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Abstract
As global demand for palmoil continues to rise, improving the accuracy of greenhouse gas (GHG)
accounting in oil palmplantations is essential for evaluating their environmental sustainability.
Spatial heterogeneity created by routine plantationmanagement can strongly influence soil
properties andGHGemissions. In this study, we assessed soil CO2,N2O, andCH4 emissions across
three principalmanagement zones in amature oil palm (nine-year-old) plantation cultivated in
mineral soils- frond heap (FH), palm circle (PC), and harvesting path (HP)under standard
operational practices. Soil GHGfluxesweremeasured using static chambers coupledwith a
Fourier-transform infrared (FTIR) gas analyser, alongside surface soil (0–5 cm) sampling to
characterise soil organic carbon, total nitrogen,moisture content, bulk density, porosity, and pH. In
total, 90measurement points were evaluated to capturewithin-plantation spatial variability.
The FH zone exhibited significantly higher soil organic carbon, total nitrogen, porosity, and
moisture content, and lower bulk density than the PC andHP zones. These properties translated
into significant highermeanGHGfluxes in FH soils, withCO2,N2O, andCH4 emissions of
165.7mgm−2 h−1, 0.25mgmgm−2 h−1, and 0.25mgm−2 h−1, respectively. In contrast, HP soils
weremore compacted, carbon-poor, and exhibited the lowestGHGemissions. Spearman’s rank
correlation analyses indicated that CO2 emissionswere primarily driven by increased soil porosity,
while elevated soilmoisture and organicmatter inputs in FH zones promoted conditions conducive
toN2Oproduction and anaerobicmicrosite formation supportingCH4 emissions.When expressed
as CO2-equivalents, the FH zone acted as biogeochemical hotspot, contributed disproportionately to
plantation-scaleGHGemissions despite occupying only one-third of the total area. These findings
highlight the importance of incorporating fine-scale spatial variability when developingGHG
inventories, emission factor development, and targeted, zone-specificmitigation strategies.

1. Introduction

Agriculture is one of themajor contributors to climate change, primarily through the emissions of greenhouse
gases (GHGs) such as carbondioxide (CO2), nitrous oxide (N2O), andmethane (CH4). The agricultural sector
accounts for approximately 10 to 20%of the total global anthropogenicGHGemissions (Ntinyari andGweyi-
Onyango 2021). These gases are released fromvarious sources, including food system-driven land-use change,
livestock, agricultural soils, and chemical inputs (Chataut et al 2023). As global agriculture shifts towardsmore
sustainable practices tomitigate climate change, understanding the environmental impacts of different crop
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cultivation systems has become crucial. Among these systems, oil palm (Elaeis guineensis) plays amajor role in
supporting global food and energy demandswhile also influencing carbon andGHGdynamics.

Oil palm is one of themost efficient and cost-effective oil crops, widely cultivated for its high yield inwhich
the average oil yield for oil palm is 4 ton ha−1, surpassing annual oilseed crops characterised by yields ranging
from0.3 to 1.2 ton ha−1 (Murphy 2014). Palmoil as a derivative of oil palm cultivation is a versatile commodity
used in numerous food and non-food products such as biofuels, personal care, and cosmetic products (Yeong
et al 2012, Kaniapan et al 2021).With the increased demand for palmoil, the global cultivated area of oil palm
covers over 29million hectares in 2022, with themain producing countries involving Indonesia andMalaysia
(Voora et al 2023). Given the extensive scale of its cultivation, any alterations to soilmanagementwithin oil
palmplantations could significantly influence the carbon cycle andGHGemissions. Consequently, improving
our understanding of soil-GHGexchanges in oil palm systems is essential for balancing productivity goals with
climate changemitigation and sustainable landmanagement.

The release ofGHGs from soils in agricultural systems is closely linked to diversemanagement practices.
Soilmanagement interventions such as tillage, fertilisation, and organicmattermanagement play a role in
either accelerating ormitigating the release ofGHGgases (Komatsuzaki andOhta 2007, Bhattacharyya et al
2022). In oil palmplantations, soilmanagement is often organised into three distinct zones: (1) the palm circle
(PC), which is kept free of ground cover andweeds around the trunk; (2) frond heaps (FH), where pruned
fronds are systematically stacked; and (3) harvesting paths (HP), designated for the collection and transporta-
tion of fresh fruit bunches (Rahman et al 2021). These spatially distinctmanagement zones create pronounced
heterogeneity in soil physical structure, organic carbon inputs, nutrient availability, andmicrobial activity, all
of which are fundamental regulators of soil GHGproduction and consumption (Smith et al 2018, Basheer et al
2024, Valujeva et al 2024). As a result, oil palmplantations function asmosaics of biogeochemical ‘hotspots’
and ‘coldspots’, where ecosystemprocesses such as carbon sequestration, nitrogen cycling, and gas diffusion
operate at different intensities within the same plantation. In this context, GHG ‘hotspots’ refer to spatially
discrete areas that contribute disproportionately high greenhouse gas emissions relative to their spatial extent,
while ‘coldspots’ represent areaswith comparatively low emission rates resulting from limiting conditions
(Hagedorn andBellamy 2011,GachibuWangari et al 2023). Understanding this fine-scale spatial variability is
therefore essential for accurately quantifying ecosystem-level GHGbalances and identifyingmanagement
practices that can enhance soil carbon storagewhileminimising emissions.

While there is substantial research examining soil properties in oil palmplantations, studies focusing on
GHGfluxes, particularly those extending beyondCO2 inmineral soils remain limited, withmuch of the
research centred predominantly on peat soils. For instance, the impact of converting peatland to oil palmplan-
tations onCO2 emissions has been explored byCooper et al (2020) andMcCalmont et al (2021), while compar-
isons of soil CO2 emissions between oil palmplantations and forest ecosystems have been studied byAzizan
et al (2021) andMelling et al (2005). However, the existing literature frequently overlooks the variations that
occur across differentmanagement zones in the oil palm cultivation system (Uning et al 2020).

Recent studies have begun to explore spatial variability within plantations, often examining the effects of
fertilisation, residue addition, or weedmanagement on soil GHGfluxes (Rahman et al 2019, Rahman et al 2021,
Chen et al 2024).While these treatment-based experiments provide valuablemechanistic insights, spatialman-
agement zones are typically incorporated as secondary or nested factors. As a result, observed differences
amongPC, FH, andHP zones are frequently interpreted as short-term responses to imposed treatments rather
than as emergent properties of long-term, routine plantationmanagement. This approachmay limit our
understanding of baseline, zone-specificGHGemission patterns that are essential for upscaling, emission fac-
tor development, and process-basedmodelling. Failing to account for zone-specificGHGdynamicsmay lead
to biased plantation-scale emission estimates and ineffectivemitigation strategies. A spatial understanding of
soil GHGemissions can therefore inform targeted, zone-specificmanagement interventions, supporting the
development ofmore sustainable oil palmproduction systems. In this study, we addressed these gaps through a
spatially explicit assessment to quantify soil properties andGHGemissions across the principalmanagement
zones of oil palmplantations under standard operational practices. The objectives of this studywere therefore
to: (1) characterise soil physicochemical properties across three operationalmanagement zones in oil palm
plantations, and (2) quantify and compareCO2,N2O, andCH4 emissions associatedwith each zone.

2.Methodology

2.1. Study area and experimental design
The studywas conducted in anoil palmestate inCarey Island,Malaysia (2°51’58.2″N101°24’55.9″E), (figure 1(A))
focusingonnine-year-old oil palms cultivated in Jawa soil series (SulficEndoaquepts). The study site has amean
annual air temperature of 28.9 °C, and average annual rainfall of 2,301mm.Theoil palms in the experimental site
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received twoapplications of ammonium-basedNKcompound fertiliser (14%Nand20%K2O), applied at rates of
4.25 kgpalm−1 inMarch 2024 and4.0 kgpalm−1 in September 2024. In addition, a single applicationof rock
phosphate fertiliser (28%P2O5)was applied at a rate of 1.75 kgpalm−1 inMay2024.All fertiliserswere broadcast
mechanically using a fertiliser-spreadingmachine, targeting the area adjacent to the FHzone.

A total of 90measurement points were selected, with 30 sampling points allocated to each of the three key
management zones (PC, FH, andHP). Eachmeasurement point was located adjacent to individual palm trees.
The soil and gas samplingwere conducted between January and February 2024. Thewas no fertiliser input to
the study site in themonth preceding the sampling period or during the sampling itself.

2.2. Gas sampling and calculation of fluxes
Soil collars were inserted into the soil at a depth of 3 cmone day before gas sampling and removed immediately
after sampling. Gas concentrations of CO2,N2O, andCH4were quantified using a FTIRGT5000Terra gas
analyser (Gasmet, Finland) coupledwith an eosAC automated flux chamber (Eosense, Canada) (Hashemi et al
2024, Park et al 2024). The gas analyser was calibratedwith nitrogen gas each time before the field gas sampling.
At eachmeasurement point, the chamberwas deployed for a total duration of 16 min, duringwhich gas
concentrationswere recorded at 4 min intervals, yielding four concentrationmeasurements per deployment.
The gas samplingwas conducted between 9:00 am to 11:00 am.Atmospheric pressure during the sampling
periodwas stable (1012–1013mbar), therefore, pressure-related variation inmolar volumewas considered
negligible, and flux calculationswas calculated using equation (1) (Gasmet TechnologiesOy 2020):

( ) ( )µ = ×
×

×Soil gas flux mol
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v

v
T

T
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where
C

t
is the rate of change of concentration of gas (ppm), v is the volume of the vessel including cell and

sample lines, va is themolar volume for ideal gas at 273K (22.4× 10−3m3mol−1),T2 is the air temperature (K),
T1 is the standard temperature (K), and A is the footprint area of the chamber (m2).

Figure 1. Study area and experimental design. (A) Study site; (B)& (C)Threemanagement zones in oil palmplantation; (D) Soil
collar inserted at FH andPC zones; (E)Eosense automatic soil flux chamber.
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The rate of change of the gas concentrationwas derived by calculating the slope of the linear change in gas
concentration over timewithin the chamber. Only regressionmodels with anR2 value of 0.8 or greater were
included in the analysis.

Themass fluxes (mgm−2 h−1)was then obtained bymultiplying the soil gas flux (µmol m s2 1)with its
molarweight (CO2= 44.009 g mol−1; N2O= 44.013 g mol−1; CH4= 16.04 g mol−1) (National Library of
Medicine (PubChem) 2025).

2.3. Soil sampling and analysis
Following gas sampling, soil sampleswere collected at the top 5 cmof each point using a 5 cm× 5 cm soil core
ring. The freshweight of each samplewas recorded before drying at 50 °Cuntil a constantweight was achieved
to determine the dryweight. Subsequently, soil gravimetric water content (2) (adapted fromFAO2023a), bulk
density (3) and total soil porosity (4) (FAO2023b)were calculated.

( ) ( )=Soil Gravimetric Water Content
Weight of wet soil Weight of dry soil

Weight of dry soil
gg 21

( ) ( )=Soil Bulk Density
Weight of dry soil

Volume of soil
g cm 33

( )= ×Total soil porosity
Bulk density of soil sample

Particle density of soil
1 100 4

The air-dried soil sampleswere then sieved (with a 2mmsieve) and analysed for soil organic carbon (SOC),
total nitrogen, and pH. The SOCwas determined via dry combustionmethod, using an Elementar VarioMax
(Elementar, Germany) (Department of StandardsMalaysia 2016). Soil total nitrogenwasmeasured through
Kjeldahlmethod (Kjeldahl 1883). Soil pHwasmeasured in a 1:2.5 soil:deionisedwater suspension and analysed
with a pHprobe (adapted from ISO10390:2005 procedure) (InternationalOrganization for
Standardization 2005).

2.4. Calculation of soil GHGemissions per hectare andCO2-equivalent emissions in oil palm cultivation
systems
For each zone, themeanCO2,N2O, andCH4fluxes calculated from30measurementswere thenupscaled to a
per-hectare basis bymultiplying themby the proportional area coverage of eachmanagement zonewithin one
hectare of oil palmplantation. The spatial coverage per hectarewas categorised as follows: PC covering 1,800m2,
FHcovering 2,800m2, andHP covering 3,600m2.

TheCO2-equivalent emissions for eachmanagement zonewere calculated using theGlobalWarming
Potential (GWP) values provided in the IPCCSixthAssessment Report (Forster et al 2021). TheGWPsused for
a 100-year time horizonwere 273 forN2O, and 27 forCH4.

TheCO2 equivalent emissions for each gas per hectarewere calculated in (5):

( ) ( ) ( )= ×CO equivalent emissions GHG flux kg hr GWPkg hr 52
1 1

3. Statistical analysis

The data sets were first tested for normality using Shapiro-Wilk’s test. For variables that did not conform to a
normal distribution, log-transformationwas applied. Subsequent analysis was performed using one-way
Analysis of Variance (ANOVA) to compare group differences, followed byTukey’sHonest Significant
Difference (HSD)post-hoc test with a significance threshold set at p< 0.05. For data that remained non-
normally distributed despite transformation, theKruskal–Wallis test was applied. Significant group differences
were further examined usingDunn’s test for post-hoc comparisons at p< 0.05. The relationship between soil
GHGfluxes and soil physicochemical parameters was assessed using Spearman’s rank correlation test with a
totalmeasurement of 90 (n= 90), and correlationswere considered statistically significant at p< 0.05. All
analyseswere conducted usingR version 4.3.2.

4. Results

4.1. Soil physiochemical properties ondifferentmanagement zones
The soil characteristicsmeasured across FH,HP, and PC are summarised in table 1. The highestmedian total
nitrogen (0.34 g kg−1)was recorded for FH, followed by PC (0.22 g kg−1), andHP (0.15 g kg−1). Organic carbon
content varied among the locations. FH exhibited the highest organic carbon content with amedian value of
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3.86 g kg−1. HP andPCwere shown to have lower values, withmedians of 1.76 g kg−1 and 2.21 g kg−1

respectively. Soil pHmeasurements demonstrated that all locations had acidic soil. FH and PCboth had a
median pHof 4.0, whileHPwas slightlymore acidicwith amedian pHof 3.7. Bulk densitywas found to be the
lowest at FH,with amedian value of 0.87 g cm−3. In contrast, HPhad the highest bulk density at 1.39 gcm−3,
while PChad an intermediate value of 1.21 g cm−3. Soil porosity was highest at FHwith amedian value of 66%.
HPhad the lowest porosity at 46%, indicative ofmore compact soil, while PChad an intermediate porosity of
53%. Soil gravimetric water content followed a similar pattern, with FHhaving the highestmoisture content at
amedian of 0.65 g g−1.HPhad the lowest water content at 0.29 g g−1, andPChad amedian value of 0.37 g g−1,
suggesting drier soil conditions.

4.2. GHGemission
The log-transformedmeanCO2fluxes from the soil in three distinctmanagement zoneswere significantly
different (figure 2(A)). The FH zone exhibited the highestmeanCO2flux, at 165.66mgm

−2 h−1, followed by
PC zone, with 129.75mgm−2 h−1, andHP zonewith 82.35mgm−2 h−1. The nitrous oxide (N2O)fluxwas
shown in figure 2(B). The FH zone showed amedian value of 0.25mgm−2 h−1, significantly different compared
toHP andPC zones that recorded anN2Oflux near to zeromgm

−2 h−1 for both zones. Themethane (CH4)
fluxmeasurementswere summarised in figure 2(C). The FH zone showed amedian value of 0.25mgm−2 h−1.
In contrast, theHP and PC zones recorded anCH4flux at 0.01 and 0.02mgm

−2 h−1 for respectively.
The Spearman correlation showed several key relationships between soil properties andGHGemissions

(figure 3). A significantmoderate positive correlationwas noted between soil porosity andCO2 flux (r= 0.56),
as well as SOCandCO2 flux (r= 0.49). Aweak positive correlation (r= 0.23)was observed between gravimetric
soil water content andN2O emissions. Additionally, amoderate positive correlationwas noted between gravi-
metric soil water content andCH4 emissions (r= 0.49).

Table 2 summarises the soilGHG (CO2,N2O, andCH4) emissions per-hectarebasis and theCO2-equivalent
emissions inoil palmcultivation systems.Among the zones, the FHexhibited thehighest combined emissions,with
CO2 emissions of 0.46kgha

−1, alongside thehighestN2O (0.0009kgha−1 hr−1) andCH4 (0.00045kgha−1 hr−1)
emissions.These contributions resulted in thehighestCO2-equivalent emissionof 0.72kgha

−1 hr−1.ThePCzone
showedcomparatively lower emissions across all gases,with aCO2-equivalent emissionof 0.37 kg ha

−1 h−1. In
contrast, theHPzone recorded the lowestCO2-equivalent emission (0.23kgha−1 hr−1) among the zoneswith
negligibleN2Oemissions andminimalCH4 emissions (0.00002kgha−1 hr−1).

5.Discussion

5.1. Soil Properties of differentmanagement zones in oil palmplantation
The FHarea exhibits the lowest bulk density and highest SOC among themanagement zones, which could be
primarily attributed to the large input of organicmatter. Following each harvesting cycle, which occurs
fortnightly, old fronds are systematically cut and deposited in FHs, with approximately 24 fronds are stacked at
this area annually (Corley andTinker 2015). As these fronds decompose, they contribute substantial amounts
of organicmatter to the soil (Formaglio et al 2021). This organicmatter serves as a binding agent for soil
particles, fostering the formation of stable soil aggregates (Moradi et al 2015). Such positive effects of organic
matter inputs on soil aggregate stability arewell documented in tropical soils, which soil structures are often
weak under intensive land cultivation systems (Yulnafatmawita andAnggriani 2013, Tao et al 2018, Kunmala
et al 2023). Consistentwith the findings of the present study, positive correlations between soil carbon content
and total porosity (r= 0.64) aswell as the soil structural index (r= 0.96)have been reported in a 13-year-old oil
palm agroforestry system in easternAmazon, Brazil, where frond pile area exhibited the highest total porosity
(53%) in the top 5 cm compared to PC andHP (DeOliveira et al 2022). The enrichment of organic carbon in
FHareas enhances soil structure by increasing inter-aggregate pore space, thereby improving total porosity and

Table 1. Soil characteristics across frond heap (FH), harvesting path (HP), and palm circle (PC) zones.

Management Zone

TotalN

(g kg−1)
Organic C

(g kg−1) pH

Bulk density

(g cm−3)
Soil poros-

ity (%)
Soil gravimetric water con-

tent (g g−1)

FH 3.4b 38.6b 4.00a 0.87c 66.38c 0.65c

HP 1.5a 17.6a 3.70b 1.39b 46.58b 0.29b

PC 2.2a 22.1a 4.00a 1.21a 53.46a 0.37 a

*Different alphabets (a, b, c) indicate significant differences amongmanagement zones for each parameter at p< 0.05.
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water-holding capacity. Strong negative correlation between SOCand bulk density (r=−0.81) demonstrated
in the present study further supports thismechanism.

The intermediate bulk density observed in the PC areamight be due to amoderate soil compaction, attrib-
uted to regularmaintenance and harvesting activities, whereworkers frequently traverse the area, resulting in
some degree of soil compaction.However, the compaction is less pronounced compared to theHP,which
serves as a thoroughfare formachineries such asmechanised fertiliser spreaders and chemical sprayers. The
weight and travel frequency ofmachinery in the plantation has prominent effects on soil bulk density and

Figure 2.CO2,N2O, andCH4flux fromdifferentmanagement zones.
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porosity. Zuraidah (2019) observed that bulk densitywas increased by 8%–12%and soil porosity was reduced
by 4%–6%when heaviermachines are travellingmore frequently in the oil palmplantation. In addition to soil
compaction, theHP and PC areas recorded significantly lower SOC compared to the FH. These zones receive
minimal organic inputs, as they are not designated for organic residue deposition like the FH. Although small
amounts of organic residues, such as driedweeds or fallen fruitlets,might accumulate in these areas, they are
insufficient to elevate SOC levels effectively.

5.2. Soil greenhouse gas emissions across differentmanagement zones and their relations to soil properties
5.2.1. CO2 emissions
TheCO2flux is an indicator of soil biological activity and soil CO2 emissions are rarely zero, even in
undisturbed soils. ElevatedCO2 fluxes often signify activemicrobial decomposition of organicmatter, a key
process for nutrient cycling andmaintaining soil health. In this study, the FH zone recorded the highest CO2

emissions, and amoderate positive correlation (r= 0.49) between SOCandCO2 emissionswas observed. These
findings are consistent with the results ofHassler et al (2015) andGoodrick et al (2016), who identified organic
matter decomposition as the primary driver of soil CO2 emissions, with the FH zone showing the highest
emissions, followed by PC andHP zones. SOC is the primary energy source for soilmicroorganisms, and
elevated SOC levels could promotemicrobial proliferation, enhance decomposition rates, and driveCO2

emissions throughmicrobial respiration (Gougoulias et al 2014, AnjumandKhan 2020). The incorporation of
crop residues could significantly boost soilmicrobial abundance and activity, thereby amplifyingCO2

emissions (Govaerts et al 2007,Murphy et al 2016,Wang et al 2020). Although the PC is generally kept free of

Figure 3. Spearman correlation between soil physiochemical parameters and soil GHGfluxes.

Table 2. Soil GHGemission rates per-hectare basis andCO2-equivalent emission in
oil palm cultivation system.

Management zone
Emission (kg ha−1 h−1)

CO2 N2O CH4 CO2-equivalent

FH 0.46c 0.00090a 0.00045a 0.72c

HP 0.23b 0b 0.00002b 0.23b

PC 0.36a 0.00004b 0.00004b 0.37a

*Different alphabets (a, b, c) indicate significant differences amongmanagement
zones for each parameter at p< 0.05.
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surface vegetation, higher CO2 emissions and SOC in this zonewere observed compared toHP. PC is located in
close to the palm trunk, where root density is the greatest, thereby resulting in significant contributions from
root biomass, exudation, and turnover that promote SOC accumulation and stimulate soil respiration (Intara
et al 2018). Soil respiration that is strongly influenced by root density, decreaseswith increasing distance from
the oil palm trunk. Soil respiration rates ofmature oil palms are reported to be the highest within 1mof the
palm trunk and gradually decrease, reaching a plateau at distances beyond 3m from the trunk (Dariah et al
2014, Sabiham et al 2014,Matysek et al 2018).

In this study, bulk density exhibited amoderate negative correlationwithCO2 flux (r=−0.51).Manage-
ment zoneswith higher bulk densities, such as the PC andHP, had lowerCO2 emissions compared to the FH,
which featured lower bulk density and higher porosity. Soils with lower bulk density aremore porous, enhan-
cing oxygen diffusivity and air permeability, which in turn facilitatesmicrobial activity (Ball 2013,Gui et al
2023). Greater porosity also supports increased root formation and growth, contributing to elevated respira-
tion rates and higher CO2 emissions (Buivydienė et al 2024). These findings suggest that soil structure plays a
role inmediatingCO2 emissions, with looser andwell-aerated soils at FHproviding optimal conditions for
microbial and root activity, thereby driving higher respiration rates.

Nevertheless, it is important to note that that theCO2 emission rates observed in this studywere at the
lower end of the spectrumwhen compared to other research conducted in oil palmplantations inMalaysia,
whereCO2 fluxes ranged from0.52 to 0.97 gm2 hr−1 (Goodrick et al 2016). Thismay be attributed to several
factors, including variations in soil type and structure, as well as specific environmental conditions of the study
areas. Notably, the timing of this study during the rainy season,may have influencedmicrobial dynamics and
organicmatter decomposition rates, ultimately affecting theCO2 emissionmeasurements.

5.2.2. N2O emissions
SoilN2Oproduction is primarily regulated by the balance between nitrification and denitrification, which in
turn is controlled by soilmoisture content, soil texture, oxygen availability, and nitrogen substrate supply (Del
Prado et al 2006, Li et al 2022, Pan et al 2022). However, only aweak positive correlation (r= 0.23) between
gravimetric soil water content andN2O emissionswas observed in this study. Similar findingswere reported in
studies byNishina et al (2009a, 2009b), which documented very low positive correlations (r= 0.003, r= 0.18)
betweenwater-filled pore space (WFPS) andN2O emissions. Theweak relationship likely reflects the spatial
heterogeneity in soilmoisture across the study sites, where suboptimal or inconsistentmoisture levelsmay not
have uniformly supported the conditions required for peakN2Oproduction. Study byCiarlo et al (2006)
demonstrated thatN2O emissions are the highest when approximately 80%of soil pore spaces arewater-filled.
Similarly, Adviento-Borbe et al (2006) reported thatN2Oproduction can be 2 to 40 times higherwhenWFPS
reaches 90%, compared to 60%.Although directmeasurements of soil oxygen availability were not conducted,
the clay-rich texture of the study sitemay have contributed toN2O emissions by limiting soil aeration. Previous
studies have shown that increasing clay content can substantially reduce oxygen diffusion and soil respiration
under comparablemoisture conditions, promoting the formation of anaerobicmicrosites conducive to
denitrification (Ball 2013,Moyano et al 2013).

Despite theweak soilmoisture-N2O emission relationship at the broader scale, local interactions between
soilmoisture, organic residues, and nitrogen availability are important, particularly in the FH zone. A strong
positive correlation (r= 0.92) between SOCand total nitrogen highlights the role of organicmatter in support-
ing soil fertility and nitrogen cycling. These results alignwithKasno and Subardja (2010), who observed similar
dynamics in an oil palmplantation cultivated on Spodosols inWest Kalimantan. In the FH zone, nitrogen is
activelymineralised during organicmatter decomposition, driven by elevatedmicrobial activity. This observa-
tion corroborates thework of Formaglio et al (2021), who reported significantly higher gross nitrogenminer-
alisation, nitrification,microbial biomass carbon andnitrogen in the FHarea compared to the PC and interrow
zones. Plant residues accumulated in this zone can enhance soil water retention and influence soilmoisture
dynamics.When combinedwith concentrated fertiliser inputs, these conditionsmay intensifyN2Oproduction
(Rahman et al 2019, Skiba et al 2020, Luo et al 2023).

Fertilisers are typically broadcasted at the FH area, particularly formatured oil palmwhere active feeder
roots have extended beyond the PC (Pauli et al 2014). Commonnitrogen fertilisers used in oil palm cultivation
include urea and ammonium-based fertilisers such as ammoniumchloride and ammonium sulphate, with the
choice largely guided by cost and availability rather than environmental considerations (Pardon et al 2016). The
sensitivity ofN2O emissions to fertilisermanagement is illustrated by contrasting findings reported byChen
et al (2024), who observed higherN2O emissions in the PC rather than the FH. In their study, ureawas applied
directlywithin the PC at rates approximately 20%higher than those used in the present study, thereby shifting
N availability andN transformation processes towards the PC zone. Beyond fertiliser placement, the formof
nitrogen applied can furthermodulateN2O emission responses across different soil types. Previouswork in oil
palmplantations has demonstrated thatN2O emissions vary substantially when differentN fertilisers, such as
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ammonium sulphate and coatedN fertilisers, are applied to contrasting soil textures, including sandy, sandy
loam, and peat soils (Sakata et al 2015). These findings highlights that interactions between fertiliser and soil
types should be consideredwhen developingmitigation strategies forN2O emissions in oil palmproduction
systems.

5.2.3. CH4 emissions
Themoisture retention capabilities of the FH zone not only impactN2O emissions but also create conditions
favourable forCH4 production, particularly during the rainy season.When oxygen is depleted in the soil,
methanogens utilise the available organic carbon to produceCH4 as ametabolic byproduct (Lyu et al 2018).
This explains the elevatedCH4 emissions observed in the FH zone. In contrast, the PC andHP zones, which
have lower soil water content and reduced anaerobic conditions, exhibited near-zeroCH4 emissions. The
relatively drier conditions in these zones limit the formation of anaerobicmicroenvironments required for
methane production.

Methane emissions could also be influenced by the availability of substrates suitable formethanogenic
microbes (Liu et al 2014).Methanogens rely predominantly on simple organic carbon compounds degraded
fromorganicmatter for anaerobic respiration (Conrad 2020). The FHwith higher SOCprovides an abundant
supply of these substrates, thereby enhancingmethanogenic activity and leading to elevatedCH4 emissions. In
contrast, the PC andHP zones, characterised by lower SOC levels and drier soil conditions, limit substrate
availability andmicrobial activity, resulting in negligible CH4 emissions.Our findings contrast with those
reported byChen et al (2024), who observed net CH4 uptake in oil palmplantations. This difference is likely
attributable to differences in soil texture andmicroclimatic conditions between the studies. The higher clay
content and substantially greater annual rainfall (approximately 220mmhigher) at our study site likely
reduced soil gas diffusivity, limiting oxygen penetration and constrainingmethanotrophic activity. Conse-
quently, the balance betweenCH4 production and oxidation in our system appears to be shifted toward net
emission rather than uptake.

5.3. CO2-equivalent emissions in oil palm cultivation systems&management implications
The total GHGemissions across the threemanagement zones, expressed as CO2-equivalents highlight distinct
emission patterns. The FH zone observed as a clearGHGemission hotspot, with the highest CO2-equivalent
emissions, primarily due to highN2O andCH4 fluxes. The high global warming potential (GWP) ofN2O and
CH4made it a significant contributor to the overall GHGemissions. In contrast,HP zonewith compacted soils
and limited organic inputs, behaved as a relative emission coldspot within the plantation.

In oil palmplantations, fronds are systematically piled in the FH zone as part of a sustainable practice to
recycle organic waste and enhance soil health.While this practice contributes toGHGemissions, particularly
N2O andCH4, the emissions are not at levels that significantly offset the benefits of carbon sequestration. The
moderateGHGemissions observed represent amanageable trade-off, considering the substantial gains in SOM
accumulation and overall soil fertility. Notably, N2O emissions from the FH zone are relatively lower compared
to other cultivated systems. For instance, Acacia and eucalyptus plantations have been reported to emit up to 4
to 7.42 kg ha−1 h−1, while fertilised rubber plantations have shownN2O emissions up to 3.5 kg ha

−1 h−1,
underscoring the relativelymoderate emissions fromoil palmFHs (Ishizuka et al 2021, Yang et al 2024).

TomitigateN2O andCH4 emissions in FH, practicalmodifications to themanagement ofmoisture con-
servation trenches should be considered. For instance, implementingmechanisms to open the trenches during
heavy rainfall could promote drainage and reducewaterlogging, therebyminimising anaerobic conditions that
favour denitrification andmethane emissions in the FH zones. Additionally, optimising the timing and the
selection of types of nitrogen fertilisers, such as splitting the dosage or incorporating slow-release formulations,
could help limit the accumulation of nitrate and reduce the potential forN2Oproduction.

6. Conclusion

The findings indicate that the FH zone, characterised by higher SOCand nitrogen levels, as well as improved
soil structure significantly contributes to elevatedCO2,N2O, andCH4 emissions compared to the PC andHP
zones.Nevertheless, the elevatedGHGemissionswere lowwhich does not compromise the potential of
strategic biomassmanagement in oil palmplantations to enhance soil carbon sequestration.However,
impropermanagement such as prolongedwater retention inmoisture conservation trenches or excessive
accumulation of frond residues without adequate drainage can increase soilmoisture and restrict oxygen
diffusion, promoting the formation of anaerobicmicrosites that enhanceN2O andCH4 emissions and create
trade-offs inGHGmitigation efforts.
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Limitations and future studies

One limitation of this study is the lack of continuous, long-termmeasurements, which restricts insights into the
temporal dynamics ofGHGemissions. Seasonal variations and year-roundmonitoringwould offer amore
comprehensive understanding of the temporal patterns and variability inGHGfluxes. Nevertheless, this study
can be used as a proof-of-concept that can be rolled over tomulti-season and locationmonitoring exercise.
Temporal changes in emissions are often influenced by the decomposition of organic inputs, which drive soil
carbon dynamics and vary across different seasons (Moradi et al 2013,Wakhid andHirano 2021). Future
studies should prioritise addressing this gap by conducting continuous or periodicmeasurements across
different (wet and dry) seasons to capture the full annual cycle.

In addition, this study did not include directmeasurements of soil redox potential, which limits our ability
to understand the biogeochemical controls onN2Oproduction and consumption. Soil redox conditions
strongly regulate the nitrification, denitrification, andN2O reduction pathways, particularly under fluctuating
moisture regimes (Wang et al 2018). Incorporating direct redoxmonitoring in future researchwould enable a
more robust assessment of how anaerobic conditions developwithin specificmanagement zones and how these
conditions regulateN2O emissions.

Future research could also investigate the carbondynamics of specificmanagement zones,with particular
emphasis on the role of crop residues like FHs in influencing soil carbon lability and long-termcarbon storage.
Comparative studies exploring various residuemanagement strategies, such as differences in residue type andquan-
tity, couldprovide critical insights intooptimising carbon sequestrationpotential and reducingGHGemissions.
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