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A B S T R A C T

Conversion of tropical peatland forests to oil palm plantations has been associated with elevated nitrous oxide 
(N2O) emissions and nitrate (NO3

− ) leaching, yet the biogeochemical mechanisms driving these nitrogen (N) 
losses remain poorly understood. To address this gap, soil N2O fluxes, gross N transformation rates, microbial 
gene abundances, annual NO3

− leaching rates, and bulk soil δ15N signatures were quantified along transects in 
Malaysia that included intact tropical peat swamp forest and drained oil palm plantation. Oil palm plantation 
sites had higher topsoil oxygen (O2) concentrations than forest sites, indicating that drainage shifts soils from 
predominantly anaerobic to aerobic conditions. These redox shifts, together with fertilizer inputs, increased 
nitrifier gene abundances and enhanced gross nitrification rates, which exceeded ammonification rates by up to 
186%, promoting soil NO3

− accumulation. The elevated soil NO3
− concentrations stimulated N2O production, 

probably through coupled nitrification-denitrification, and increased NO3
− leaching. Overall, these results 

showed that oil palm plantation sites had higher gaseous and hydrological N losses than peat forest sites. 
Additionally, nitrification rates, hydrological N export, and gaseous N losses were positively correlated with 
more enriched bulk soil δ15N values along the land use gradient. These findings demonstrated that bulk soil δ15N 
patterns may have the potential to serve as indicators of long-term N cycling and losses in tropical peatlands 
associated with human-induced land use changes.

1. Introduction

Tropical peatlands are globally significant reservoirs of carbon (C) 
and nitrogen (N), storing approximately 81.7–91.9 Gt C and 
5.9–25.9 Gt N within their organic-rich soils (Page et al., 2011; Yin et al., 
2022). However, expansion of oil palm cultivation, which is a major 
cash crop across Southeast Asia, has led to widespread conversion of 

peat swamp forests into intensively managed oil palm plantations, 
resulting in substantial losses of peat C and N stocks (Koh et al., 2011; 
Tonks et al., 2017; McCalmont et al., 2021). This conversion involves 
forest clearing, drainage, and N fertilizer use, which alter soil conditions, 
thereby affecting soil C and N cycling and greenhouse gas (GHG) 
emission (e.g., Cooper et al., 2020; Reiss et al., 2025). For example, 
intact tropical peat swamp forests exhibit near-zero and sometimes 

* Corresponding author.
E-mail address: elizabeth.wangari@kit.edu (E.G. Wangari). 

Contents lists available at ScienceDirect

Journal of Environmental Management

journal homepage: www.elsevier.com/locate/jenvman

https://doi.org/10.1016/j.jenvman.2026.130427
Received 9 April 2026; Received in revised form 23 June 2026; Accepted 3 July 2026  

Journal of Environmental Management 413 (2026) 130427 

Available online 6 July 2026 
0301-4797/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-4327-5202
https://orcid.org/0000-0002-4327-5202
https://orcid.org/0009-0002-9662-0425
https://orcid.org/0009-0002-9662-0425
https://orcid.org/0000-0002-0953-0601
https://orcid.org/0000-0002-0953-0601
https://orcid.org/0000-0002-9384-5672
https://orcid.org/0000-0002-9384-5672
https://orcid.org/0000-0003-1833-6728
https://orcid.org/0000-0003-1833-6728
https://orcid.org/0000-0001-6035-3949
https://orcid.org/0000-0001-6035-3949
https://orcid.org/0000-0002-1261-6326
https://orcid.org/0000-0002-1261-6326
https://orcid.org/0000-0003-0469-6394
https://orcid.org/0000-0003-0469-6394
https://orcid.org/0000-0003-2340-6989
https://orcid.org/0000-0003-2340-6989
mailto:elizabeth.wangari@kit.edu
www.sciencedirect.com/science/journal/03014797
https://www.elsevier.com/locate/jenvman
https://doi.org/10.1016/j.jenvman.2026.130427
https://doi.org/10.1016/j.jenvman.2026.130427
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvman.2026.130427&domain=pdf
http://creativecommons.org/licenses/by/4.0/


negative N2O fluxes, whereas drained and fertilized plantations can 
become substantial sources of N2O (Cooper et al., 2020; Mander et al., 
2024). Mechanistically, drainage partially aerates naturally anoxic 
peat, stimulating nitrification and promoting incomplete denitrification, 
the primary sources of N2O (Butterbach-Bahl et al., 2013). Moreover, N 
fertilizer application in oil palm plantations, which can exceed 100 kg N 
ha− 1 yr− 1 (Comeau et al., 2016), increases mineral N availability, and 
can intensify hydrological N losses relative to intact peat forests 
(Formaglio et al., 2020).

Despite the recognition that oil palm plantations are global hotspots 
of N2O emissions, major uncertainties remain on the underlying drivers. 
Most previous studies in tropical peatland-oil palm plantation systems 
have focused on surface N2O flux measurements (e.g., Melling et al., 
2007; Cooper et al., 2020; Chen et al., 2024). While essential, such 
flux measurements alone provide limited mechanistic insights into how 
land-use conversion alters internal N turnover processes and associated 
pathways of N retention and loss (Pardon et al., 2016a). The quantifi
cation of gross N transformation rates, which represent the actual rates 
of N turnover within soils (Murphy et al., 2003), is therefore critical for 
evaluating whether elevated N2O emissions and nitrate (NO3

− ) leaching 
arise from increased substrate supply, enhanced process rates, reduced 
microbial consumption, or shifts in redox constraints. However, such 
gross N turnover measurements have mainly been done in temperate 
and some tropical forest ecosystems (Verchot et al., 2001; Gütlein et al., 
2016; Braun et al., 2018; Figueiredo et al., 2019), with comparatively 
limited application in tropical peatlands (Allen et al., 2015; Byun et al., 
2024). Moreover, although O2 availability is widely recognized as a 
primary control on both soil N2O production and consumption rates, few 
studies have explicitly quantified how such rates may be influenced by 
changes in O2 concentrations as a result of land use-induced changes in 
water table depth on soil aeration (Lam et al., 2022; Hatano, 2025; 
Midot et al., 2025).

Natural abundance soil δ15N can be a strong integrative measure for 
tracking human-induced changes in ecosystem N turnover rates since it 
is well-known to serve as an indicator of N sources, transformations, and 
losses across various land uses (Robinson, 2001; Craine et al., 2015a, 
2015b; Choi et al., 2020). Specifically, δ15N signatures of soil pools 
reflect the cumulative effects of isotopic fractionation that occur during 
N cycling and loss processes (Denk et al., 2017). During these N trans
formations, microbes preferentially use 14N, and soil N losses are also 
relatively 15N-depleted, leaving the remaining soil N pool 15N-enriched. 
Thus, more enriched soil δ15N values are often interpreted as signals of 
more “open” N cycles with high N inputs and losses (e.g., Pardo and 
Nadelhoffer, 2010; Gurmesa et al., 2022; Wangari et al., 2024). In 
contrast, depleted δ15N values suggest closed conservative cycles 
dominated by tight recycling of N between plants and soil microbes 
(Emmett et al., 1998; Dijkstra et al., 2006; Bai et al., 2012). Land use 
change, such as converting forests to agriculture, can alter soil δ15N 
patterns by altering N inputs, transformation rates, and loss pathways (e. 
g., Wangari et al., 2024; Choi et al., 2020).

Although soil δ15N patterns vary across tropical land use gradients 
(Sheng et al., 2014; Baumgartner et al., 2021), the mechanistic links 
between δ15N signals and specific N transformation and loss processes 
remain poorly characterized in tropical peatlands, particularly after 
conversion to oil palm plantations. Such integrative approaches may be 
crucial for identifying the drivers of spatial heterogeneity in N cycling 
rates within tropical peatlands and for assessing the potential use of bulk 
soil δ15N natural abundance as an indicator of long-term human-induced 
changes in ecosystem N cycling and loss pathways. To address these 
gaps, a detailed spatial analysis of gross N transformation and loss 
pathways was done across two tropical peatland land uses in Malaysia, 
spanning intact peat swamp forests (with contrasting phasic commu
nities) and a drained oil palm plantation. The main objectives were: (i) 
to quantify land use effects on soil δ15N, soil N2O fluxes, and key soil 
physicochemical properties, (ii) to evaluate how land use alters gross N 
cycling and loss processes, including ammonification, nitrification, 

denitrification, and N leaching, (iii) to assess the role of O2 availability 
in regulating soil N2O emissions across different land uses, and (iv) to 
identify the biogeochemical mechanisms driving land use effects on N 
cycling and N loss pathways.

2. Materials and methods

2.1. Study area

The study was conducted in a mixed landscape with tropical peat
land forests and an oil palm (Elaeis guineensis) plantation in the Betong 
Division, Sarawak, Malaysia (Fig. 1). The region has a humid tropical 
climate, with a mean annual temperature of about 26.9 ◦C and a mean 
annual precipitation of around 2798 mm (Ishikura et al., 2018; Monda 
et al., 2018; Tang et al., 2019). Forest sites were located within Malu
dam National Park, Sarawak's largest protected peat swamp forest, 
covering approximately 536 km2 (Tang et al., 2020). The forest is 
dominated by Litsea spp. and Shorea albida trees, with a canopy height of 
up to 25 m in 2010 (Wong et al., 2025). The forest floor is characterized 
by hummocks, hollows, microtopography, and leaf litter. Mean water 
table depths measured between 2011 and 2014 ranged from +15.8 to 
− 22.2 cm relative to the peat surface (Kiew et al., 2018). Maludam peat 
swamp forest comprises distinct phasic communities (Anderson, 1963). 
Transects were established in four of these communities, namely Mixed 
peat swamp, Alan Batu, Alan Bunga, and Pandang Alan forests, occur
ring sequentially from Lupar River toward the center of the peat dome at 
approximately 1.2 km, 4.5 km, 5.9 km, and 8.6 km from the riverbank, 
respectively (Fig. 1C). Mixed peat swamp forests were at lower elevation 
with less woody, highly decomposed peat and higher tree diversity. Alan 
Batu and Alan Bunga are dominated by Shorea albida and contain 
comparatively woody peat, whereas Padang Alan occurs on less fertile, 
more fibrous peat with smaller-stature trees (Melling, 2016). The peat is 
predominantly ombrotrophic and nutrient-poor (Melling et al., 2007).

As for the oil palm plantation, conversion from secondary peat 
swamp forest occurred between March 2017 and April 2018, with early 
drainage to lower the water table for road construction and vegetation 
clearance (Wong et al., 2025). Peat was then compacted with a tracked 
excavator to increase soil bulk density, reduce palm leaning and 
toppling, and enhance its water-holding capacity (Melling et al., 2007). 
Water tables are managed at − 50 to − 70 cm. Oil palm seedlings were 
planted in May 2018 in a triangular pattern with an 8.5 m spacing be
tween seedlings. At the time of sampling (October 2024), the oil palms 
were approximately 6-7 years old. Mineral fertilizer, comprising urea, 
ammonium sulphate, rock phosphate, muriate of potash, and micro
nutrients (copper, zinc, and boron), was applied to the oil palm plan
tation within a 2 m radius of each oil palm trunk. The nitrogen fertilizers 
were applied at an annual rate of approximately 116 kg N ha− 1 yr− 1 in 
two equal split applications (e.g., Tarmizi and Mohd Tayeb, 2006; 
Melling et al., 2013; Skiba et al., 2020). Peat depth at the plantation 
ranged from approximately 530 to 650 cm (Ratai et al., 2024).

2.2. Field campaigns and sampling design

Two campaigns were conducted in October 2024 (Campaign I) and 
July 2025 (Campaign II). Both occurred under relatively stable condi
tions (air temperatures above 26 ◦C and minimal rainfall during sam
pling). Campaign I focused on plant and soil δ15N, N2O fluxes, soil 
physicochemical properties, and DIN leaching rates. Campaign II 
focused on the quantification of in-vitro N transformation rates (deni
trification, gross nitrification, gross ammonification) and microbial 
functional gene abundances. Sampling followed structured transects to 
capture spatial heterogeneity (Fig. S1). Specifically, four transects were 
established within the Mixed peat swamp, Alan Batu, Alan Bunga, and 
Padang Alan forests, each with three sampling points spaced 20 m apart. 
In the oil palm plantation, three transects were established, each with 
four sampling points spaced 400 m apart (Fig. S1) to capture 
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management heterogeneity. At each sampling point, measurements and 
samples were collected in triplicate.

2.3. Field measurements and laboratory analyses

2.3.1. Soil N2O fluxes and physicochemical properties
Soil N2O fluxes were measured in Campaign I using a closed dynamic 

chamber (white PVC, 65 L, Ø = 50 cm, h = 40 cm) connected to an LI- 
7820 N2O/H2O Trace Gas Analyzer (LI-COR Biosciences, Lincoln, NE, 
USA). Fluxes (μg N m− 2 h− 1) were calculated from the linear change in 
headspace mixing ratios over time (Wangari et al., 2022). Soil temper
ature and volumetric water content were measured using a TEROS 12 
sensor (METER Group, USA). Soil O2 concentrations were measured in 
situ using an Oxygen Dipping Probe DP-PSt3 connected to a Fibox 4 
Oxygen Meter via a polymer optical fiber (POF) (PreSens, Germany). 

Temperature correction for O2 readings was performed using data from 
a PreSens Pt100 Temperature Probe. Soil bulk density and gravimetric 
moisture were determined using intact stainless-steel cores (100 cm3) 
that were oven-dried at 105 ◦C for 24 h. For chemical analysis, soil 
samples were air-dried, sieved (≤2 mm), and stored at 4 ◦C. Soil pH was 
measured in a 1:2.5 (soil: water) suspension. NH4

+ and NO3
− ions were 

extracted from 5 g of soil samples with ultrapure water (25 ◦C and 
shaking at 300 rpm for an hour) and quantified by ion chromatography 
(Metrohm 716 Compact IC, Switzerland).

2.3.2. Plant and soil δ15N and elemental composition
Foliar and peat soil samples were collected during Campaign I, oven- 

dried at 60 ◦C, ball-milled, and analyzed for organic C and total N 
content, and δ15N using an elemental analyzer coupled to an isotope 
ratio mass spectrometer (EA 110, CE instruments; DELTAPLUS IRMS, 

Fig. 1. Map showing the location of the study region in Malaysia within (A) Asia and (B) Southeast Asia, and (C) the location of peat swamp forest sites (Mixed peat 
swamp, Alan Batu, Alan Bunga, and Padang Alan) in Maludam National Park and the oil palm plantation site in Betong Division.
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Finnigan MAT). The natural abundance δ15N values were reported 
relative to atmospheric N2 (Equation (1)), where Rsample is the N 
(15N/14N) isotope ratio measured in the samples, and Rstandard is the 
isotope ratio in the standard (atmospheric N2). 

δ15Nsample (‰)=

(
Rsample

Rstandard
− 1

)

× 1000 (1) 

2.3.3. Annual DIN leaching
Annual DIN leaching (NO3-N and NH4-N) was estimated using 

Amberlite ion-exchange resins (exchange capacity of ≥0.6 mmol mL− 1) 
(e.g., Sousa et al., 2016; Wangari et al., 2024). Six grams of resins were 
placed in each PVC tube (2 cm height, 5 cm internal diameter), covered 
with a permeable mesh, and installed at a depth of 30 cm in October 
2024, then retrieved in October 2025. Resins were extracted with 1 M 
KCl (1:5), and DIN was quantified colorimetrically (Bolleter et al., 1961; 
Hood-Nowotny et al., 2010; Wangari et al., 2022). Annual leaching rates 
were then calculated based on the extracted DIN mass and the surface 
area of each resin tube, as in Equation (2) from Wangari et al. (2024).  

2.3.4. Denitrification and gross N transformation rates
Denitrification rates (N2 and N2O) and N2O: (N2O + N2) product 

ratios were quantified (Campaign II) using intact soil cores (100 cm3; 
5 cm depth) in a helium incubation system at 26 ◦C (Butterbach-Bahl 
et al., 2002). Incubations were conducted sequentially at 20%, 15%, 
10%, 5%, and 0% oxygen levels to cover the range of field-observed O2 
conditions. Fluxes were calculated from linear concentration changes 
and expressed as μg N g− 1 d− 1.

Gross ammonification rates (GAR) and gross nitrification rates 
(GNR) were measured (Campaign II) using 15N pool dilution (Murphy 
et al., 2003; Ramm et al., 2022; Khan et al., 2025). Homogenized soils 
(roots removed) were amended with 15N-labeled (NH4)2SO4 (for GAR) 
or K15NO3 (for GNR). Subsamples were extracted immediately (T0) and 
after 24 h of incubation at 26 ◦C (T1) with 1 M KCl. Total DIN concen
trations were measured colorimetrically, and 15N-NH4/15N-NO3 con
centrations were determined using REOX/MIMS on a membrane inlet 
mass spectrometer (Kana et al., 1994; Lin et al., 2017; Mwanake et al., 
2026). Gross nitrification and ammonification rates in μg N g− 1 d− 1 

were then calculated using equations in Murphy et al. (2003).

2.3.5. DNA extraction and qPCR
DNA was extracted from Campaign II composite soil using the 

DNeasy PowerSoil Pro kit (Qiagen, Germany) with bead beating (Pre
cellys® 24; 5000 rpm for 20 s). The quality and concentration of the 
extracted DNA were assessed spectrophotometrically, and the DNA ex
tracts were stored at − 20 ◦C. Quantitative qPCR(Rotor-Gene® Q, Qia
gen) quantified bacterial and archaeal 16S rRNA genes and key 
functional genes for nitrification (amoA, including comammox), deni
trification (prokaryotic nirS, nirK, nosZ-I, and nosZ-II, and fungal nirK), 
dissimilatory nitrate reduction to ammonium (DNRA) (nrfA), and N- 
fixation (nifH) processes. Amplifications were performed in 10 μL reac
tion mixtures containing 5 μL of Maxima SYBR Green Master Mix 
(Thermo Fisher Scientific Inc., USA), optimized concentrations of for
ward and reverse primers, 1 μL of template DNA, and sterile distilled 
water. The gene-specific primer sets, optimized primer concentrations, 
and thermal cycling conditions for each target gene are listed in 
Espenberg et al. (2024). Standard curves for each target gene were 

generated from serially diluted stock solutions of the target sequences 
(Eurofins MWG Operon, Germany). Quantitative data were analyzed 
using RotorGene Series Software (version 2.0.2, Qiagen, Hilden, Ger
many) and the LinRegPCR program v. 2021.2 (Ruijter et al., 2009). Gene 
abundances were calculated as the mean fold differences between the 
samples and the corresponding 10-fold standard dilution in the respec
tive standard curves, following Ruijter et al. (2009). Gene abundances 
are expressed as gene copy numbers per gram of soil dry weight (gene 
copies g− 1 dw).

2.4. Statistical analysis

Significant land use and depth-related differences in soil properties, 
δ15N isotopic patterns, N2O fluxes, and in-vitro N turnover rates were 
determined using the non-parametric Dunn's post hoc test (P < 0.05). To 
determine the mechanistic drivers of spatial variability in the data, a 
principal component analysis (PCA) of the key biogeochemical variables 
measured across the land use was conducted. The PCA utilized in-vitro 
GAR, GNR, denitrification rates, leaching rates, gene abundance, field- 
measured N2O fluxes, and soil δ15N as input variables. Before analysis, 
all variables were standardized (centered and scaled to have a mean of 

0 and standard deviation of 1) to ensure comparability across variables 
with different units and scales. The PCA ordination was generated using 
the correlation matrix, enabling direct visualization of how various 
components of biogeochemical N cycling and loss pathways co-vary 
across land use gradients. Bivariate relationships among these vari
ables were further assessed using simple linear regression analyses to 
provide a more nuanced assessment of biogeochemical linkages. All 
these analyses were performed in R statistical software version 4.5.1 (R 
Core Team, 2025).

3. Results

3.1. Influence of land use on physico-chemical parameters, N2O fluxes, 
and annual N leaching

Topsoil (0–10 cm) and foliar properties differed markedly between 
the oil palm plantation and peat swamp forest sites (Fig. 2; Table S1). 
Overall, variability in soil physico-chemical properties was greater 
among the forest sites than among the plantation sites. Soils were 
strongly acidic across all sites (pH 3.0 to 4.2), with a tendency toward 
higher mean pH in forest soils, although differences were not statisti
cally significant (Table S1). SWC was up to 2.6 times higher in forests 
than in the plantation sites, whereas soil O2 concentrations were 
approximately two orders of magnitude higher in the plantation than in 
forest soils. Consistent with these differences, soil NH4-N concentrations 
were up to an order of magnitude higher in the forest than in the 
plantation sites. Within the forest sites, NH4-N was higher at the Mixed 
peat swamp and Alan Batu than at Padang Alan sites. In contrast, soil 
NO3-N concentrations were up to two orders of magnitude higher in the 
plantation than in forest soils, and NO3-N: NH4-N ratios were similarly 
elevated in plantation soils.

Forested sites had higher soil organic carbon, soil nitrogen, and soil 
C: N ratios than plantation soils, while bulk soil δ15N values were 
significantly more enriched in plantation soils (Table S1; Fig. 2G and H). 
This trend was also consistent across all bulk δ15N analyses of green 
leaves, leaf litter, and soil layers, which were higher at the plantation 
sites than at the forest sites (Fig. S2). Among the forest sites, the Mixed 

DIN leaching rate
(
kg ha− 1 yr− 1)=

Extract concentration
(
mg L− 1 yr− 1

)
× Volume of extract (L) × 10− 6

Resin tube surface area (ha)
(2) 
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peat swamp forest profile exhibited higher bulk δ15N values, particularly 
in the foliage. Overall, green leaves and leaf litter had lower bulk δ15N 
values than the soil, and the δ15N values increased with soil depth across 
all land uses. In contrast to bulk δ15N patterns, C: N ratios were highest 
in the foliage of Padang Alan and Alan Bunga forest sites (Fig. S2). C: N 
ratios increased with soil depth in the oil palm sites but decreased with 
soil depth in the forested sites.

Soil N2O fluxes ranged from − 9.74 to 2405 μg N m− 2 h− 1. The 
plantation soil was a net source of N2O (mean = 252.9 μg N m− 2 h− 1), 
whereas forest sites generally functioned as weak N2O sinks (Fig. 2F; 
Table S1). Annual DIN leaching rates ranged from 0.01 to 59.2 kg N ha− 1 

yr− 1 for NH4-N and from 0.01 to 263.1 kg N ha− 1 yr− 1 for NO3-N. Oil 
palm plantation sites exhibited up to two orders of magnitude higher 
NH4-N and NO3-N leaching than forest sites, with maximum annual DIN 

Fig. 2. Variation in topsoil (0–10 cm) physicochemical properties, field N2O fluxes (Campaign I), and annual dissolved inorganic nitrogen (DIN) leaching across the 
oil palm plantation and forest sites. Different lowercase letters above the boxplots indicate significant differences among sites (Kruskal–Wallis test followed by Dunn's 
post hoc test; P < 0.05).
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leaching rates remaining below 2.6 kg N ha− 1 yr− 1 (Fig. 2I and J; 
Table S1). NO3-N dominated DIN leaching at the plantation, accounting 
for 83% of mean annual DIN leaching losses (89 kg N ha− 1 yr− 1) 
(Table S1).

3.2. Influence of land use on N transformation rates

GAR and GNR ranged from 1.03 to 3.89 mg N kg− 1 d− 1 and from 0.22 
to 3.55 mg N kg− 1 d− 1, respectively (Fig. 3; Table S2). GAR was up to 3.8 
times higher in forests than in plantation sites and exhibited greater 
spatial variability within forests, particularly at Padang Alan. In 
contrast, GNR were up to 14.8 times higher in the plantation than in the 
forests. GNR:GAR ratios were consistently higher in plantation soils 
(1.82–2.86), indicating that nitrification exceeded ammonification by 
82–186%. In most forest sites, ratios were less than 1. Total denitrifi
cation (N2O + N2) was substantially lower than GAR and GNR 
(0.01–0.11 mg N kg− 1 d− 1; Table S2) and showed limited spatial varia
tion. Denitrification products were dominated by N2, with N2O 

contributing 1–39%, as indicated by N2O: (N2O + N2) ratios (Fig. 3; 
Table S2). N2 fluxes did not differ significantly among land uses 
(Fig. 3D), whereas N2O fluxes were higher in the plantation and Mixed 
peat swamp than in Alan Batu, consistent with differences in product 
ratios (Fig. 3F).

3.3. Effects of oxygen availability on denitrification rates across land uses

Besides quantifying in-vitro denitrification rates under ambient O2 
levels (Fig. 3), their changes were also examined under varying soil O2 
conditions (Fig. 4). Overall, gaseous N losses changed more substantially 
with decreasing soil O2 concentrations at the plantation sites than at the 
forested sites. For example, while a reduction in soil O2 from 20% to 
10% showed no noticeable change in N2 fluxes across all sites, N2O 
fluxes and their product ratio increased at the plantation sites, but not at 
forest sites (Fig. 4A). Further reduction of soil O2 from 10% to 0% led to 
an exponential increase in N2 and N2O fluxes at the plantation sites. The 
N2O product ratio also increased substantially as soil O2 declined from 

Fig. 3. Variation in (A) GAR, (B) GNR, (C) GNR:GAR ratio, and (D) denitrification rates across oil palm plantation and forest sites from in-vitro soil incubations. 
Lowercase letters above the boxplots indicate significant differences (P < 0.05) among sites based on Kruskal-Wallis test followed by Dunn's post hoc test.
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20% to 10%, showing a marginal change from 10% to 5% O2, followed 
by a steep decrease when O2 levels were decreased to zero (Fig. 4B). 
Unlike at the plantation sites, N2O fluxes became negative or 
approached zero at the forest sites when soil O2 concentrations were 
decreased to zero (Fig. 4A and B). It is noteworthy that based on in situ- 
measured topsoil O2 concentrations of 17% at oil palm plantations and 
nearly 0% at all four forested sites (Fig. 2), the in-vitro N2O flux di
rections aligned with those measured in the field, that is, soils acted as 
net atmospheric N2O sources at plantation sites, while at forest sites 
negative or near-zero fluxes were observed in the field as well as in the 
laboratory measurements under observed field level O2 concentrations 
(Fig. 2; Fig. 4; Fig. S2).

3.4. Influence of land use on microbial functional gene abundance

Functional gene abundances varied by land use (Fig. 5; Fig. S4). 
Ammonia-oxidation genes (amoA) tended to be more abundant in 
plantation soils and Mixed peat swamp than in Alan Batu, although these 
differences were not significant. In contrast, nitrite-reduction genes 
(nirS, nirK, fungal nirK) and the broader denitrification gene pool (nirS, 
nirK, fungal nirK, nosZ-I, nosZ-II) were generally more abundant in forest 
soils than in plantation soils. Similarly, nifH abundances were higher in 
the forest than in plantation soils (Fig. 5E). The ratio of amoA to nosZ-I 
plus nosZ-II was higher in plantation soils than in Alan Batu, consistent 
with greater potential for N2O accumulation. However, comparisons 
with other forest (Alan Bunga and Padang Alan) sites were limited 
because amoA was below detection at those sites (Fig. 5A–F).

3.5. Biogeochemical drivers of N cycling and loss pathways across land 
uses

The PCA revealed distinct biogeochemical patterns across the five 
land use types, with the first two principal components explaining 
80.3% of the total variance (PC1: 63.6%; PC2: 16.7%; Fig. 6A). PC1, 
indicated by left and right pointing loading vectors (arrows), primarily 
reflected a gradient in soil O2 availability, N transformation processes, 
and DIN leaching rates. Oil palm sites, which were positioned on the far 
right of this PCA, were characterized by higher soil O2 concentrations, 
NO3-N concentrations, GNR, field N2O fluxes, DIN leaching rates, and 
enriched bulk soil δ15N. Based on their proximity and the direction of 
their loading vectors, these six variables were also positively correlated 
(Fig. 6A). In contrast, the forested sites positioned on the left side of PC1 
exhibited higher soil NH4-N concentrations, SWC, and GAR, as well as 
greater gene abundances of denitrifiers and N-fixers. From their loading 
vectors, these parameters were positively related to each other but 

negatively associated with the parameters on the far right of PC1 
(Fig. 6A). PC2 primarily separated sites based on functional microbial 
groups, with three forested sites primarily occupying this space 
(Fig. 6A). Overall, the tight clustering of oil palm sites in the positive 
PC1 space contrasted markedly with the more dispersed distribution of 
natural peatland forest land uses (Alan Batu, Alan Bunga, Mixed peat 
swamp, and Padang Alan), which clustered mainly in the negative PC1 
space (Fig. 6A).

Further bivariate analysis of these parameters also revealed apparent 
differences across the five land uses (Fig. 6B,C,D,E,F,G). Specifically, a 
decrease in SWC led to significant increases in the GNR:GAR, as well as 
similar increases in soil O2 concentrations, along land use gradients from 
forested sites to oil palm sites (Fig. 6B). These increases in soil O2 con
centration and the GNR: GAR ratio also coincided with declines in the 
gene abundances of denitrifiers and N fixers (Fig. 6B–D). The in-vitro 
GNR:GAR ratios were also significantly positively related to the field- 
measured NO3:NH4 ratio and N2O fluxes, which were highest at the 
oil palm sites (Fig. 6E). Bulk soil δ15N isotopic enrichment showed a 
similar positive correlation with the field NO3:NH4 ratio, annual DIN 
leaching rates, and N2O fluxes along a land use gradient from forested 
sites to oil palm sites (Fig. 6D and E).

4. Discussion

Conversion of tropical peat swamp forest to oil palm plantation is 
widely associated with increased N2O emissions and higher NO3-N 
leaching (Melling et al., 2007; Pardon et al., 2016b; Cooper et al., 2020; 
Formaglio et al., 2020; Midot et al., 2025). However, relatively few 
studies have identified the process-level mechanisms linking drainage 
and fertilization to these N losses in tropical peatland soils (e.g., Allen 
et al., 2015; Midot et al., 2025). By combining field measurements of 
N2O fluxes and annual DIN leaching with process-based measurements 
of N cycling, mechanistic pathways that explains why converted peat
lands act as persistent N-loss hotspots were identified. Specifically, 
drainage reduced soil water content and increased topsoil O2 avail
ability in the oil palm plantation, shifting soils from persistently 
reducing conditions toward more aerobic regimes (Dickopp et al., 2018; 
Ma et al., 2022). This redox transition, along with fertilizer-derived 
mineral N inputs, altered microbial N transformation processes. Plan
tation soils were characterized by nitrification-dominated turnover 
(high GNR and elevated GNR:GAR), increased nitrifier gene abun
dances, and decreased denitrifier gene abundances compared to forest 
sites. This shift promoted NO3-N accumulation and mobility, increasing 
both N2O emissions (Pärn et al., 2018) and DIN leaching (Pardon et al., 
2016b). Enhanced nitrification, leaching, and gaseous N loss rates were 

Fig. 4. Effects of O2 availability on (A) N2 fluxes, (B) N2O fluxes, and (C) their product ratios across oil palm plantation and forest sites. Product ratios are not shown 
for Alan Bunga and Padang Alan, where either N2O or N2 or both had negative fluxes.
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associated with more enriched bulk soil δ15N signals in oil palm plan
tations relative to intact forest sites, suggesting that land use conversion 
promotes a more open N cycle. Overall, these findings suggest that bulk 
soil δ15N patterns may serve as indicators of persistent intensified N 
inputs, N cycling, and losses in tropical peatlands under human-driven 
land use changes, in line with observations from other ecosystems 
(Craine et al., 2015a; Gerschlauer et al., 2019; Choi et al., 2020; Wangari 
et al., 2024).

4.1. Effects of land use on microbial-mediated N transformation rates

N2O fluxes (− 9.7 to 2405 μg-N m− 2 h− 1) quantified in October 2024 
fell within the range of those reported for converted and intact tropical 
peatland ecosystems (Liengaard et al., 2013; Mori, 2023; Midot et al., 

2025). However, average fluxes varied significantly by land use, with 
plantation sites emitting several orders of magnitude more N2O than 
forested soils, which were primarily weak N2O sinks (Fig. 2). The peak 
N2O flux (2405 μg N m− 2 h− 1) observed at the plantation sites also 
represented one of the highest N2O fluxes ever recorded for tropical peat 
soils, emphasizing the significance of these ecosystems as hotspots of 
N2O within tropical peatlands (e.g., Jovani-Sancho et al., 2023; Mori, 
2023). Converting peat forests into oil palm plantations involves 
various land management practices, including peat drainage to lower 
water tables and the application of synthetic N fertilizer. These man
agement practices have been linked to elevated N2O emissions in oil 
palm plantations due to shifts in redox conditions and soil N availability, 
which alter the balance between microbial production and consumption 
of N2O (e.g., Melling et al., 2007; Mori, 2023). Nonetheless, few studies 

Fig. 5. Log-transformed abundances of microbial functional genes involved in N cycling across oil palm plantation and forest sites. Different lowercase letters above 
the boxplots indicate significant differences among sites (Kruskal–Wallis test followed by Dunn's post hoc test; P < 0.05). Archaeal amoA abundances at Alan Bunga 
and Padang Alan were below detection limits.
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have directly explored the underlying processes within tropical peatland 
ecosystems (Skiba et al., 2020). The experimental work in this study 
aimed to address this gap by establishing linkages among field-based 
N2O measurements, N cycling processes, and the gene abundances of 
the functional microbial groups involved.

From observations, peat drainage seemed to fundamentally alter soil 
redox conditions (e.g., Ma et al., 2022; Koskinen et al., 2025), as topsoil 
O2 concentrations showed a negative relationship with SWC and were 
two orders of magnitude higher in the plantation sites than in the intact 
peat forests (Table S1; Fig. 6). Such exposure of peat soil microbes to 
higher O2 concentrations has been shown to alter the rates of key N 
cycling processes (e.g., Pal et al., 2010). This agrees with the findings of 
this study, as the balance between GNR and GAR (Fig. 3) showed the 
most significant changes in response to redox alteration, suggesting that 
it is one of the driving factors behind the higher N2O fluxes from plan
tation sites compared to intact forested sites.

Similar to N2O fluxes, the range of GNR and GAR in this study (0.22 
to 3.9 μg N g− 1 d− 1) aligns with values reported for other terrestrial 
ecosystems (e.g., Wang et al., 2018; Gil et al., 2022; Ramm et al., 2022). 
However, direct comparison with gross N transformation estimates from 
other tropical peatlands, whether intact or converted, was challenging 
because this study is among the first to report such estimates for these 
ecosystems. Nonetheless, the up to 14.8 times higher GNR and consis
tently higher GNR:GAR ratios at drained oil palm sites than at forest sites 
(Fig. 3) coincided with higher soil O2 concentrations measured at the 
plantation sites, suggesting that elevated O2 availability may have pro
moted nitrification (Stenstrom and Poduska, 1980). This link between 
higher GNR:GAR ratios and increased O2 levels was further supported by 
a positive correlation between the two parameters, which explained 
differences in rates across sites (Fig. 6).

While GNR were either equal to or lower than GAR at the forested 
sites, contrary patterns were observed at the plantation sites. Specif
ically, GNR were up to 186% higher than the respective GAR, suggesting 
that some of the NH4-N converted to NO3-N was externally sourced 
rather than internally produced. The application of urea-based fertilizer, 
characteristic of these plantations, may explain the availability of this 
excess N, similar to what was suggested in other studies (Melling et al., 
2007; Shi et al., 2021). Beyond the effects of peat drainage on soil O2 
concentrations and peat mineralization (Hergoualc'h et al., 2017; Ma 
et al., 2022), these results directly link changes in N cycling rates to 
anthropogenic fertilization, providing mechanistic insights into how 
both practices (peat drainage and fertilization) simultaneously alter N 
cycling in converted tropical peatlands.

In addition to quantifying gross nitrification and ammonification 
rates, this study also examined denitrification products under varying O2 
concentrations (Fig. 4). At ambient O2 levels, total denitrification 
(N2+N2O) rates showed no differences across land uses, contrary to our 
expectation of higher denitrification rates in oil palm plantations due to 
elevated NO3 concentrations. However, apparent land use differences 
emerged when O2 concentrations were experimentally reduced (Fig. 4). 
At very low O2 levels, similar to those measured at forest sites, both N2 
and N2O fluxes were up to two orders of magnitude higher in plantation 
soils than in forest soils, which had zero-to-negative fluxes for both 
gases. These low-to-negative N2O fluxes at forest sites matched those 
measured in the field (Fig. 2) and also agreed with the high N fixation 
potential inferred from the high abundance of the nifH gene at these sites 
relative to the plantation sites (Fig. 5).

Similar to N2O, the N2O: (N2O + N2) product ratio also increased as 

O2 concentrations declined from 20% to 10% in plantation soils, 
reaching up to 59% of total denitrification rates (Fig. 4). These results 
indicated that plantation soils may have a higher potential for N2O 
production than forest soils even under reducing conditions. Such 
reducing conditions are likely to occur during heavy precipitation 
events, when rising soil water levels lower soil O2 availability, poten
tially creating hot moments of N2O emission. Similar precipitation- 
driven N2O peaks have been reported in other tropical terrestrial eco
systems and were linked to altered soil redox conditions 
(Butterbach-Bahl et al., 2004; Midot et al., 2025). The contrasting 
experimental outcomes of denitrification under ambient and low O2 
conditions also highlight the need to conduct experiments that closely 
mimic in-situ conditions to obtain more accurate estimates of flux 
magnitudes and site differences. For instance, assuming N2O production 
in the plantation originates from 0 to 20 cm peat soil depths, this scales 
in vitro N2O fluxes under in-situ measured O2 concentrations (15-5%) to 
a range of 160 to 500 μg N m− 2 h− 1, which is consistent with the mag
nitudes quantified in the field (Table S1, Fig. S3).

Land use differences in N turnover rates were also reflected in the 
gene abundances of functional microbial groups responsible for key N 
cycling processes, as well as the field-measured DIN pools. For example, 
higher abundances of ammonium-oxidizing genes and lower abun
dances of denitrifier and N-fixer genes were observed at the oil-palm 
plantation sites compared with the intact forest sites (Fig. 5). This 
pattern may indicate that higher soil O2 concentrations and increased 
NO3-N availability in the oil palm plantation soils likely increased their 
nitrification potential and decreased their denitrification and N-fixation 
potential, consistent with past studies (Espenberg et al., 2018; Bahram 
et al., 2022). Moreover, the soil NO3:NH4 ratio scaled well with 
spatial differences in N2O fluxes (Fig. 6), suggesting increased N2O 
production via NO3 reduction through the denitrification process 
(Butterbach-Bahl et al., 2013).

Consistent with patterns observed for N2O fluxes and N turnover 
rates, average annual NH4-N and NO3-N leaching rates at oil palm 
plantation sites (89 kg N ha− 1 yr− 1) substantially exceeded (by up to two 
orders of magnitude; Fig. 2) those quantified at the peat forest sites. The 
average NH4-N and NO3-N leaching rates across all land uses (0.1 to 
89 kg N ha− 1 yr− 1) in this study were within the ranges of those reported 
in previous field measurements and modelling studies in tropical regions 
(e.g., Formaglio et al., 2020; Pardon et al., 2016b). While NO3-N 
accounted for the majority (>80%) of DIN leaching losses, substantial 
NH4-N leaching was also observed at some oil palm plantation sites, with 
annual rates exceeding 50 kg N ha− 1 yr− 1. These findings suggest that a 
portion of the applied ammonium-based fertilizers may have been 
directly lost through tile drainage in the acidic peat soils with low cation 
exchange capacity and subsequently captured by the resins.

4.2. Linking soil δ15N with N cycling and losses across different land uses

Previous studies have linked soil δ15N enrichment, which is also re
flected in plant tissue, to more open N cycles characterized by elevated N 
inputs, cycling, and losses (Craine et al., 2009; Craine, et al., 2015a, 
2015b; Wangari et al., 2024). Similar mechanisms likely explain the 
observed differences across land uses in this study, in which foliar and 
soil bulk δ15N values were up to 3.36‰ more enriched at the plantation 
sites than at forest sites (Fig. S2). The link between land use-driven 
isotopic enrichment and accelerated N turnover was supported by the 
significant positive correlations we found between bulk soil δ15N and 

Fig. 6. (A) Principal component analysis of soil physico-chemical parameters, N2O fluxes, N transformations rates, annual DIN leaching, and gene abundances across 
the oil palm and forest sites. Bivariate linear regressions between: (B) soil water content and GNR:GAR ratio (point size indicates soil O2); (C) GNR:GAR ratios and 
denitrifier (nirS, nirK, fungal nirK, nosZ-I, nosZ-II) gene abundances (point size indicates soil O2); (D) gross nitrification: ammonification ratios and N-fixers (nifH) gene 
abundances (point size indicates soil O2); (E) GNR:GAR ratio and field-measured soil NO3:NH4 ratios (point size indicates N2O fluxes); (F) bulk soil δ15N and soil NO3: 
NH4 ratios (point size indicates N2O fluxes); (G) bulk soil δ15N and annual DIN leaching rates (point size indicates N2O fluxes). Points and error bars repre
sent means ± SE.
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gross nitrification rates, N2O fluxes, and total DIN leaching rates (Fig. 6). 
Such processes have been previously shown to enrich the residual soil N 
pool with the heavier 15N isotope, as the lighter 14N isotope is preferably 
cycled and lost to the environment (e.g., Craine et al., 2015b; Denk et al., 
2017). Since bulk soil δ15N integrates N dynamics over extended periods 
(Craine et al., 2015b), its positive correlation with recently elevated N 
cycling, gaseous, and hydrological loss rates at the oil palm sites in this 
study suggests that these hot spots may have persisted for prolonged 
periods. This finding aligns with conclusions from a previous temperate 
study (e.g., Wangari et al., 2024), but is the first to demonstrate this in 
converted tropical peatland ecosystems.

In addition to reflecting high N cycling and loss rates, bulk soil δ15N 
signals may also be influenced by differences in N sources (Choi et al., 
2020). For example, plant-soil δ15N at the forest sites was mainly 
depleted in the heavier 15N isotopes, suggesting N inputs primarily from 
the fixation of atmospheric nitrogen (Denk et al., 2017). Supporting this 
hypothesis, forest sites also had the highest potential for N-fixation, 
reflected by a higher abundance of the nifH gene relative to the oil palm 
plantation sites (Fig. 5; Fig. S4). The effects of differences in N sources 
may also have affected the soil δ15N signals at the oil palm sites, as 
mineral N fertilizers, known to have near-zero δ15N signals (Choi et al., 
2020), may have diluted the enriched soil δ15N signals at these sites.

4.3. Global relevance of the study

Oil palm cultivation on tropical peatlands is expected to remain a 
major land use pressure in Southeast Asia, with projections indicating 
continued expansion under business-as-usual scenarios (Leijten et al., 
2023). The results in this study identify a mechanistic sequence that 
explains how conversion alters peatland N cycling, whereby drainage 
increases O2 availability, fertilization increases mineral N supply, 
nitrification becomes dominant, NO3-N accumulates, and hydrological 
and gaseous N losses intensify. This framework helps interpret spatial 

heterogeneity in N losses within peat landscapes and supports bulk soil 
δ15N as a diagnostic indicator of long-term anthropogenic disturbance 
effects on peatland N cycling. Here, a simplified N balance was devel
oped to quantify anthropogenic effects on peatland N cycles by syn
thesizing regional estimates of primary N inputs, plant N uptake (Pardon 
et al., 2016b), and, for the first time, field-based measurements of N 
leaching and estimates of N2 emissions from denitrification ratios 
(Fig. 7). The analysis revealed that combined hydrological and gaseous 
N losses exceed oil palm N uptake, indicating a fundamentally open N 
cycle within oil palm plantations that contrasts sharply with the natural 
peatland forest ecosystems, which show no significant N losses (Fig. 7).

To validate the net N losses quantified in this study, the values were 
compared with the reported net C losses in the literature using the 
quantified C: N ratios in this study (Fig. 2). Under oil palm cultivation on 
peat, the strongly negative net N balance corresponded to an implied soil 
C loss of 3.7 ± 4.8 Mg C ha− 1 yr− 1 (C: N = 28), whereas intact peat for
ests showed a much smaller net N deficit, translating to an implied soil C 
loss of 0.4 ± 0.4 Mg C ha− 1 yr− 1 based on a C: N ratio of 33. Despite the 
existing uncertainties within the N balance, these values were of the 
same order of magnitude as those reported for C losses in forests 
(2.0 ± 0.9 Mg C ha− 1 yr− 1) and oil palm plantations (4.9 ± 1.2 Mg C 
ha− 1 yr− 1) in other studies within Southeast Asia (Hergoualc'h et al., 
2017). The implied C losses in the oil palm plantation sites were also 
within the same order of magnitude, albeit on the lower end compared 
with the default IPCC emission factor for oil palm plantations on peat of 
11.8 (6.2 - 18.1) Mg C ha− 1 yr− 1 (Drösler et al., 2014), cumulatively 
suggesting that the quantified N losses match previously quantified C 
losses. These estimates also show that oil palm conversion fundamen
tally disrupts coupled carbon–nitrogen dynamics in tropical peatlands, 
leading to substantially greater C and N losses from existing peat stocks 
than in intact forests.

Fig. 7. Conceptual summary of land use effects on N cycling and a simplified N balance for intact peat swamp forest and oil palm plantation. The N balance includes 
regional estimates (annual mean ± SE; assuming normal distributions bounded by reported minimum and maximum values) for mineral fertilizer inputs, atmospheric 
N deposition, residual inputs, and plant N uptake from Pardon et al. (2016a); annual N2O estimates from Jovani-Sancho et al. (2023); and N2 losses and annual DIN 
leaching from this study (with N2 estimated using the denitrification product ratio of 0.1). Net N balance is calculated as total N inputs (blue) minus total N outputs.
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4.4. Limitations of the study

Despite the insights gained in this study, several limitations should 
be considered when interpreting its findings. For example, leaching rates 
in this study only provided cumulative annual estimates, whereas most 
other components of N transformation and loss rates, including N2O and 
N2 fluxes and gross nitrification and ammonification rates, were derived 
from snapshot measurements. Consequently, these observations likely 
missed important temporal “hot moments,” particularly for DIN leach
ing and process rates, which remain poorly constrained over longer 
temporal time scales compared to N2O fluxes, which are well repre
sented by extensive regional datasets (Jovani-Sancho et al., 2023). The 
helium incubation experiment examining effects of O2 levels was carried 
out over several days, thus the observed changes in N2 and N2O fluxes 
may also be due to changes in substrate availability over time. Further 
methodological limitations arise from the temporal mismatch between 
the field-based N2O flux measurements and laboratory analyses of N 
transformation and loss rates due to technical constraints.

Addressing these gaps will require future studies to prioritize paired, 
high-resolution time-series measurements of biogeochemical process 
rates alongside hydrological and gaseous N losses to better resolve the 
temporal controls governing N export. This study was also not a strictly 
controlled experiment, thus the observed N transformation and loss 
rates may have also been influenced by other unaccounted factors such 
as variability in mineral fertilizer inputs and differences in plant traits 
and vegetation types (e.g., Zhang et al., 2024). In addition, the com
ponents of the simplified N balance are subject to substantial uncer
tainty, as individual fluxes exhibit pronounced spatial variability. 
Further work aimed at constraining these individual terms is therefore 
essential to improve confidence in integrated N balance estimates for the 
tropical peatland ecosystems.

5. Conclusions

This study shows that differences in N2O fluxes and N leaching be
tween intact peat swamp forests and oil palm plantations are primarily 
driven by increases in soil O2 availability and synthetic fertilizer inputs, 
which together alter key N cycling processes. In the plantation, 
increased soil aeration and fertilizer-derived N promoted nitrification- 
dominated turnover, as indicated by gross nitrification rates exceeding 
gross ammonification and by higher abundance of nitrification- 
associated genes. These changes led to greater accumulation of soil 
NO3-N and were accompanied by substantially higher NO3-N leaching 
losses. These findings highlight the environmental consequences of 
converting tropical peatlands, including increased emissions of potent 
GHG and surface-water contamination from reactive N export. Bulk soil 
δ15N enrichment in plantation soils further suggested that the sites had 
sustained higher N inputs, N cycling, and losses, reflecting a more open 
N cycle. In contrast, intact peat forest sites maintained a conservative N 
cycling, with low N2O fluxes and DIN leaching losses. Together, these 
findings indicate substantial potential for mitigating climate change and 
improving water quality through management strategies that prioritize 
protecting intact peat swamp forests and restoring or rewetting 
degraded peatlands, along with improved fertilizer management to 
reduce N losses.

Funding sources

This research was funded by the Estonian Research Agency (grant 
number PRG2032), Estonian Ministry of Education and Research, Centre 
of Excellence for Agroecology and New Crops in Future Climates 
(TK200), by the European Union (ERC AdG PeatlandN2O, 101096403), 
European Union Horizon program (LiWeFor, 101079192), and Pioneer 
Center for Landscape Research in Sustainable Agricultural Futures 
(Land-CRAFT), DNRF grant number P2. Part of the research infrastruc
ture was provided by the Helmholtz Association through the joint 

program Changing Earth – Sustaining our Future (ATMO - PoF IV) 
program of Karlsruhe Institute of Technology (KIT).

CRediT authorship contribution statement

Elizabeth Gachibu Wangari: Conceptualization, Data curation, 
Formal analysis, Visualization, Writing – original draft, Writing – review 
& editing. Kien Yung Teo: Data curation, Formal analysis, Writing – 
review & editing. Ricky Mwangada Mwanake: Data curation, Formal 
analysis, Writing – review & editing. Faustina Elfrida Sangok: Data 
curation, Writing – review & editing. Herman Umbau Lindang: Data 
curation, Writing – review & editing. Auldry Chaddy: Data curation, 
Writing – review & editing. Sharon Yu Ling Lau: Data curation, Writing 
– review & editing. Fawad Khan: Data curation, Writing – review & 
editing. Nur Azima Busman: Data curation, Writing – review & editing. 
Kim San Lo: Data curation, Writing – review & editing. Hanna Vahter: 
Data curation, Writing – review & editing. Muhammad Kamil-Sardar: 
Data curation, Writing – review & editing. Kärt Kanger: Data curation, 
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