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ABSTRACT 
 
The productivity of crops largely depends on the peat’s degree of humification and the amount of fertilizer applied. 
Significant variability in oil palm growth within plantations suggests potential heterogeneity in peat humification 
at the local scale. However, the spatial variability of peat humification has not been previously demonstrated. This 
study aimed to compare the degree of peat humification between oil palm plantations and forests in East and West 
Malaysia, and to map its spatial distribution across the two ecosystems. The research was conducted in one-hectare 
plots divided into 20 m × 20 m subplots at Sebungan Oil Palm Plantation and Sabaju Secondary Forest in East 
Malaysia, and Amanah Saham Pahang Oil Palm Plantation and Pekan Forest Reserve in West Malaysia. The 
findings revealed that forest peat had a significantly lower C/N ratio than plantation peat, suggesting higher 
nitrogen accumulation relative to carbon. However, the C/N ratio did not correlate with spectroscopic humification 
indices, which indicated a higher degree of humification in plantation peat. This suggests that direct comparison 
of C/N ratios between forest and plantation peat may be inappropriate due to differences in nitrogen cycling. 
Mapping of the humification degree demonstrated some degree of spatial variability. The weak correlation 
between humification degree and soil moisture indicates that other factors, particularly those related to plantation 
management, may also influence peat humification. 
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INTRODUCTION 
 
Peat soil comprises of complex aromatic 
macromolecules constituting up to 60% of 
organic matter (Trevisan et al., 2010; Verbeke et 
al., 2021). The conversion of labile organic 
matter into humic substances via physical, 
chemical and microbiological processes is 
known as humification (Goel & Dhingra, 2021). 
The process results in the formation of 
compounds with aromatic structures, wherein 
carboxyl and carbonyl groups gradually replace 
phenolic, alcoholic, and methoxyl moieties.  
 

The assessment of the humification process 
typically involves indirect measurements that 

describe the structural changes of humic matters. 
As humification progresses, the extent to which 
organic matter has decomposed and transformed 
can be expressed as the degree of humification. 
Various chemical and physical properties of peat 
have been used to determine the degree of 
humification. Some commonly employed 
methods include: (1) the von Post humification 
(decomposition) scale, a field test on fresh peat 
samples, which grades humification into 10 
degrees (H1-H10), based on the colour and 
turbidity of peat pore water and the remaining 
solid materials (von Post, 1924; Lourenco et al., 
2023), (2) the pyrophosphate test, a colorimetric 
method on air dry and ground peat samples, 
which determines the colour (optical density or 
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absorbance) of the extract (Kaila, 1956), (3) 
morphological characterisation and 
determination of the amount of fibre present 
(fibric, mesic and sapric) on field fresh material 
(Farnham & Finney, 1965), (4) atomic ratio 
analysis of carbon-to-nitrogen (C/N), oxygen-to-
carbon (O/C) and hydrogen-to-carbon (H/C) 
ratios (5) spectroscopic approaches such as 
Fourier Transform Infrared (FTIR) 
spectroscopy, molecular fluorescence, nuclear 
magnetic resonance (NMR) spectroscopy, 
ultraviolet-visible (UV-Vis) spectroscopy and 
isotope ratio mass spectroscopy (IRMS) 
(Zaccone et al., 2007; Biester et al., 2014; 
Philben et al., 2015). 

 
Veloo et al. (2015) suggests that the degree 

of peat humification is the most influential factor 
determining the oil palm yield. The degree of 
humification defines the compositions and 
chemical characteristics of humic matter, 
ultimately affecting soil and plant productivity 
as well as their functions. The quality of humic 
substances influences soil properties such as soil 
available water content, pH and nitrogen content 
(Putra et al., 2016). In peat soils the relationship 
between humification (or decomposition) and 
water‐holding is complex: on the one hand, 
accumulation of highly humified humic 
substances may enhance water retention (via 
increased polymerisation and hydrophilic 
functional groups) (Szajdak et al., 2020; Yang et 
al., 2021). On the other hand, some studies 
(Campos et al., 2011) find that less‐decomposed 
peat materials demonstrate higher maximum 
water‐holding capacity than more decomposed 
layers. Jakusné Sári and Forró (2008) 
demonstrated the positive effects of peat with 
varying degree of humification on pepper yield. 
In their study, mixing peat materials at different 
stages of decomposition created a more balanced 
growing medium, which enhanced the physical 
and chemical properties of the substrate and 
consequently resulted in higher pepper yields. 
Furthermore, oil palm planted on more 
decomposed peat (sapric) exhibited higher yields 
(19.48 – 22.92 mt/ha) compared to those 
cultivated on less decomposed peat (hemic) 
(9.47 – 13.37 mt/ha) (Veloo et al., 2015). The 
term of ‘humification’ and ‘decomposition’ are 
often used inter-changeably. It is hypothesized, 
that more decomposed matter comprises greater 
condensation structures that stimulate the 
activity of plasma membrane H+-ATPase 
(Canellas & Façanha, 2004). On the other hand, 

the carboxyl groups of humic matter function to 
form complexes with metal ions, enhancing their 
bioavailability (Kuhn & Maurice, 2014). 
Additionally, the microbial decomposition 
process further promotes N assimilation, 
enriching humic matter with amines (NH2) and 
ammonium (NH4

+) (Kulikova & Perminova, 
2021). 

 
In tropical used peatlands, persistent 

challenges of poor growth of oil palms have been 
observed in plantations. Large-scale sago palms 
planted on deep peat in Mukah, Sarawak, have 
demonstrated retarded growth with only 20% of 
the palms developing trunks, none of which 
reaching maturity even after 10 – 15 years 
(Purwanto et al., 2002; Jong et al., 2006). 
Similarly, oil palms planted on deep peat have 
shown relatively lower yields (Veloo et al., 
2015; Woittiez et al., 2017; Rauf et al., 2019; 
Awang et al., 2021) with the highest reported 
yield of 23 – 25 t fruit bunches ha-1 year-1, 
compared to 30 – 35 t ha-1 year-1 on mineral soil 
(Tohiruddin et al., 2006; Othman et al., 2011). 
Oil palms planted on peat soil exhibit significant 
variability in growth among individual palms 
and across plantation blocks. For instance, one 
palm increased in diameter at breast height from 
55.3 cm in 2014 to 72 cm in 2018, while another 
palm on the same plot showed a decrease of 
breast diameter from 55.5 cm to 44 cm (Ngau et 
al., 2022). In our previous study (Ngau et al., 
2022), considerable heterogeneity in soil 
moisture was found in Sebungan Oil Palm 
Plantation, with palm growth being 
compromised on drier soils. Similar inter-palm 
and inter-block variability in aboveground 
biomass across oil palm plantations was 
documented by Lewis et al. (2020).  

 
We hypothesized, that the variability in soil 

moisture within oil palm plantations contributes 
to differences in the humification degree of peat. 
However, to date, no study has reported on the 
variation in humification degree at the local 
scale. This information is crucial for supporting 
effective local policies and plantation practices 
aimed at sustainable management and utilization 
of peat resources. Hence, this study aims to: 1) 
assess the humification degree of peat in oil palm 
plantations and forests and 2) map the 
humification degree using Geographical 
Information System (GIS). Visualizing this 
information would facilitate effective 
dissemination and lead to improved planning 
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and decision-making process regarding peat 
management. This aligns with the guidelines 
established by the European Commission (EU) 
for sustainable management of peatlands 
(European Commission, 2021). The EU 
advocates for the use of digital mapping 
techniques to provide essential information 
necessary for the sustainable management of 
peat including the degree of peat humification, 
stoichiometric ratio, proximal sensing, peat 
thickness, hotspots of greenhouse gas emissions, 
peat subsidence, water table and peat moisture, 
at scales ranging from field sites to the global 
level (Minasny et al., 2023). 
 
MATERIALS AND METHODS 
 
Study Area  
 
Peat soil samples were collected from oil palm 
plantations and forests in East and West 
Malaysia. In East Malaysia, the study sites were 
in the Sebungan Oil Palm Estate (3°9′58.32′′N, 
113°21′15.43′′E) and the Sabaju Secondary 
Forest (3°09′58.32′′N, 113°24′21.32′′E), located 
in the Sebauh district, Bintulu, Sarawak (Figure 
1). Peat soil in Sebungan Oil Palm Estate 
(hereafter referred as Sebungan Estate) was 
drained prior to oil palm planting in 2007 with a 
peat soil depth between 1 m to more than 3 m 
(Malaysian Palm Oil Board [MPOB], 2006). The 
Sabaju Secondary Forest (hereafter named as 
Sabaju Forest) is a closed-canopy secondary 
forest which has undergone up to two cycles of 
selective logging in the past. Sebungan Estate 
and Sabaju Forest are within the same vicinity. 
The peat depth reported is 4.0 m with a 
maximum of 5.6 m (MPOB, 2006; Cook et al., 

2018; Manning et al., 2019). The area is an 
elliptical peat dome, formed over coastal or 
riverine alluvium during the Quaternary period. 
These areas are underlain by the Nyalau 
formation consisting mainly of sandstones, 
shale, mudstone, lignite with some marlstone, 
siltstone, and calcareous sandstones (MPOB, 
2006).  
 

In West Malaysia, the sites were located in 
the Pekan district, Pahang, which were the oil 
palm plantation of Ladang Amanah Saham 
Pahang (hereafter referred as ASPA Estate) 
(3°26'15.23"N, 103°23'20.43"E) and Pekan 
Forest Reserve (hereafter referred as Pekan 
Forest) (3°25'38.64"N, 103°21'59.28"E) (Figure 
1). The parent materials of ASPA Estate and 
Pekan Forest consist mainly of marine and 
estuarine deposits including beach ridges, swales 
and organic deposits over sulfidic marine clay. 
ASPA Estate was previously drained and 
consists of mature oil palms, which were planted 
in 2006 to 2007. The peat depth in the estate was 
reported to be a maximum of 3.0 m (MPOB, 
2016). The size of the overall Pekan Forest 
Reserve is about 7600 ha. However, this forest 
reserve has been divided into over 200 
compartments of various sizes. 

 
Sebungan Estate, Sabaju Forest and ASPA 

Estate were one-hectare plots consisting of 25 
subplots of 20 m × 20 m, respectively as shown 
in Figure 2(a), 2(b) and 2(c). In Pekan Forest, our 
study site was located in compartment 75 and 
was an undisturbed primary forest with varying 
peat depths of maximum 4.3 m (MPOB, 2016). 
Sampling points location in Pekan Forest was as 
shown in Figure 2(d).  

 

 
Figure 1. Locations of oil palm plantations and forests in East and West Malaysia 
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(a)  

(b) 

 
(c) 

 
(d) 

 
Figure 2. Arrangement of 25 subplots within 100 m × 100 m area in (a) Sebungan Oil Palm Estate, (b) Sabaju 
Forest and (c) Ladang Amanah Saham Pahang (ASPA) Estate. Each subplot is identified by a letter-number coding 
(e.g., A1, B2, C3 and so on). Figure 1 (d) shows the sampling points location in Pekan Forest Reserve 
 
Peat Sampling and Sample Preparation 
 
Peat samples were taken at two depths: 0 – 50 
cm and 50 – 100 cm from Sebungan Estate, 
Sabaju Forest, and ASPA Estate using a peat 
auger (Eijkelkamp, core diameter 5.2 cm, length 
50 cm) equipped with an extension rod of 50 cm. 
Samples in oil palm estates were collected from 
each of the 25 subplots at three management 
zones namely the harvest path (HP), frond pile 
(FP) and palm base (PB). For Sabaju Forest, 
samples were taken from three random points, 
labelled as L1, L2 and L3 of each subplot. Soil 
sampling in Sabaju Forest was preferentially 
conducted on flat and open surfaces rather than 
immediately adjacent to or between forest trees, 
to minimise the chance of the corer contacting 
impenetrable woody materials. In the Pekan 
Forest, soil samples were collected from nine 
locations along a walking trail of approximately 
500 m, with one sample taken from each location 

at a depth of 0 – 50 cm using a similar peat auger. 
In total, 300 peat samples (2 depths × 3 sampling 
points × 25 subplots × 2 study sites) were 
collected from Sebungan Estate and Sabaju 
Forest (i.e., 75 peat samples from each depth in 
each site). The sampling plots are identical to 
those reported in our previous study (Ngau et al., 
2022). For ASPA Estate, a total of 150 samples 
were obtained (2 depths × 3 sampling points × 
25 subplots), whereas for Pekan Forest, nine 
samples were obtained. At all sites, mineral soil 
was not reached during sampling.  
 

Surface litter was removed prior to sampling. 
Each cored sample, representing the 50 cm soil 
layer obtained from borehole cuttings, was 
removed from the auger, sealed tightly in a zip-
lock bag, and stored at temperatures below 4 °C 
until laboratory analysis. Samples were carefully 
examined, and only those with minimal root 
materials and no visible mineral contamination 
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were collected. Peat samples were then dried in 
an oven at 55 ℃  until a constant weight was 
achieved. The final weight was taken for the 
calculation of soil moisture content with 
reference to the standard method in ASTM D 
2974-20. Dried samples were ground into fine 
particles using a pestle and mortar. Loose roots 
and surface litter were removed before the 
samples were sieved through a 2 mm sieve. The 
fine peat particles were mixed thoroughly before 
laboratory analyses. Coarse fragments (> 2 mm), 
primarily consisting of undecomposed plant 
fibres and roots, were excluded from the 
analytical subsample because they do not 
represent the fine, humified matrix of the peat. 
This procedure is consistent with standard soil 
and peat sample preparation for chemical and 
spectroscopic analyses. Across all study sites, 
the surface peat (0 – 50 cm) was more 
decomposed whereas at the deeper layer, the 
peat was woody and less decomposed.  
 
Elemental Analysis 
 
Total C, H, N and S of peat soil samples were 
analysed using the CHNS Elemental Analyzer 
(Thermo Scientific Flashmart 2000 CHNS 
Elemental Analyzer, Waltham, MA). 
Approximately 2.5 – 3.0 mg of soil samples and 
similar weight of vanadium pentoxide (V2O5), an 
oxidizer, were transferred into designated tin 
boxes. Each sample was combusted in a reactor 
of 1000 ℃ and analysed in duplicates. The molar 
ratio of C/N, H/C and O/C were computed to 
determine the humification degree. The 
percentage of O is determined by difference 
(Zaccone et al., 2007) where % O = 100 – (ash 
% + % C + % H + % N + % S) in which the ash 
content is assumed at 4% based on our previous 
study at the same sites (Sim et al., 2019). The 
van Krevelen diagram was used to visualise 
changes in the chemical composition of peat 
organic matter based on atomic ratios of 
hydrogen to carbon (H/C) and oxygen to carbon 
(O/C). The elemental ratio was calculated based 
on the atomic ratio of the respective elements, 
for example, the C/N ratio, Eq. (1). 
 

 

C
N

= 
C percentage

C atomic mass
N percentage

N atomic mass

"     Eq. (1) 

 

Peat Functional Group Analysis using 
Fourier Transform Infrared (FTIR) 
Spectroscopy 
 
Samples from Sebungan Estate and Sabaju 
Forest were analysed using Fourier Transform 
Infrared (FTIR) spectroscopy for the peat 
functional group characterisation.  A composite 
sample was created by combining samples from 
the three management zones within each subplot 
at Sebungan Estate and Sabaiu Forest, totalling 
100 samples (2 sites × 25 subplots × 2 depths). 
Within each subplot, peat samples were 
collected from three management zones at the 0 
– 50 cm depth. The three subsamples from each 
zone were then merged to create a single 
composite sample per subplot for analysis. To 
receive spectra of the functional groups in the 
peat, the samples were scanned using an 
attenuated total reflection (ATR)-FTIR 
spectrometer (Nicolet, Thermo Fisher Scientific, 
Madison, WI) at spectral resolution of 0.4821 
cm-1 in the spectral range of 4000 – 525 cm-1. 
However, detailed interpretation focused on the 
1700–600 cm⁻¹ region, where the most 
diagnostic absorption bands for peat components 
- such as carbonyl (C=O), aromatic (C=C), and 
polysaccharide (C–O) vibrations -occur. Each 
spectrum was calibrated against the background 
spectrum of the ATR crystal built-in as a 
reflector for the IR light penetrating the sample. 
The spectra in .csv format (comma-separated 
values) were saved and processed with the 
automated peak detection and matching 
algorithm to produce a peak table of rows and 
columns representing samples and variables (cm-

1), respectively (Sim & Ting, 2012). For brevity, 
the algorithm detects the peaks in each spectrum 
based on the first derivative and computes the 
area of each peak. The peaks identified across all 
samples are then matched according to a pre-
defined wavelength window of ± 9.6 cm−1. 
 
Vegetation Measures 
 
The geographical coordinates of subplot borders, 
locations of oil palm and forest tree as well as the 
sampling points in Sebungan Estate, ASPA 
Estate and Sabaju Forest were recorded using a 
GPS (Garmin GPSMAP 64s, Olathe, KS) during 
sampling. In Sabaju Forest, only trees with 
diameter more than 10 cm were mapped; tree 
diameter and tree height ranged between 10.0 – 
63.7 cm and 7.8 – 31.4 m, respectively.  In Pekan 
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Forest, only geographical coordinates of 
sampling locations were recorded. 

 
Data Analysis  
 
Statistical analyses on peat elemental analysis, 
soil properties and palm growth monitoring were 
conducted using the Statistical Package for the 
Social Sciences (SPSS) for Pearson product-
moment correlation and Analysis of Variance 
(ANOVA) with the mean data compared using 
Tukey’s test at p<0.05. Pearson correlation 
analysis was performed to evaluate the 
relationship between the C/N ratio and soil 
moisture. ANOVA was applied to assess the 
significance of differences in soil moisture, 
elemental composition, and elemental ratios 
among samples from different locations and 
depths. The coefficient of variation (CV) was 
used to determine the heterogeneity of the spatial 
maps. The CV is calculated as the ratio of the 
standard deviation to the mean. A CV<0.1 
indicates low variability, while a CV between 
0.1 and 0.2 suggests moderate variability. A CV 
greater than 0.2 implies high heterogeneity. 
 
Spatial Interpolation  
 
The geographical coordinates of the study site, 
such as subplot boundaries, peat humification 
degree i.e., C/N, trees, sampling locations, 
moisture were allocated as attribute features in 
comma-separated values (CSV) files. The study 
sites and sampling points were represented as 
point layers in the Quantum Geographic 
Information System (QGIS) 3.20 program by 
importing the corresponding CSV files. Peat soil 

moisture and C/N ratio were spatially 
interpolated using a built-in tool in QGIS known 
as the inverse distance weighted (IDW) 
interpolation. IDW interpolation estimates the 
values of unmeasured points by using points 
with known values. According to Liu et al. 
(2021), the influence is greater at places of 
known values that are closer to the estimate 
locations than it is at points that are more distant. 
The influence of known values is measured by 
the distance coefficient, p, which was kept at p = 
2 for all the maps in this study. 
 
RESULTS  
 
Peat Elemental Content and Atomic Ratios 
 
Table 1 shows the soil moisture together with the 
C, H, N and O content in peat soil from oil palm 
plantations and forests according to the peat 
depth. The sulphur content is not included in the 
table, as its measured value is on average less 
than 0.1%. In comparison, peat soil in Sebungan 
Estate and Sabaju Forest were wetter than those 
in ASPA Estate and Pekan Forest. Both the 
ASPA Estate and Pekan Forest peat 
demonstrated significantly higher N-content 
than the Sabaju Forest and the Sebungan 
plantation peat. Statistically, no significant 
difference was found in the C content of the 
upper peat layer in the plantations and forests. 
The C content in Sebungan Estate at 0 – 50 cm 
(53.09 ± 3.09%) was significantly lower than the 
deeper peat of 50–100 cm (57.95 ± 2.46%). This 
trend was reversed in the Sabaju Forest with the 
topsoil (52.49 ± 4.06%) containing higher C than 
the deeper soil (50.86 ± 2.32%) (p = 0.003).  

 
Table 1. Average carbon, nitrogen, hydrogen and oxygen percentages in oil palm plantations and forest peat from 
the surface downwards 
 

Location Depth 
(cm) n 

Moisture (%) C (%) N (%) H (%) O (%) 
Mean ± STD Mean ± STD Mean ± STD Mean ± STD Mean ± STD 

Sebungan Oil 
Palm Estate 

0 – 50 74 83.88 ± 3.91a 53.09 ± 3.09a 1.10 ± 0.29a 5.42 ± 0.53a 40.30 ± 3.38a 
50 – 100 72 86.86 ± 2.10b 57.95 ± 2.46b 1.04 ± 0.19a 6.08 ± 0.41b 34.90 ± 2.72b 

Sabaju 
Secondary 
Forest 

0 – 50 74 89.57 ± 2.85a 52.49 ± 4.06a 1.50 ± 0.27b 5.38 ± 0.68a 40.56 ± 4.79a 

50 – 100 73 91.24 ± 1.84b 50.86 ± 2.32b 1.46 ± 0.16b 4.82 ± 0.53b 42.80 ± 2.66b 

ASPA Oil Palm 
Estate 

0 – 50 75 80.70 ± 4.38a 49.50 ± 1.43a 1.81 ± 0.22a 5.17 ± 0.44a 43.52 ± 1.54a 
50 – 100 75 85.57 ± 8.36a 49.78 ± 2.64a 1.54 ± 0.20a 5.10 ± 0.59a 43.57 ± 3.02a 

Pekan Forest 
Reserve 0 – 50 9 88.57 ± 1.11b 49.06 ± 0.88a 2.98 ± 0.79b 5.25 ± 0.22a 42.71 ± 1.23a 

Same superscript letters according to location in each column indicate no significant differences (p>0.05) 
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This variability was not evidenced in the 
ASPA Estate; no significant different was 
deduced in the C content between depths and 
sites. Changes in the H and O content by depth 
was likewise different in Sebungan Estate and 
Sabaju Forest. The H content at 0 – 50 cm (5.42 
± 0.53%) was lower than that at 50 – 100 cm 
(6.08 ± 0.41%) in the plantation. Sabaju Forest 
on the other hand had higher H content in the 
upper peat layer. The O content in the plantation 
decreased with increasing depth and this trend 

was inverted in the secondary forest of Sabaju. 
In ASPA Estate and Pekan Forest, both H and O 
content in peat were comparable between depths 
and sites. For N, there was a significant 
difference between plantations and forests with 
the latter demonstrating higher N content. This 
was evidenced in both study areas in East and 
West Malaysia suggesting variability in the 
humification degree of oil palm plantation and 
forest peat. 

Table 2.  Average C/N, H/C and O/C ratio in oil palm plantations and forest peat from the surface downwards 
 

Location Depth 
(cm) n 

C/N ratio H/C ratio O/C ratio 
Mean ± STD Mean ± STD Mean ± STD 

Sebungan Oil Palm Estate 0 – 50 74 60.31 ± 8.83a 1.22 ± 0.07a 0.52 ± 0.06a 
50 – 100 72 66.97 ± 7.78b 1.26 ± 0.04b 0.40 ± 0.03b 

Sabaju Secondary Forest 0 – 50 74 41.88 ± 3.28a 1.22 ± 0.06a 0.53 ± 0.10a 
50 – 100 73 40.94 ± 2.81a 1.13 ± 0.06b 0.58 ± 0.05b 

ASPA Oil Palm Estate 0 – 50 75 34.62 ± 5.27a 1.24 ± 0.12a 0.65 ± 0.05a 
50 – 100 75 36.00 ± 5.48a 1.23 ± 0.11a 0.67 ± 0.09a 

Pekan Forest Reserve 0 – 50 9 20.55 ± 5.64a 1.27 ± 0.05a 0.65 ± 0.03a 
Same superscript letters according to location in each column indicate no significant differences (p>0.05). The elemental ratio 
represents the average value of the designated ratio across all sampling points. 

The atomic ratios of C/N, H/C and O/C for oil 
palm plantation and forest peat are summarised 
in Table 2. The upper peat layer in Sebungan 
Estate exhibited a significantly lower C/N ratio 
(60.31 ± 8.83) compared to the 50 – 100 cm 
depth (66.97 ± 7.78) (p = 0.008). In Sabaju 
Forest, the C/N ratio was much lower than in the 
oil palm plantation, with no significant 
difference between the two forest profiles. The 
average H/C and O/C ratios in Sebungan Estate 
and Sabaju Forest ranged from 1.13 to 1.26 and 
0.40 to 0.58, respectively, with significant 
differences between depths. In contrast, the C/N 
ratio in ASPA Estate showed no significant 
difference between depths. However, the C/N 
ratio of peat soil at 0 – 50 cm in ASPA Estate 
and Pekan Forest differed significantly (p = 
0.00). The H/C and O/C ratios in ASPA 
plantation and Pekan Forest ranged from 1.23 to 
1.27 and 0.65 to 0.67, respectively. While the 
H/C ratio in ASPA plantation and Pekan Forest 
was comparable to that in Sebungan Estate and 
Sabaju Forest, the O/C ratio was noticeably 
higher in the former. The relationships between 
O/C, H/C, and C/N ratios are illustrated using the 
van Krevelen diagram (Figure 3).    
 
 
 
 

Peat Functional Group Analysis using FTIR 
 
The IR spectra of the functional group 
characteristics in the composite peat samples 
revealed major absorption signals in the regions 
of 3600 – 3000 cm⁻¹ (O-H), 3000 – 2800 cm⁻¹ 
(C-H), 1800 – 1500 cm⁻¹ (C=O and C=C), and 
1300 – 1000 cm⁻¹ (C-O). Figure 4 illustrates the 
IR spectra of Sabaju Forest and Sebungan Estate 
peat, with humification indices calculated based 
on selected wavelengths. The ratio signals at 
1700 cm⁻¹ (carbonyl and carboxylic C=O), 1600 
cm⁻¹ (aromatic C=C and COO⁻), and 1510 cm⁻¹ 
(aromatic C=C and C=O of amides) against that 
at 1030 cm⁻¹ (polysaccharides) are used as 
humification indices (Holmgren & Norden, 
1988; Niemeyer et al., 1992; Beer et al., 2008). 
The higher ratios of A1700/A1030, A1605/A1030, and 
A1510/A1030 in plantation peat compared to forest 
peat indicate increased decomposition in the 
former due to polysaccharides degradation. The 
relatively higher A1700/A1030 also suggests more 
pronounced carboxyl and carbonyl attributes in 
plantation peat. This inference contrasts with the 
results of the C/N ratio, where forest peat 
exhibited a lower C/N ratio, indicative of a 
higher degree of decomposition. The 
relationship between the C/N ratio and the 
humification index of A1700/A1030 is illustrated in 
Figure 5. 
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Figure 3. The relationships between O/C, H/C and C/N at Sebungan Estate, Sabaju Forest, ASPA Estate and Pekan 
Forest 
 
Spatial Variation of C/N Ratio  
 
The C/N ratio is compared between Sebungan 
Estate and Sabaju Forest. Figure 6 illustrates the 
spatial map of the C/N ratios between these 
study sites while Table 3 and Table 4 tabulate the 
C/N ratios according to subplots and peat depths. 
At 0 – 50 cm, the region towards the west of the 
plantation is (subplots A1-E1) seemingly more 
humified (lower C/N ratio: 30.6 – 39.5) than 
other areas within the profile (higher C/N ratio: 
48.4 – 83.5). At 50 – 100 cm, the areas 
surrounding the drains are characterised with 
lower C/N ratio (30.6 – 57.4, more humified), 
comparable with the humification degree at the 
surface. In Sabaju Forest, topsoil peat in the 

north-west of the forest (subplots C1-C3, D1-
D3, E1-E3) was less humified with C/N ratio 
higher than 43.6.  
 
The spatial variability of C/N ratio for the ASPA 
Plantation and Pekan Forest is shown in Figure 
7. In ASPA Plantation, lower C/N ratios were 
registered in peat soil at 0 – 50 cm in subplots to 
the South (subplots B1-B5, A1-A2). At the 
deeper horizon of 50 – 100 cm, similar profile 
was recorded with subplots towards the North 
(E2-E5, D1-D5, C1-C3) exhibiting increased 
C/N values whilst subplots B1-B5 and A1 
remained relatively lower in the C/N ratio 
values.
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Figure 4. IR spectra profile of Sebungan Oil Palm Plantation and Sabaju Forest with the corresponding 
humification indices 

 
Figure 5. The C/N ratio against the humification index of A1700/A1030 
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(a) Sebungan Estate (0 – 50 cm) 

 
(b) Sebungan Estate (50 – 100 cm) 

 

 
(c) Sabaju Forest (0 – 50 cm) 

 
(d) Sabaju Forest (50 – 100 cm) 

 
 
Figure 6. Maps of carbon/nitrogen, C/N ratio in Sebungan Oil Palm Estate (range: 30.6 – 90.4) and Sabaju 
Secondary Forest (range: 31.6 – 66.2) at different depths 

 
Table 3. C/N ratios according to subplots and peat depths in Sebungan Oil Palm Estate and Sabaju Secondary 
Forest 

Sebungan Oil Palm Estate  Sabaju Secondary Forest 

Sub 
plot 

C/N 
Sub 
plot 

C/N 
 Sub 

plot 

C/N Tree 
density 
within 
subplot 

Sub 
plot 

C/N Tree 
density 
within 
subplot 

0–50 
cm 

50–
100 
cm 

0–50 
cm 

50–100 
cm 

0–50 
cm 

50–100 
cm 

0–50 
cm 

50–100 
cm 

A1 42.30 58.71 D3 44.97 58.82  A1 31.47 35.70 24 D3 42.83 33.98 6 
B1 46.81 63.99 E3 44.78 55.26  B1 33.31 32.41 39 E3 39.85 34.21 19 
C1 44.83 49.51 E4 46.46 55.99  C1 34.07 35.24 23 E4 34.92 33.61 7 
D1 45.44 50.62 D4 58.68 60.26  D1 36.84 34.80 25 D4 35.73 34.63 12 
E1 48.95 64.49 C4 46.56 56.37  E1 34.37 33.68 22 C4 36.93 35.12 7 
E2 51.51 58.78 B4 56.57 49.89  E2 34.68 34.08 8 B4 33.46 32.51 20 
D2 49.72 53.94 A4 49.12 46.90  D2 33.95 39.19 13 A4 34.16 32.42 14 
C2 44.74 58.97 A5 66.60 55.11  C2 37.12 40.22 32 A5 32.13 36.06 23 
B2 64.20 72.37 B5 66.52 47.86  B2 33.85 35.55 33 B5 37.09 41.06 17 
A2 47.88 66.58 C5 54.05 63.59  A2 36.82 33.11 21 C5 40.78 37.47 8 
A3 48.91 64.87 D5 46.85 57.98  A3 34.42 35.76 41 D5 39.12 35.77 25 
B3 65.62 57.39 E5 59.67 63.39  B3 38.31 33.17 44 E5 40.23 36.89 25 
C3 52.98 45.82     C3 33.36 31.23 18     
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Table 4. C/N ratios according to subplots and peat depths in ASPA Oil Palm Estate and Pekan Forest Reserve 
 

ASPA Oil Palm Estate  Pekan Forest Reserve 

Subplot C/N Subplot C/N  Sampling 
locations 

C/N 
0-50 cm 50-100 cm 0-50 cm 50-100 cm  0-50 cm 

A1 30.2 32.35 D3 38.8 45.06  1 17.54 
B1 29.99 30.20 E3 36.29 35.57  2 16.33 
C1 36.32 38.02 E4 36.79 37.14  3 16.30 
D1 37.44 37.50 D4 42.50 39.88  4 14.89 
E1 33.01 33.34 C4 36.92 36.19  5 14.31 
E2 33.03 36.16 B4 29.99 28.74  6 27.17 
D2 32.60 36.09 A4 35.99 36.50  7 25.73 
C2 36.79 38.70 A5 34.67 35.72  8 25.98 
B2 30.32 29.56 B5 28.54 31.93  9 26.74 
A2 34.18 35.78 C5 38.24 36.94    
A3 35.73 38.54 D5 38.00 37.85    
B3 27.45 30.92 E5 33.81 40.54    
C3 37.88 40.69       

 
 
 

 
(a) ASPA Estate (0 – 50 cm) 

 
(b) ASPA Estate (50 – 100 cm) 

  

 
(c) Pekan Forest 

 
 
Figure 7. Maps of carbon/nitrogen, C/N ratio in ASPA Oil Palm Estate (range: 24.66 – 53.17) at different depths 
and Pekan Forest (range: 14.31 – 27.17)
 
 
  



Voon et al. 2026 Humification Degree in Tropical Peat  94 

DISCUSSION 
 
The carbon-to-nitrogen (C/N) ratio is used as an 
indicator of the degree of humification and soil 
fertility. A lower C/N ratio indicates higher 
mobile nitrogen reserves, implying increased 
fertility and enhanced humification. The 
plantation peat (Sebungan Estate: 60.31 – 66.97 
and ASPA Estate: 24.66 – 53.17) exhibited a 
higher C/N ratio compared to the forest peat 
(Sabaju Forest: 40.94 – 41.88 and Pekan Forest: 
14.31 – 27.17). The higher nitrogen content in 
the forest peat compared to the plantation peat 
aligns with the findings of Muniandy et al. 
(2009), which investigated peat soil properties 
following the conversion of secondary forest to 
oil palm plantation.  
 

When peat soils are drained, organic nitrogen 
is first converted into ammonium, which is 
subsequently oxidized to nitrate ions through 
nitrification. These nitrate ions are then reduced 
to nitrous oxide and nitrogen gas via microbial 
denitrification, releasing nitrogen compounds 
into the atmosphere (Jauhiainen et al., 2012). 
Under aerobic conditions, reduced litter input 
and accelerated decomposition further deplete 
soil nitrogen (Jakusné Sári & Forró, 2008; 
Klavins & Purmalis, 2013; Könönen et al., 
2015). Lowering of the water table enhances 
nitrification activity in drained peat soils (Regina 
et al., 1996). Moreover, fertilization exerts an 
even stronger influence than fluctuating soil 
moisture by stimulating microbial activity, 
thereby accelerating both nitrification and 
nitrogen mineralization, and ultimately 
increasing nitrogen loss to the environment 
(Ariffin et al., 2019). 

 
These findings of lower nitrogen content in 

oil palm plantations were also observed in our 
previous studies comparing secondary forest 
peat and cultivated peat for sago and oil palms 
(Sim et al., 2017; Sim et al., 2019). Ch’ng et al. 
(2009) also reported a significant decrease in 
nitrogen content of peat in oil palm plantations, 
with longer plantation periods leading to lower 
nitrogen content. The nitrogen-cycling and 
nitrogen-transforming microbial community in 
natural and drained peatlands were found to 
vary. The denitrification and nitrogen-fixing 
potential were lower in cultivated peatland 
(organic N → NH3 → NO2− → N2O → N2), 
whereas in natural peatlands, denitrification and 
dissimilatory nitrate reduction to ammonium 

(DNRA) pathways are the controlling 
mechanisms, encouraging the conversion of 
NO2

− to NH4
+ (Espenberg et al., 2018). A lower 

C/N ratio was observed in the upper layer of 
plantation peat. Typically, the C/N ratio 
decreases with depth as older and deeper peat 
undergoes more extensive microbial 
decomposition (Leifeld et al., 2020). The 
reversed pattern observed in this study suggests 
spatial variability in nitrogen mineralization, 
likely driven by alternating wet and dry soil 
conditions (Biester et al., 2014). In our previous 
study, we recorded pronounced temporal 
variability in water table levels across years, 
where during the dry season, the water table 
could fall far below the target range of 30 – 60 
cm (Ngau et al., 2022). Furthermore, nitrogen 
mineralisation may be influenced by 
management practices such as fertilizer 
application timing, fertilizer type, and soil 
disturbances (e.g., drainage), which increase 
nitrogen availability in surface soils while 
altering carbon inputs, thereby modifying the 
C/N ratio distribution with depth. Lazicki et al. 
(2020) demonstrated that mineralised N in soil 
varied with substrate type, application timing, 
and dosage; however, it was only after 84 days 
that mineralised N corresponded closely with the 
C/N ratio across all materials. Nitrogen 
mineralisation is also influenced by soil 
moisture, with higher moisture content 
enhancing mineralisation rates (Wang et al., 
2018). As the C/N ratio reflects total N relative 
to C and is often used as an indicator of N 
availability, it should be interpreted with 
consideration of additional factors, including 
environmental conditions, beyond management 
practices. The H/C and O/C ratios serve as 
indicators of structural changes in humic matter 
(Sim & Mohamed, 2007; Klavins & Purmalis, 
2013; Moore et al., 2018). As humification 
progresses, humic matter typically becomes 
enriched with carboxylic and aromatic 
characteristics, indicating the prevalence of 
more persistent lignin moieties over 
polysaccharides (Norden et al., 1986). The H/C 
ratio serves as an index of aromaticity, while the 
O/C ratio indicates the abundance of oxygen-
containing functional groups. It is expected that 
the H/C and O/C ratios will decrease with 
increasing degrees of humification. However, in 
this study, no significant difference was 
observed in the H/C and O/C ratios between 
forest and plantation peat. Although the carbon 
content was similar in both plantation and forest 
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peat, the quality of carbon may vary. Accelerated 
decomposition of peat due to permanent 
lowering of the water table could result in a 
greater prominence of recalcitrant C in 
cultivated peat (Könönen et al., 2016; Könönen 
et al., 2018). The van Krevelen diagram 
confirms that the samples are characteristic of 
peat, showing the expected elemental ratios. As 
decomposition progresses from vegetation 
through organic matter into peat and coal, 
decreasing O/C and H/C ratios are expected 
(Large & Marshall, 2015). Typical peat soil 
exhibits O/C and H/C ratios in the ranges of 0.1 
to 0.67 and 0.7 to 1.5, respectively. This is 
attributed to lignin/carboxylic-rich compounds 
with more aromatic and aliphatic characteristics 
(Ide et al., 2017).  

 
As illustrated in Figure 3, the humification 

index suggests that the plantation peat is more 
humified than the forest peat. However, the C/N 
ratio did not align with the humification indices 
(Figure 4). Correlation coefficients between the 
C/N ratio and the H/C, O/C, A1700/A1030, 
A1605/A1030 and A1510/A1030 were calculated 
according to sites. Statistically, no significant 
correlation was found between the C/N and other 
indices. Zaccone et al. (2018) examined the 
relationships between the C/N ratio with 21 
humification proxies of physical, chemical, 
spectroscopic and thermal parameters. The study 
revealed a lack of correlation between the C/N 
ratio and most of the indices. Kivinen (1933) 
investigated the correlation between the C/N and 
humification degree determined based on the 
von Post scale and the two parameters also did 
not agree. 

 
Humification occurs in two stages. Initially, 

microbial degradation of labile, plant-derived 
compounds leads to the formation of products 
enriched in nitrogen. As humification 
progresses, nitrogen and methoxyl groups are 
gradually replaced by carboxyl and carbonyl 
moieties. Therefore, it is hypothesized that forest 
peat, which has a higher nitrogen content and a 
lower abundance of carboxyl/carbonyl groups, 

represents an earlier stage of humification 
compared to plantation peat. However, this 
hypothesis contradicts the general principle that 
forest peat, which in this study was characterized 
by lower C/N ratios, has undergone a more 
advanced degree of humification than plantation 
peat. Does this raise doubts about the validity of 
the C/N ratios as an index of humification 
degree? This parameter has been widely used 
among soil scientists as an indicator of 
humification degree. The establishment of the 
C/N ratio as an indicator can be traced back to 
early soil science research which emphasized its 
significance in relation to soil nitrogen content 
and the decomposition of organic matter 
(Waksman, 1938; Stevenson, 1982). A 
consistent trend of decreasing C/N ratio was 
observed during the decomposition of various 
plant materials but cross-comparisons of these 
ratios between different plant materials were not 
evaluated. Hence, cross comparisons of C/N 
ratios between two different ecosystems may not 
be meaningful due to differences in N-cycling 
dynamics. As discussed earlier, plantations have 
a higher potential for N-loss through 
nitrification, which can be significantly 
increased with fertilization (Silver et al., 2005). 
In contrast, forest predominantly undergo 
anaerobic denitrification and DNRA pathways, 
converting NO3

- to N2O and NH4
+, respectively. 

This implies that changes in land use would 
modify nitrogen dynamics, resulting in shifts in 
soil carbon and nitrogen stoichiometry. Hence, 
comparing the C/N ratio across varying nitrogen 
dynamics lacks significance. Although this 
observation of lower C/N in forest peat over 
plantation peat and disagreement in humification 
degree was first noted, numerous literature 
sources have indirectly validated this 
occurrence. Table 5 tabulates the literature C/N 
ratio of peat in natural and disturbed state. 
Consistently, drained peat has been observed to 
display a notably higher C/N ratio, primarily 
attributed to its diminished N content. This 
further strengthens the proposition that the C/N 
ratio as a measure of humification is appropriate 
when the nitrogen dynamics are comparable.  
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Table 5. Literature C/N ratio of peat in natural and disturbed state 
 

System/location C/N ratio reported Reference 
Secondary forest and 
Woodman oil palm 
plantation Kuala Tatau, 
Sarawak, Malaysia. 

Soil depth 0 – 25 cm 
Secondary forest: 20.822 
1-yr old plantation: 22.127 
3-yr old plantation: 38.641 
4-yr old plantation: 32.968 
5-yr old plantation: 34.841 
 
Soil depth 25 – 50 cm 
Secondary forest: 20.045 
1-yr old plantation: 40.904 
3-yr old plantation: 43.802 
4-yr old plantation: 36.178 
5-yr old plantation: 47.993 

Muniandy et al. (2009) 

Riau province, Sumatra, 
Indonesia 
 

Natural peat swamp forest: 33.85 
Oil palm plantation: 44.97 

Nurulita et al. (2015) 

Tropical peat swamp forest 
(PSF) in Sibu, Sarawak. 

Undisturbed: 60.967 
Logged: 70.407 

Satrio et al. (2009) 

In the upper catchment of 
Sabangau River, Central 
Kalimantan, Indonesia. 
 
 

PF site 
10 – 15 cm: 34.8 ± 0.6 
40 – 45 cm: 36.1 ± 1.0 
80 – 85 cm: 72.0 ± 3.5 
 
AL site 
0 – 10 cm: 48.5 ± 11.4 
40 – 50 cm: 66.5 ± 3.9 
110 – 150 cm: 83.2 ± 2.9 
 
PF: Undrained peat swamp forest, 
forest area was not intact as selective 
timber removal was undertaken 
previously 
 
AL: Clear-felled, drained abandoned 
land, was subjected to fire previously 

Könönen et al. (2015) 
Jauhiainen et al. (2014) 

 
 

The spatial maps reveal heterogeneity in the 
degree of humification in both the plantation and 
forest. Figure 8, Figure 9 and Figure 10 show the 
spatial maps of the C/N ratio and the 
corresponding soil moisture maps at different 
depths for Sebungan Oil Palm Estate, Sabaju 
Forest, ASPA Oil Palm Estate and Pekan Forest 
Reserve, respectively. A significant positive 
correlation (p = 0.03) was found between the 
C/N ratio and soil moisture at a depth of 0 – 50 
cm. Although the C/N ratio and moisture at 50 – 
100 cm displayed a similar pattern, no 
significant correlation was identified (p = 0.28). 
In the Sabaju Forest, no significant correlations 
were found at either soil depth. Similarly, for the 

ASPA Estate and Pekan Forest, no significant 
correlations were observed at any soil depth. The 
weak correlation between soil moisture and 
humification degree suggests that peat 
decomposition is influenced by multiple factors 
beyond moisture alone. The effect of moisture 
content and humification on decomposition rate 
of peat‑forming plants found that moisture had a 
comparatively smaller influence on carbon loss 
than substrate type and temperature in long-term 
experiments (Nikonova et al., 2023). In 
Sebungan Estate, the CV for the 0 – 50 cm soil 
profile is 0.28, and for the 50 – 100 cm profile, it 
is 0.20. This indicates that the lower soil profile 
is comparatively more homogeneous than the 
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surface soil.  In contrast, Sabaju Forest shows 
noticeably lower CV values than the plantation, 
with a CV of 0.18 for the upper layer and 0.11 
for the lower layer. This suggests that the forest 
exhibits less variability in the degree of 
humification compared to the plantation. In 
ASPA Estate and Pekan Forest, the CV values 
are more comparable, ranging between 0.24 and 
0.27. The observed differences in CV values 

reflect the heterogeneity of peat properties under 
different land uses. Higher CV values in 
plantation sites, particularly in the surface layer, 
indicate greater spatial variability in peat 
composition and humification degree, which can 
be attributed to variability in plantation 
management whereas lower CV values reflect 
more homogeneous peat conditions, probably 
under more stable hydrological regimes. 

 
 
 

 
C/N ratio map at 0 – 50 cm 

 
Soil moisture map at 0 – 50 cm 

(a) 

 
C/N ratio map at 50 – 100 cm 

 
Soil moisture map at 50 – 100 cm 

(b) 
 
Figure 8. Maps of C/N ratio and peat soil moisture maps at Sebungan Oil Palm Estate at different depths. Peat 
soil moisture maps as reported in Ngau et al., 2022 
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C/N ratio map at 0 – 50 cm 

 
Soil moisture map at 0 – 50 cm 

(a) 
 
 

 
C/N ratio map at 50 – 100 cm 

 
Soil moisture map at 50 – 100 cm 

(b) 
 

 
Figure 9. Maps of C/N ratio and peat soil moisture maps at Sabaju Secondary Forest at different depths. Peat 
soil moisture maps as reported in Ngau et al., 2022 
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C/N ratio map at 0–50 cm Soil moisture map at 0–50 cm 

(a) 
 

  
C/N ratio map at 50–100 cm Soil moisture map at 50–100 cm 

(b) 
 

  
C/N ratio map at 0–50 cm  Soil moisture map at 0–50 cm 

(c) 
 
Figure 10. Maps of C/N ratio and peat soil moisture maps at (a-b) ASPA Oil Palm Estate at different depths and 
(c) Pekan Forest Reserve 
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CONCLUSION 
 
The assessment of the humification degree in oil 
palm plantation and forest peat of two regions in 
Malaysia was performed based on elemental 
ratios C/N, H/C and O/C ratios as well as 
humification indices derived from FTIR 
analysis. The spatial distribution of the 
humification degree was mapped using GIS. The 
study established several important findings:  

i. The C/N ratio of the forest peat was 
notably lower than that of the oil palm 
plantation when comparing Sebungan 
Estate with Sabaju Forest and ASPA 
Estate with Pekan Forest. The variation 
in the C/N ratio reflects changes in both 
carbon and nitrogen contents. A lower 
C/N ratio means there is either less 
carbon, more nitrogen, or both in the 
sample. This suggests that the lower C/N 
ratio in forest peat may be associated 
with higher nitrogen accumulation 
relative to carbon. 

ii. The humification degrees determined 
using the C/N ratio and indices of FTIR-
spectroscopy contradicted each other. 
The FTIR humification indices 
demonstrated that plantation peat was 
more humified than forest peat, which 
was expected due to accelerated 
oxidation. However, the C/N ratio 
suggested the reverse. 

iii. The unexpected humification degree of 
plantation and forest peat, as interpreted 
based on the C/N ratio, may result from 
altered nitrogen-cycling processes in the 
plantation peat, making the nitrogen 
content incomparable. The study 
suggests that the C/N ratio can only be 
used as an index of humification degree 
when the nitrogen dynamics of the 
samples are comparable. In addition, the 
H/C and O/C ratios did not differ 
significantly between land uses, further 
supporting the interpretation that land-
use impacts are more specific to nitrogen 
dynamics. 

iv. The heterogeneity in peat humification 
degree is influenced by factors beyond 
moisture, as the surface peat often 
exhibits greater variability that may be 
attributed to plantation management 
practices. 
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