relationship between NPK concentration and
methane generation

NPK content showed moderate to high cor-
relations with methane emissions. Nitrogen had
the strongest correlation with methane emissions
in both study sites, with coefficients of determi-
nation (R?) of 0.9148 and 0.9638 for Mlati (Fig.
8a) and Pakem (Fig 8b) respectively. Phosphorus
also shows a high correlation with methane emis-
sions in the Mlati location (R?>= 0.871) (Figure 8c),
while at the Pakem location the correlation is mod-
erate (R*=0.7278) (Figure 8d). Potassium content
showed an almost identical correlation pattern with
phosphorus in both study sites with R2 value of
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0.8722 and 0.7276 for Mlati (Fig. 8¢) and Pakem
(Fig. 8f) sites respectively. These results suggest
that the measurement of NPK content, particularly
nitrogen, is potentially a reliable predictor of meth-
ane emissions during the cultivation process.

The slope value of all regression coeficient
are higher than zero indicates that there is a posi-
tive correlation between methane emission and
soil NPK content. The intercept coeficient have
positif value in all Mlati sites data indicates that
the predicted value of the Methane emission
when the soil NPK content is zero is positive. On
the other hand, all intercept coeficient in Pakem
sites has negative value indicates that the predict-
ed value of methane emission when soil NPK is
zero is negative. In this case, the regression line
crosses the y-axis below the zero value.

Then to ensure that the relationships be-
tween the dependent and independent variables
are highly correlated, statistically significant,
and not random, a t-test was conducted. The
results of the analysis showed that all relation-
ships between CHa4 emissions and soil NPK lev-
els were significant with p values less than 0.05,
as shown in Table 2. These findings indicate a
strong correlation and statistical significance be-
tween CH4 emissions and soil NPK levels.

The R? value (ranging from 0.7276 to 0.9638)
in the linear regression relationship between
methane emissions and NPK parameters indicates
that methane emissions have a linear increasing
relationship that can explain variations in nutrient
concentrations. Nitrogen showed the strongest re-
lationship with methane emissions, followed by
phosphorus and potassium. Positive regression
slopes in all sub-plots indicate that increasing
methane emissions are associated with increasing
nutrient concentrations, with the largest response
seen for potassium based on higher slope values.

The results of this study are in line with find-
ings reported in previous studies, which showed
that NPK levels in soil have a direct influence
on methane emissions from cultivated land. Re-
search by Petaja et al., 2023 and Wu et al., 2023
also revealed that increasing concentrations of
nitrogen (N), phosphorus (P) and potassium (K)
in the soil can stimulate methanogenic microbial
activity, which contributes to increased methane
emissions. This systematic relationship is consis-
tent with biogeochemical processes affecting soil
nutrient quality, so nutrient measurements, espe-
cially nitrogen, can be used as a practical and rel-
evant indicator in monitoring methane emissions
in cultivation practices across different sites.

The application of organic mulch reduces
methane emissions, while the use of fertilizers,
especially inorganic NPK fertilizers, increases
methane emissions. The combination of these
factors results in varying methane emissions,
which exhibit a linear correlation with nitrogen
content and methane emissions.

Theoritical mechanism

Figure 8 illustrates the mechanism of methane
gas formation based on the research scenarios.
The application of NPK fertilisers in agricultural
fields has been found to significantly increase
methane emissions. However, the use of organic
fertilisers, as highlighted in this study, can help
reduce methane emissions. Both organic and in-
organic fertilizers influence methane emissions,
with the extent of their impact being contingent
on several factors, such as soil temperature and
pH. In tropical regions, replacing inorganic fertil-
isers with organic alternatives has been reported
to substantially decrease methane emissions (He
et al., 2023). Several studies suggest that organic
fertilisers may reduce greenhouse gas emissions

Table 2. Results of t-test relationship between CH, emission variables and soil NPK

Variable relationship t-calculated p-value Sign
Milati
CH, Emission - N -9.325 0.0021 *
CH, Emission - P -13.505 0.0024 *
CH, Emission - K -24.546 0.0020 *
Pakem
CH, Emission - N -4.097 0.0047 *
CH, Emission - P -7.241 0.0189 *
CH, Emission - K -16.407 0.0072 *

Note: Significance level "p < 0.05.

228



Ecological Engineering & Environmental Technology 2025, 26(3), 220-232

0 Microbial

oxidation

Organic Fertilizer

NPK Fertilizer

methanogens

Surface soil
evaporation

methanogens

v
7

L ©

methanogens@®

Figure 9. Theoritical mechanism

(Linquist et al., 2012; Smith et al., 2020). This
is primarily because organic fertilisers minimise
environmental impacts and reduce reliance on
chemical nitrogen fertilisers, thereby lowering
the GHG emissions associated with their produc-
tion (Smith, 2016).

The use of organic mulch can significantly re-
duce methane emissions compared to using plas-
tic mulch or no mulch. When combined with or-
ganic fertiliser, the use of organic mulch can fur-
ther increase the reduction of methane emissions.
The breakdown of organic mulch provides acces-
sible carbon and nitrogen, promotes the release of
carbon dioxide (Bavin et al., 2009), and helps re-
duce emissions of methane and nitrous oxide (Ya-
gioka et al., 2015). In contrast, plastic mulching
can expedite the microbial decomposition of soil
organic matter, potentially depleting soil organic
carbon stocks (Chen et al., 2017) and contributing
to an increase in greenhouse gas emissions (Jia et
al., 2021; Ma et al., 2018) (Figure 9).

CONCLUSIONS

This study reveals findings on the effects
of different fertiliser and mulching practices on
methane emissions during chilli cultivation. The
findings showed that the use of NPK fertilisers
significantly increased methane emissions in chil-
li cultivation. In contrast, the use of organic fertil-
izers leads to reduced methane emissions when
compared to NPK fertilizers. The application of

organic mulch, like dried bamboo leaves, enhanc-
es soil NPK concentrations and organic carbon
content, simultaneously lowering methane emis-
sions. Conversely, plastic mulch significantly
increases methane emissions, particularly when
combined with NPK fertilizers. Soil NPK levels
exhibit a high (> 90%) to moderate (> 70%) corre-
lation with methane emissions. The combination
of organic fertilizers and organic mulch has been
shown to significantly reduce methane emissions.
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