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A B S T R A C T

Oil palm is commonly replanted once reaching the end of its productive lifespan. This cyclical 
planting practice in oil palm plantations could have long-term implications for the humification 
and properties of tropical peat soil. This study aimed to investigate the changes observed across 
successive generations of oil palm plantations in Sarawak, Malaysia. Fourier Transform Infrared 
Spectroscopy (FTIR) was applied to examine the quality of the Soil Organic Matter (SOM), spe-
cifically the functional groups, humification index, Hydrophobicity Index (HI), and Degree of 
Degradation (DDI). Overall, the peat humification trend was in the order of 2nd Gen > Forest 
>1st Gen. The higher presence of recalcitrant compounds of lignin in the soil was attributed to the 
higher HI and lower DDI in the 2nd Gen. The relationship between the Pyrophosphate Solubility 
Index (PSI) and the humification index further revealed a significant increase in the relative 
abundance of humic substances with the maturity of degraded organic matter. These findings 
suggest a notable transition, implicating a shift towards a more stable form of SOM over the long- 
term utilization of tropical peatland for oil palm plantations. This is characterised by a significant 
increase in the relative abundance of aromatic, phenolic, and carboxylic functional groups. The 
study also highlights the need for further research on the linkage between these changes and 
greenhouse gas emissions to enhance our understanding of the long-term biogeochemical cycle of 
oil palm on tropical peatlands.

1. Introduction

Tropical peatlands cover an area of approximately 60 million hectares (ha.) globally, with 25 million ha. of this total area located in 
Southeast Asia [1,2]. In Malaysia, tropical peatlands cover close to 2.6 million ha.; Sarawak holds the majority of this (69.1 %), 
followed by Peninsular Malaysia (26.1 %) and Sabah (4.76 %) [3]. Tropical peat soils naturally consist mainly of slightly decomposed 
rainforest tree remains, such as branches, roots, leaves, and trunks, which have accumulated over thousands of years [4–6]. Thus, they 
exhibit low Bulk Density (BD) and high porosity, with chemical characteristics including low pH, high organic matter content, low base 
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saturation, and low nutrient content [7].
Oil palm (Elaeis guineensis) is one of the most extensively cultivated oil crops in the tropical region [8]. The planted area of oil palm 

on tropical peatland witnessed a steady increase from the 1990s to the early 2000s, propelled by the Malaysian government’s en-
deavours to enhance the economic prospects of the nation [8,9]. However, in recent years, the expansion has experienced a plateau 
prompted by the government shift in policy prioritising the enhancement of agricultural productivity and sustainability [8,10]. 
Nevertheless, a considerable expanse of peatland continues to be agricultural land, with replanting being a regular practice in plan-
tations. As a perennial crop, oil palm trees can potentially produce economically viable yields for around 20–30 years. Subsequently, 
older and unproductive oil palm trees were cut down and replanted with newer oil palm trees to improve the productivity and 
profitability of plantations [11,12]. As most large-scale oil palm plantations began in the mid-1980s, a substantial area of mature oil 
palm trees to be cleared and replanted is expected to increase in the coming years [13,14].

The conversion of tropical peatlands into oil palm plantations entails clearing natural forests and subsequent replanting. This 
process disrupts natural ecosystem functioning and alters the composition and structure of Soil Organic Matter (SOM) within the 
peatland [15]. Microbial processes are expedited by soil oxygen exposure after drainage following peatland conversion, causing the 
decomposition of organic matter and influencing the soil properties such as soil pH, BD, and total nitrogen while diminishing the total 
carbon content [16]. In oil palm planting, agricultural activities such as harvesting, pruning, weeding, and fertilizing on peatlands may 
increase or decrease the SOM, affecting its quantity and quality over time [17–20]. Humification refers to converting SOM into 
recalcitrant organic compounds in a gradual and timely process [21]. The end product of this process is humus, which is highly 
resistant to further decomposition, thus enhancing the soil structure and fertility, water retention capacity, and overall soil health [22]. 
The understanding of the changes in the humification of SOM across successive generations of oil palm planting on tropical peatlands is 
essential for assessing this agricultural practice’s long-term sustainability and environmental implications.

Numerous studies have demonstrated the application of Fourier Transform Infrared Spectroscopy (FTIR) to evaluate the quality and 
composition of SOM [23–25]. FTIR relies on the absorption of infrared light, generating a unique spectral fingerprint that facilitates the 
characterisation of SOM’s chemical composition and structural features. This involves identifying functional groups, such as aromatic, 
aliphatic, phenolic, hydroxylic, carboxyl, and polysaccharide groups [26], eliminating the need for extraction procedures [27,28]. 
According to Pärnpuu et al. [29], the understanding of the functional groups present in the SOM can aid in recognising changes in SOM 
composition caused by various factors such as increased carbon and nitrogen concentration in soil, the addition of biochar or crop 
biomass to the soil and fertilisation. Furthermore, FTIR has been used to ascertain SOM’s hydrophobicity and humification index 
across a wide range of arable soils [25,30,31]. The ratio of aromatic to aliphatic compounds employed by Chefetz et al. [32] and 
Margenot et al. [33] has been instrumental in describing the extent of degradation and revealing variations in SOM composition among 
diverse soils.

Most prior research on tropical peatlands mainly concentrated on the differences between intact forests and fully grown oil palm 
plantations using a binary approach [34–36]. While the impacts of tropical peatland conversion on greenhouse gas emissions and 
climate change have been widely discussed [37–39], there is a paucity of studies explicitly focusing on the changes in humification and 
soil properties across successive generations of oil palm planting on tropical peatlands. The present study aimed to investigate changes 
in humification and properties of tropical peat soil based on the comparison between forests and two generations of oil palm plan-
tation: 1st Gen or newly planted oil palm plantation and 2nd Gen or replanted oil palm plantation in Sarawak, Malaysia. By assessing 
the quality of the SOM, specifically the functional groups, humification index, Hydrophobicity Index (HI), and Degree of Degradation 
(DDI), the impact of long-term oil palm plantations on the quality and stability of SOM can be evaluated. The findings of this study will 

Fig. 1. Location of study sites in Betong, Sarawak, Malaysia.
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contribute to our understanding of the sustainability of oil palm cultivation on tropical peatlands and provide insights into land 
management practices that balance agricultural productivity with environmental preservation.

2. Materials and methods

2.1. Site description

The study site is in Sarawak, Malaysia (Fig. 1: 01◦ 22′ 29.7948″ N, 111◦ 34′ 41.2716″ E). The regional climate is humid and tropical, 
and the site has an average annual precipitation and air temperature of approximately 2700 mm and 32.6 ◦C, respectively. The soil was 
classified as Histosol (Fibric, Typic) according to World Reference Base for Soil Resources (4th edition) [40]. The study area 
encompassed three sites: a forest reserve area (01◦28′29.61″ N, 111◦19′27.12″ E), a first-generation (newly planted) oil palm plantation 
(1st Gen) (01◦23′31.37″ N; 111◦23′48.26″ E), and a second-generation (replanted) oil palm plantation (2nd Gen) (01◦22′43.66″ N; 
111◦28′01.67″ E). The forest site served as a control, representing the original soil condition before any conversion occurred. All sites 
feature a nearly flat terrain with elevations ranging between 16 and 19 m above sea level. The 1st Gen and 2nd Gen are adjacent to each 
other, while the forest reserve is located approximately 20 km away from the plantation sites. In Sarawak, peatlands exhibit concentric 
forest zones known as phasic communities (PC), including Mixed Peat Swamp, Alan Batu, Alan Bunga, Padang Alan, Padang Selunsur, 
and Padang Keruntum. This forest type is characterized by specific vegetation and peat properties, which influence soil formation and 
characteristics. According to Melling et al. [41], forest types play a crucial role in determining the type of peat formed and significantly 
influence both the biophysical and chemical properties of the peat soil. Our study specifically focused on the Alan Bunga Forest type, 
one of the most prevalent peat forest types in Sarawak [42,43]. The dominant vegetation on the forest site is Shorea spp., whereas on 
the plantation, it is the oil palm crop. The peat depth ranged between 720 and 850 cm at the forest site, 530 and 650 cm at the 1st Gen 
site, and 550–670 cm at the 2nd Gen site. The water table at the forest site during sample collection was − 34.8 cm. In contrast, at the 
plantation site, the water table was observed at − 55 cm at the 1st Gen and − 56.8 cm at the 2nd Gen. The water table at 1st Gen and 2nd 
Gen fall within the typical range for oil palm plantation management, which is typically maintained between − 50 and − 70 cm to 
create optimal conditions for oil palm growth. The differences in water table and peat depth between forest and plantations sites were 
attributed to the establishment of drainage following the conversion of peat forests to oil palm plantations [42,44]. Drainage lowers 
the water table, creating aerobic conditions essential for the growth of oil palm roots in tropical peatland. Microbial processes were 
expedited by soil oxygen exposure leading to the decomposition of peat organic matter and resulting in distinct differences in peat 
depth between forest and plantation sites [16,45,46].

The description of the study sites is presented in Table 1. The 1st Gen, a newly planted oil palm plantation, undergoes the initial 
transition from a forest to an oil palm plantation. The land preparation began in 2017, with the clearance of forest vegetation and the 
ploughing of the ground. The drainage was then built, and mechanical compaction was accomplished with a tracked excavator. A 
groundwater table control was required to ensure adequate water supply for the oil palm throughout prolonged periods of rainfall or 
dry weather. The oil palm planting for the 1st Gen was completed in 2018. Following this, several oil palm management activities such 
as pruning of oil palm fronds, weeding, harvesting and fertilizing were carried out in accordance with the plantation’s requirements. 
The 2nd Gen was the replanted oil palm plantation whereby the mature oil palm from the first generation which were initially planted 
in 2001 had reached the end of their productive lifespan and therefore were cut down and replaced with the new oil palm trees. The 
land clearance of previously planted oil palm was carried out in 2018 followed by the oil palm replanting in 2019. The replanting land 
preparation involved the clear-felling of mature oil palms using heavy machinery whereby the trunks of the felled palms (and oc-
casionally the entire trunk) were shredded into smaller sizes and spread over the soil surface and left decomposed. After 6–12 months, 
preparatory works such as drainage reconstruction, compaction, and watertable control were carried out. Other oil palm management 
activities, such as pruning, weeding, harvesting and fertilization, were carried out in accordance with plantation requirements. In this 
study, at the time of field sampling was conducted, both the 1st Gen and 2nd Gen oil palms trees were of the same age, approximately 3 
years old. Overall, the duration of land use for oil palm plantation spanned for 4 years for the 1st Gen and 22 years for the 2nd Gen from 
the initial land clearance in the first cycle to the field sampling. The fertilizer information of the 1st Gen and 2nd Gen oil palm 
plantations is presented in Table 2. Fertilizers were applied approximately 2 m away from the oil palm trunk. In the 1st Gen, nitrogen 
(N) fertilizers like Urea (UR) and Ammonium Sulphate (AS) were used. The Rock phosphate (RP) and Muriate of potash (MOP) were 
also applied providing Phosphorus (P) and Potassium (K) nutrient, respectively. For the 2nd Gen, compound fertilizers with N-P-K- 
MgO composition such as CPD 55 (15-15-6-4) and CPD 45 (12-12-17-2) were utilized. Other fertilizers such as Copper (Cu), Zinc (Zn), 
and Boron (B) were also applied in both oil palm plantation as indicated in Table 2.

Table 1 
Description of the study sites.

Stages LC OP FS Oil Palm Age at FS Time span

1st Cycle 2nd Cycle 1st Cycle 2nd Cycle

Forest – – – – 2021 – 0
1st Gen 2017 – 2018 – 2021 3 4
2nd Gen 2000 2018 2001 2019 2022 3 22

* LC: Land Clearance; OP: Oil Palm Planting; FS: Field Sampling.
**Time span calculated from 1st Cycle of Land Clearance to the year of Field Sampling.
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2.2. Peat soil sampling

Field sampling was conducted in June 2021 for Forest and 1st Gen., and in January 2022 for 2nd Gen. Soil samples were collected 
using a peat auger (Eijkelkamp, Netherlands). Prior to field sampling, the headpiece of the auger was sterilised by wiping down the 
blades with 70 % ethanol. Samples were collected from depths of 0–50 cm. The peat soil samples taken from this depth represented the 
soil above the water table level in an oil palm plantation, which was generally controlled between 50 and 70 cm depth. At the forest 
site, samples were taken randomly at five points whereas at the 1st and 2nd Gen, samples were taken randomly at 5 points of the 
interrow management zone in the oil palm plantation with three replications for each point. The oil palm plantation was divided into 
several management zones: the weed circle, frond stack, harvesting path, and interrow zone (Fig. 2). The weed circle, a weed-free area 
around the oil palm tree, was essential for applying inorganic fertilizers. The frond stack area, located between the palms, was covered 
with pruned oil palm fronds providing organic nutrient input and facilitating nutrient cycling back into the soil. The harvesting path 
served as the primary access route for oil palm management activities, frequently used by heavy equipment such as tractors. The soil 
was sampled from the interrow zone, an area between the rows of the oil palm trees as it was influenced by both inorganic fertilization 
and the organic decomposition of nutrient-rich fronds from the nearby weed circle and frond stack areas. This area also experiences 
minimal interference from the movement of heavy equipment compared to the harvesting path. Approximately 2 kg of soil samples 
were collected at each site. These soil samples were put into labelled polyethylene bags according to their respective sites and the air 
inside the bag was eliminated as much as possible. Correspondingly, soil samples were air-dried, sieved (<2 mm), and stored at 4ᐤC 
before analysis.

2.3. Peat soil chemical analysis

Soil pH was determined by weighing 5.0 g of air-dried soil samples into a 50 ml tube containing 12.5 ml of Ultrapure Water (UPW) 
based on a 2:5 (w/v) soil-to-water ratio. The solution was shaken using an orbital shaker at 300 rpm for 1 h before it was left overnight 
to allow the suspension to settle and form an aqueous layer. The pH of the soil-water suspension was measured using a pH meter 

Table 2 
Fertiliser information of the 1st Gen and 2nd Gen oil palm plantation.

Fertiliser Type 1st Gen (kg palm− 1 year− 1) 2nd Gen (kg palm− 1 year− 1)

UR 0.5–1.5 N.A.
AS 1.0–2.0 N.A.
CPD 55 N.A. 0.5–1.0
CPD 45 N.A. 1.0–2.0
RP 2.0–3.0 N.A.
MOP 1.5–2.5 N.A.
Dolomite N.A 1.0–2.0
Cu 0.1–0.2 0.1–0.2
Zn 0.1–0.2 0.1–0.2
B 0.1–0.2 0.1–0.2

* UR: Urea; AS: Ammonium sulphate; CPD 55: NPK-MgO compound fertilizer 15-15-6-4; CPD 45; NPK-MgO compound 
fertilizer 12-12-17-2; RP: Rock phosphate; MOP: Muriate of potash; Cu: Copper; Zn: Zinc; B: Borate. All values are in 
kilogram (kg).

Fig. 2. Layout of the oil palm plantation management zone.
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(Metrohm 827; Metrohm, Switzerland). Ash content was obtained from the mass change during the combustion of 1–2 g of dry soil 
using a thermogravimetric analyser (LECO TGA701, LECO Corporation, San Jose, MI, USA). The degree of humification was deter-
mined based on the Pyrophosphate Solubility Index (PSI) measured using an Ultraviolet–Visible Spectrometer (UV/VIS Lambda 25, 
PerkinElmer, USA). This method is a calorimetric estimation of the degree of humification of organic soil by measuring the colour 
intensity of an extract obtained by treating the peat sample with sodium pyrophosphate solution, which is able to extract dark-coloured 
substances quantitatively [47,48]. The Cation Exchange Capacity (CEC) was measured using the ammonium acetate method at pH 7.0, 
as described by Chapman [49]. It was subsequently analysed with inductively coupled plasma-optical spectroscopy (Optima 7300DV, 
PerkinElmer, USA). The total Carbon (C) and total nitrogen (N) contents were determined using a TruMac CN analyser (Leco, USA). 
Total Phosphorus (P), Potassium (K), Calcium (Ca), Magnesium (Mg), Copper (Cu), and Zinc (Zn) were measured using Inductively 
Coupled Plasma-Optical Emission Spectrometry (ICP-OES) (Agilent 5800, Agilent Technologies, USA). Soil BD was determined from a 
peat core sample collected from a depth of 0–50 cm using a peat auger (Eijkelkamp, The Netherlands). The core segment was weighed 
before and after oven drying at 105 ◦C for 48 h to calculate BD based on the following formula: 

Soil BD
(
g cm− 3)=

Soil Dry Weight (g)
Soil Sample Volume (cm3)

(1) 

2.4. Spectra of soil samples

The spectra of the soil samples were obtained using an Attenuated Total Reflectance - Fourier Transform Infrared (ATR-FTIR) 
spectrometer equipped with a diamond crystal (Cary 630, Agilent Technologies, USA). All the spectra were collected at 32 scans with a 
resolution of 4 cm− 1 in the range of 4000–650 cm− 1. Correspondingly, the ATR crystals were cleaned with anhydrous ethanol between 
the samples. The spectrum of each sample was ratioed against a fresh background spectrum recorded from the bare ATR crystal and 
replicated thrice. The peak intensity (by height) was recorded to assess the magnitude of infrared absorption of the selected peaks. The 
recorded absorption bands were assigned to organic carbon (Table 3).

2.5. Humification index

FTIR was employed to assess variations in humification with depth by examining the relative presence of resilient moieties, such as 
aromatic, phenolic, and carboxylate compounds. This is in comparison with the abundance of more labile fractions, such as carbo-
hydrates [51]. The ratios of 1620/1030 (aromatic C=C or COO-/polysaccharides), 1420/1030 (OH deformation and CO stretch of 
phenols), and 1710/1030 (carboxyl C=O and aromatic esters/polysaccharides) were calculated as the humification index [50].

2.6. Hydrophobicity Index

The HI, or SOM repellence, was determined by calculating the ratio of hydrophobic to hydrophilic functional groups [29,52]. The 
hydrophobic to hydrophilic ratio signifies the presence of (C-H) groups relative to those of the (C=O) group of the peat substrate; thus, 
hydrophobic and hydrophilic functional groups were estimated using ratio intensities of (2850 + 2920 cm− 1) (aliphatic)/1620 cm− 1 

(aromatic). According to Heller et al. [53], a high HI suggests a certain level of SOM protection against microbial degradation.

2.7. Degree of Degradation

The degradation of SOM has traditionally been measured by the proportion of hydrophilic compounds to the combined aliphatic 
compounds (hydrophobic) [29,32]. As a result, the peak intensity at 1620 cm− 1, representing the hydrophilic aromatic components, 
was divided by the total (2850 + 2920 cm− 1) (aliphatic) to determine the DDI of SOM.

2.8. Statistical analysis

All analyses were performed using Rstudio software (Version April 1, 1106) (R Core Team, 2021) and all data were tested for 
normality using the Shapiro–Wilk test. For the normally distributed data, analysis of variance (ANOVA) was used to test for significant 
differences, followed by post hoc Tukey’s HSD test using the ‘aov’ and ‘TukeyHSD’ functions while for the non-normally distributed 

Table 3 
Peak positions in the FTIR spectra reported in the literature and their proposed assignments [29,50,51].

Peak Name Wavenumber (cm− 1) Assignments/Characteristics

Hydroxyl 3310 O-H vibration of hydroxyl groups
Aliphatic 2850, 2920 Symmetric and asymmetric stretching of aliphatic C-H
Carboxyl 1710 Carbonylic and carboxylic C=O
Aromatic 1620 Aromatic C=C and COO−

Amide 1510 Aromatic C=C or C=O of amides
Phenolic 1420 O-H deformation and CO stretch of phenols
Polysaccharide 1030 C-O stretching of polysaccharidic structures
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data the Kruskal-Wallis test was utilized. The Pearson correlation and linear regression were used to describe the relationship between 
humification levels with PSI values and soil properties. The differences were considered statistically significant at P < 0.05. The 
relationship between soil properties at different sites was visualized using principal component analysis (PCA).

3. Results

3.1. Soil properties

The significant differences in soil properties are shown in Table 4. The selected soil properties and macro- and micronutrients of the 
peat soils at each site are presented in Fig. 3(a–f) and 4 (a-h). The soil pH was not significantly different (P > 0.05) between the sites 
(Table 4, Fig. 3(a)). BD, CEC, PSI, and CN ratios were significantly higher (P < 0.05) in the 2nd Gen compared to the Forest and 1st Gen 
(Table 4, Fig. 3(b–d-f)). In contrast, ash content was significantly higher (P < 0.05) in the 1st Gen than in the Forest and 2nd Gen 
(Table 4, Fig. 3 (c)).

Total C content was significantly higher (P < 0.05) in the Forest and 2nd Gen compared to the 1st Gen (Table 4, Fig. 4 (a)). In 
comparison, the total N content was significantly higher (P < 0.05) in the 1st Gen than in the Forest and 2nd Gen (Table 4, Fig. 4 (b)). 
Total P and Mg contents were significantly lower (P < 0.05) in the 2nd Gen than in the Forest and 1st Gen (Table 4, Fig. 4(c–f)). In 
contrast, total K, Ca, Cu, and Zn were significantly higher (P < 0.05) in 2nd Gen than in the Forest and 1st Gen (Table 4, Fig. 4 (d–e, g- 
h)).

3.2. Principal component analysis (PCA)

The PCA results illustrated a clustering between the soils at different sites in response to their distinct soil physicochemical 
properties (Fig. 5). The first principal component, PC1 (x-axis), explained 52.4 % of the total variation in the soil physicochemical 
properties at different sites and separated the 2nd Gen from Forest and 1st Gen. The variables that contributed significantly to the 
discriminatory power of PC1 included PSI, BD, CEC, CN ratio, and macro- and micronutrients, such as total K, total Ca, total Cu, and 
total Zn. The second principal component, PC2 (y-axis), explained 15.8 % of the total variation and distinguished the forest and 1st Gen 
from the 2nd Gen. The variable scores associated with PC2 included the ash content, total C, total N, total P, and total Mg.

3.3. Correlation between PSI and soil properties

The correlation between PSI and soil properties is presented in Table 5. A significant positive correlation was observed between PSI 
and pH, BD, CEC, CN ratio, total K, Ca, Cu, and Zn (P < 0.05) (Table 5). Additionally, a significant negative correlation was observed 
between PSI and total N, P, and Mg (P < 0.05) (Table 5). PSI was also observed to be negatively correlated with ash content and 
positively correlated with total C. However, the correlation was not statistically significant (P > 0.05) (Table 5).

3.4. Spectra of soil samples

The spectra of the functional groups present in the soils of the study sites are presented in Fig. 6. Common major absorptions were 
observed in all spectra. General characteristics include a broad and intense band at 3310 cm− 1 (Fig. 6, Table 3), which is generally 
attributed to the hydrogen-bonded hydroxyl (O-H) stretch. Distinct peaks ascribed to aliphatic CH stretching vibrations were observed 
at 2920 and 2850 cm− 1 (Fig. 6, Table 3). Spectral band vibrations indicative of carboxylates, which include the contribution of ar-
omatic (C=C) and aliphatic carboxylates (R-COO-), were present at 1620 cm− 1 and 1710 cm− 1 (Fig. 6, Table 3). Additionally, a 

Table 4 
Significant differences in soil properties (n=45).

Soil properties F p-value

pH 2.962 0.063
Bulk Density (g cm− 3) 34.120 0.000b

Ash content (%) 32.420 0.020a

CEC 9.298 0.002b

C/N Ratio 50.828 0.000b

PSI 65.094 0.000b

Total C (g kg− 1) 23.308 0.000b

Total N (g kg− 1) 61.314 0.035b

Total P (mg kg− 1) 20.275 0.001b

Total K (mg kg− 1) 16.980 0.001b

Total Ca (mg kg− 1) 46.439 0.040a

Total Mg (mg kg− 1) 25.724 0.050a

Total Cu (mg kg− 1) 90.248 0.000b

Total Zn (mg kg− 1) 180.185 0.000b

a P < 0.05.
b P < 0.01.
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decrease in polysaccharide markers at 1030 cm− 1 and a relative increase in aromatic C=C or C=O of amide and O-H deformation of the 
phenolic group at 1510 cm− 1 and 1420 cm− 1 were observed at the 2nd Gen (Fig. 6, Table 3). A higher aromatic composition in the 2nd 
Gen indicated the primary outcome of humification (Fig. 7).

The organic matter characteristics of soil samples from different sites are shown in Table 6. Higher humification indexes of (A1620/ 
A1030), (A1420/A1030), and (A1710/A1030) were observed at 2nd Gen followed by the forest and 1st Gen. HI was also higher at 2nd Gen 
followed by the forest and 1st Gen. In contrast, DDI was higher at 1st Gen compared to the forest and 2nd Gen. Consequently, linear 
regression analysis showed a positive relationship between PSI and the humification indexes of (A1620/A1030), (A1420/A1030), and 
(A1710/A1030) (Fig. 8(a–c)).

4. Discussion

4.1. Changes in the peat soil properties

The soil humification degree, as reflected by the PSI [47], was higher at the 2nd Gen, followed by the forest and 1st Gen soil. These 
results suggest that the plant residues were more degraded, and the soil nutritional status was higher in the 2nd Gen. After the initial 
land clearance at the 1st Gen, the accumulation of oil palm biomass, such as frond and leaflet residues, occurred within the top layer of 
soil due to pruning and mulching activities [54]. According to Elias et al. [55], oil palm litter decomposed approximately 40 % faster 
than all forest litter, as the litter had the highest foliar P concentrations and lowest lignin to N ratios. The gradual decomposition of oil 
palm biomass over time, starting from the 1st Gen to the 2nd Gen, leads to higher humification and is attributed to the higher PSI in the 
2nd Gen [56].

Fig. 3. Soil pH (a), bulk density (b), ash content (c), CEC (d), CN ratio (e), and PSI (f) values according to the site, with the vertical bar indicating 
the Standard Deviation (SD). Note that different letters indicate significant differences (P < 0.05).
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BD was higher at 2nd Gen, probably due to the increased compaction frequency following conversion to oil palm plantation and 
subsequently following oil palm replanting. During conversion to oil palm plantation, tropical peatlands are generally compacted by 
heavy machinery to increase the BD and provide better root anchorage to reduce leaning problems for oil palm on peat. The soil 
particles were consolidated during mechanical compaction, and the total porosity decreased, leading to a high capillary rise and 
increased soil moisture content and water retention [57,58]. Furthermore, higher soil humification in the 2nd Gen may reduce soil 
particle size, potentially promoting higher soil BD following mechanical compaction [59].

When peat soils have higher water retention, it increases the mobility of ions within the soil matrix, where ions are more readily 
exchanged between the soil particles and surrounding solution, and increases the CEC [60]. Higher CEC in 2nd Gen leads to enhanced 
retention of many positively charged elements in the soil, as observed in this study for K, Ca, Cu, and Zn. The increase in these 

Fig. 4. Means of soil macro- and micronutrients (a)–(h) according to the site, with the vertical bar indicating the Standard Deviation (SD). Different 
letters indicate significant differences (P < 0.05).
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properties is also visualized in the PCA, which separated the 2nd Gen from the forest and the 1st Gen. Furthermore, a higher proportion 
of positively charged elements might increase cationic competition and contribute to a decrease in the presence of other positively 
charged elements in the soil. Mg was significantly lower in the 2nd Gen, which indicated that cationic competition exists between Ca2+

and K+ with Mg2+, causing a decrease in the concentration of Mg in the 2nd Gen soil [61].
The forest soil exhibited the highest total C content, likely attributed to the input of organic matter predominantly derived from 

aboveground and belowground litter [62,63]. Total C was higher in 2nd Gen compared to 1st Gen, possibly contributing to root 
exudates and root turnover over time and the long-term decomposition of oil palm biomass [55,64]. The oil palm replanting of 2nd Gen 
involved the clear-felling of oil palm trees by heavy machinery [65]. The boles of the felled palms (and sometimes the trunk) are then 
shredded and distributed on the soil surface where the young oil palms are replanted [9]. Thus, the decomposition of the 
palm-shredded plant litter during the clear-felling process during replanting may also influenced the higher total C in the soil at 2nd 
Gen compared to the 1st Gen.

On the contrary, total N and P were significantly higher at 1st Gen soil. The lower BD and higher porosity in 1st Gen increase N 
leaching losses, causing a higher build-up of residual N within a shorter time [66]. A lower CN ratio at 1st Gen soil indicates more 
evidence of a relatively high proportion of N in the soil. The higher amount of N in the soil may increase phosphatase enzyme activity 
and mineralisation rate and, subsequently, increase total P in the soil [67]. As the oil palm matures and develops a more established 
root system, more N could be taken by the oil palm [68], causing lower N concentration in the soil over time as observed at 2nd Gen. 
Besides, the mobile NO3

− in soil solution is susceptible to nitrogen leaching losses which likely to occur during oil palm replanting in the 
clear-felling process and re-construction of drainage, resulting in the decrease of total N at the 2nd Gen [69].

Fig. 5. Principal Component Analysis (PCA) biplot of the relationship between soil properties, where the clusters correspond to different sites. Soil 
physicochemical properties are indicated in the text, and arrow lengths indicate the strength of the relationship.

Table 5 
Pearson’s correlation test of PSI with soil properties 
(n=45).

Soil Properties PSI

pH 0.542b

Bulk Density (g cm− 3) 0.876b

Ash content (%) − 0.293
CEC 0.738b

CN Ratio 0.707b

Total C (g kg− 1) 0.277
Total N (g kg− 1) − 0.877b

Total P (mg kg− 1) − 0.725b

Total K (mg kg− 1) 0.614b

Total Ca (mg kg− 1) 0.331a

Total Mg (mg kg− 1) − 0.644b

Total Cu (mg kg− 1) 0.716b

Total Zn (mg kg− 1) 0.947b

a P < 0.05.
b P < 0.01.
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4.2. Functional groups and SOM composition

In general, the absorbance of functional groups was comparable among soils from different sites. However, they differed in the 
analysis of peak intensity (specifically, the height of specific peaks). The absorbance at 3310 cm− 1 originated from stretching the O-H 
groups of clay minerals [70] and is mainly influenced by the clay content [71]. A decrease in polysaccharide content and a relative 

Fig. 6. FTIR spectra on components presented at Forest, 1st Gen, and 2nd Gen.

Fig. 7. Composition of the components in the FTIR spectra.

Table 6 
(Means ± SE) of organic matter characteristics of soil samples from different sites.

Site Humification Index(A1620/A1030) Humification Index(A1420/A1030) Humification Index(A1710/A1030) HI DDI

Forest 1.20 ± 0.032 0.88 ± 0.017 0.58 ± 0.015 1.05 ± 0.009 0.95 ± 0.008
1st Gen 1.11 ± 0.042 0.85 ± 0.026 0.54 ± 0.017 0.88 ± 0.019 1.13 ± 0.023
2nd Gen 1.36 ± 0.045 1.32 ± 0.064 0.86 ± 0.032 1.14 ± 0.033 0.87 ± 0.024

* HI: Hydrophobicity Index; DDI: Degree of degradation.
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increase in aromatic, phenolic, and carboxylic spectra at 2nd Gen suggested the highest humification among the sites [25]. As hu-
mification advances, the humic matter is typically enriched with aromatic and carboxylic characteristics, indicative of more persistent 
lignin moieties over polysaccharides [72]. Higher aliphatic methyl and methylene groups attributed to changes in the molecular 
structure of the alkyl groups, indicating a transformation of the organic matter from a simpler form to a more resistant aliphatic methyl 
and methylene group. The 2nd Gen and forest exhibited higher aliphatic methyl and methylene groups, suggesting an increase in the 
decomposition of more easily degradable carbohydrates as compared to the 1st Gen.

Fig. 8. Linear regression of the relationship between PSI and humification index of (A1620/A1030) (a), (A1420/A1030) (b), and (A1710/A1030) (c).
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The lower HI observed at the 1st Gen soil can be ascribed to the increased microbial activity under aerobic conditions, leading to an 
elevated C=O group content and the subsequent formation of stable microbial carbohydrates [32]. The forest demonstrated greater HI 
than the 1st Gen, which was attributed to the long-term additional organic matter input from litter falls, tree debris, and the deep root 
system of the plants in the forest. In the 2nd Gen, higher HI resulted from organic matter input, specifically from the oil palm-shredded 
plant litter during the clear-felling process and over the long-term accumulation of oil palm biomass. According to Kalbitz et al. [73], 
this additional organic matter input contributes to the higher aromatic and lignin-derived compounds of organic matter, which ex-
plains the higher HI exhibited at 2nd Gen and forest soil. Likewise, the 2nd Gen exhibited a relatively higher humification index of the 
aromatic/polysaccharide component ratio (A1620/A1030), signifying a pronounced aromatic compound attribute [72]. Aromatic 
compounds contain benzene rings or similar structures, although generally indicate hydrophobic groups, can show hydrophilic 
properties if they are conjugated with C=O groups [29,52].

A positive correlation (R2 = 0.59, p < 0.05), (R2 = 0.83, p < 0.05), and (R2 = 0.0.84, p < 0.05) between PSI and the humification 
index of the aromatic/polysaccharide component ratio (A1620/A1030), phenolic/polysaccharide component ratio (A1420/A1030), and 
carboxylic/polysaccharide component ratio (A1710/A1030) suggested that the relative abundance of humic substances increased with 
the maturity of degraded organic matter. Essentially, humification occurs in two stages. The initial process entailed microbial 
degradation, which breaks down simpler organic substances into smaller ones, followed by the transformation into a stable humic 
substance that withstands further degradation and gradually accumulates in soil over time [74]. The extent of degradation was more 
pronounced in the 1st Gen, followed by the forest and 2nd Gen, possibly due to more favourable degradation conditions driven by the 
enhanced aerobic decomposition of phenolics and lignin [27,75]. The long-term accumulation of organic matter input counterbalances 
the effect, resulting in lower DDI in the 2nd Gen compared to the 1st Gen soil.

5. Conclusion

Our findings suggest that successive generations of oil palm planting have varying effects on the humification and the properties of 
tropical peat soils. Specifically, the soil from 2nd Gen soil exhibited the highest level of humification, as indicated by the PSI, which 
also impacted BD, CN ratio, CEC, and the availability of micro- and macronutrients such as total K, Ca, Cu, and Zn in the soil. Overall, 
the peat humification trend was in the order 2nd Gen > Forest >1st Gen. The increased presence of resistant lignin compounds in the 
soil was associated with the higher HI and lowered DDI observed in the 2nd Gen. Additionally, the relationship between PSI and 
humification indexes revealed a significant increase in the relative abundance of humic substances with maturity of degraded organic 
matter. These findings imply a significant transition towards a more stable form of SOM over the long-term utilization of tropical 
peatland, marked by significant increase in the relative abundance of aromatic, phenolic and carboxylic groups. Further research is 
needed to understand the linkage between these changes and greenhouse gas emissions, enhancing our understanding of the long-term 
biogeochemical cycle of oil palm on tropical peatlands. The implications of these findings underscore the importance of sustainable 
land management practices in oil palm plantations for both environmental preservation and agricultural productivity. It is important 
to note that this study did not measure peat soil subsidence, which is a known phenomenon in cultivated peatlands and can provide 
valuable insights into peat decomposition rates. Subsequent studies should also consider incorporating measurements of peat subsi-
dence to provide a more comprehensive understanding of the physical changes occurring in these ecosystems. While the 3-year period 
since replanting in the 2nd Gen may be relatively short for observing some long-term soil composition changes, it provides valuable 
insights into the immediate effects of the replanting process and the cumulative impact of long-term oil palm cultivation on tropical 
peatlands. Longer-term monitoring of replanted areas should be considered to capture the full trajectory of soil property changes across 
multiple oil palm cultivation cycles.
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[19] L.W. Szajdak, A. Jezierski, K. Wegner, T. Meysner, M. Szczepański, Influence of drainage on peat organic matter: implications for development, stability, and 

transformation, Molecules 25 (11) (2020 Jun 2) 2587.
[20] K.F. Darras, M.D. Corre, G. Formaglio, A. Tjoa, A. Potapov, F. Brambach, K.T. Sibhatu, I. Grass, A.A. Rubiano, D. Buchori, J. Drescher, Reducing fertilizer and 

avoiding herbicides in oil palm plantations—ecological and economic valuations, Frontiers in Forests and Global Change 2 (2019 Nov 5) 65.
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