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INTRODUCTION

Oil palm plantations generate substantial vol-
umes of palm oil mill effluent (POME), a nutri-
ent-rich organic by-product resulting from the 
wet processing of fresh fruit bunches. POME is 
widely recognized as one of the most challenging 
waste streams in the palm oil industry due to its 
high organic load and nutrient content, but it also 
represents a significant opportunity for resource 
recovery and circular bioeconomy applications 

(Imam et al., 2025; Loh et al., 2019). Among the 
various fractions of POME, suspended solids 
(POME sludge) contain high concentrations of 
organic carbon, nitrogen, phosphorus, potassium, 
and essential micronutrients, as well as humic-
like substances and partially decomposed organic 
compounds (Mutar et al., 2025). These constitu-
ents impart favorable physicochemical properties, 
including high cation exchange capacity, buffer-
ing potential, and water-holding capacity, posi-
tioning POME suspended solids as a promising 
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organic soil amendment within tropical plantation 
systems (Loh et al., 2019; Ngone et al., 2023). 

From an ecological engineering perspective, 
the utilization of POME suspended solids rep-
resents a strategic approach to transforming an 
environmental liability into a functional resource 
that supports soil rehabilitation, nutrient cycling, 
and sustainable plantation management (Imam 
et al., 2025; Yusuf et al., 2025). The valorization 
of POME aligns with sustainability goals by re-
ducing waste discharge, minimizing reliance on 
synthetic fertilizers, and enhancing ecosystem 
services within oil palm agroecosystems (Yusuf 
et al., 2025).

This potential is particularly relevant in 
Southeast Asia, where oil palm cultivation is 
predominantly established on highly weathered 
tropical soils that are inherently constrained by 
low organic matter content, limited nutrient re-
tention, high leaching losses, and weak aggregate 
stability (Boafo et al., 2020; Comte et al., 2013). 
Such soils often exhibit rapid nutrient depletion 
following mineral fertilizer application, leading 
to inefficient nutrient use and inconsistent early 
growth of young oil palm. Organic amendments 
derived from POME suspended solids may miti-
gate these limitations by increasing soil organic 
carbon pools, enhancing nutrient sorption capac-
ity, and improving soil structure, thereby creat-
ing a more favorable rhizosphere environment for 
root development and nutrient acquisition (Lisan 
et al., 2025; Ngone et al., 2023).

Beyond direct nutrient supply, POME sus-
pended solids may exert indirect effects on plant 
performance through their influence on soil bio-
logical activity and biogeochemical processes. 
The addition of organic substrates can stimulate 
microbial biomass and enzymatic activity, accel-
erating nutrient mineralization while simultane-
ously promoting microbial immobilization that 
moderates nutrient release (Sanches et al., 2024). 
This dual function contributes to a more synchro-
nized nutrient supply relative to plant demand, 
which is particularly critical during the early 
establishment phase of oil palm (Ngone et al., 
2023). Improved soil biological functioning may 
also enhance the production of plant growth–pro-
moting substances and improve root–microbe 
interactions, further supporting nutrient uptake 
efficiency and physiological stability (Sanches et 
al., 2024; Supriatna et al., 2023).

Plant responses to organic soil condition-
ers are best understood through a combination of 

agronomic, physiological, and biochemical indica-
tors. While growth traits reflect integrated outcomes 
of resource availability, biochemical markers pro-
vide early and sensitive signals of plant functional 
status (Aina et al., 2024; Loh et al., 2019; Schön-
beck et al., 2023). Chlorophyll content is directly 
linked to nitrogen availability and photosynthetic 
capacity, whereas nitrate reductase activity reflects 
the plant’s ability to assimilate inorganic nitro-
gen into organic forms (Chamizo-Ampudia et al., 
2017; Supriatna et al., 2023). Proline accumulation 
and antioxidant enzyme systems play critical roles 
in maintaining cellular homeostasis by mitigating 
oxidative stress associated with fluctuating nutri-
ent and moisture conditions (Ngone et al., 2023; 
Zulfiqar and Ashraf, 2023). Lipid peroxidation, 
quantified as malondialdehyde, serves as an inte-
grative indicator of membrane integrity and stress-
induced damage (Rawat et al., 2021; Sanches et 
al., 2024). Evaluating these parameters together 
allows for a mechanistic interpretation of how sus-
pended solids influence physiological resilience 
and metabolic efficiency.

At the soil level, the effects of POME sus-
pended solids are inherently multivariate and 
interconnected (Tambe et al., 2024). Changes in 
soil pH can modify nutrient solubility and mi-
crobial activity, while increases in organic matter 
influence nutrient retention, moisture dynamics, 
and buffering capacity (Bashir et al., 2021; Wang 
and Kuzyakov, 2024). Complex interactions be-
tween organic matter decomposition, microbial 
transformation, and soil mineral surfaces further 
regulate the availability of nitrogen, phosphorus, 
and potassium. Principal component analysis 
(PCA) offers a powerful tool to disentangle these 
interactions by identifying dominant gradients of 
soil chemical change and highlighting the vari-
ables that most strongly drive shifts in soil fertil-
ity status. Such multivariate insights are essential 
for ecological engineering studies, where system-
level responses are often more informative than 
single-variable comparisons.

Plant tissue nutrient concentrations in leaves, 
fronds, and rachis integrate soil nutrient availabil-
ity over time and provide insight into internal nu-
trient allocation and transport processes (Sharma 
et al., 2025). Differences among these tissues re-
flect both functional specialization and temporal 
dynamics of nutrient storage and remobilization 
in oil palm (Brant and Chen, 2015; Ollivier et 
al., 2017). Linking tissue nutrient data with soil 
chemical properties and physiological indicators 
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enables the identification of nutrient transfer 
pathways and feedback mechanisms within the 
soil–plant continuum. Correlation analyses fur-
ther strengthen this interpretation by revealing 
coordinated responses among soil improvement, 
nutrient uptake, physiological performance, and 
early productivity indicators.

Despite the recognized agronomic and en-
vironmental potential of POME-based organic 
amendments, most previous studies have focused 
on either soil chemical changes or plant growth 
responses in isolation (H et al., 2019; Hau et al., 
2020; Ugwu et al., 2024). Studies in oil palm 
plantation systems, including those reported by 
Rahman et al. (2021), have demonstrated that 
residue management and POME application can 
enhance soil fertility and yield performance; 
however, these studies have generally relied on 
liquid POME fractions, as also noted by Loh et 
al. (2021), and have paid limited attention to plant 
physiological functioning. Integrated evaluations 
of agronomic performance, biochemical physi-
ology, soil chemical dynamics, and plant tissue 
nutrient status remain relatively scarce, thereby 
constraining mechanistic understanding of how 
POME suspended solids regulate physiological 
resilience and metabolic efficiency at the planta-
tion scale. This study addresses this gap by ex-
plicitly positioning plant physiological perfor-
mance as the primary response variable and by 
evaluating POME suspended solids, a carbon- 
and nutrient-rich fraction that remains underex-
plored in oil palm plantation systems.

Therefore, this study aims to provide a compre-
hensive and integrated evaluation of the effects of 
POME suspended solids on oil palm growth, physi-
ological performance, and soil chemical quality. By 
combining agronomic measurements, biochemical 
indicators, multivariate soil analysis, and correla-
tion-based interpretation, this research seeks to ad-
vance the ecological engineering understanding of 
waste-derived organic amendments and to support 
the sustainable valorization of POME suspended 
solids in oil palm plantation ecosystems.

MATERIAL AND METHOD

Site description

This research was conducted at PT Bumitama 
Gunajaya Agro (BGA), Cempaga Hulu District, 
East Kotawaringin Regency, Central Kalimantan 

(-1.9940292214449042, 113.07367047068779), 
from June 2024 to March 2025. The study area 
has a tropical climate with an annual rainfall of 
2500–3000 mm, an average humidity of 89%, 
and a mean temperature of 27 °C. 

Experimental design

The experiment was arranged using a ran-
domized complete block design (RCBD) with 
two treatment levels: (1) application of suspend-
ed solid organic fertilizer at a rate of 25 kg per 
plant, and (2) a control treatment without organic 
fertilizer. The selected application rate of 25 kg 
plant⁻¹ follows the dosage used by Adiprasetyo et 
al. (2014), who reported that this rate represents 
a practical and agronomically relevant level of oil 
palm biomass application for enhancing soil fer-
tility. Accordingly, the use of a single application 
rate of 25 kg plant⁻¹ in the present study aimed to 
evaluate the functional soil-plant response under 
realistic field conditions and support sustainable 
nutrient management practices. The uniformity 
of the chemical composition of the POME solid 
suspension was ensured through mechanical mix-
ing using an excavator before field application, 
allowing for a homogeneous distribution of the 
material across the treated plots. To eliminate the 
confounding effects of nutrient availability, both 
treatments received identical rates of inorganic 
fertilizers (urea, triple superphosphate, and potas-
sium chloride) following the company’s standard 
fertilization protocol. Each treatment was applied 
to a 30-ha plantation area. Within each treatment 
area, three replicate blocks were randomly estab-
lished to account for spatial heterogeneity in soil 
and site conditions. From each block, ten repre-
sentative oil palm plants were selected as experi-
mental units for agronomic, biochemical, and soil 
analyses. The mean value of the sampled plants 
within each block was used for statistical evalu-
ation, ensuring independence among replicates 
and reducing within-block variability.

Data collection

Data collected included agronomic parame-
ters, plant biochemical responses, plant tissue el-
ement content, and soil chemical properties. Ag-
ronomic parameters observed were plant height, 
number of leaves, stem diameter, and number of 
female inflorescences. Biochemical parameters 
included chlorophyll content, proline, superoxide 
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dismutase (SOD), peroxidase (POD), malondial-
dehyde (MDA), nitrate reductase activity (ANR), 
and catalase (CAT) enzyme activity. Observa-
tions were conducted six months after fertilizer 
application to assess the detailed effects on both 
soil and plant systems.

Determination of biochemical activity

Fresh leaves were washed thoroughly under 
running water, air-dried, and cut into small piec-
es. Approximately 5–10 g of leaf tissue was ho-
mogenized in liquid nitrogen using a mortar and 
pestle or blender together with extraction buffer 
(50–100 mM sodium phosphate, pH 7.0) at a ratio 
of 1:4 to 1:5 (w/v). The homogenate was filtered 
through Whatman filter paper, and the filtrate was 
centrifuged at 10,000–12,000 rpm for 15–20 min 
at 4 °C. The resulting supernatant was collected 
and used as the crude enzyme extract for bio-
chemical analyses.

CAT activity was determined in a reaction 
mixture containing 100 μL of crude extract, 30 
mM hydrogen peroxide, and 100 mM sodium 
phosphate buffer (pH 7.0), adjusted to a final 
volume of 3.0 mL. The decline in absorbance at 
240 nm was monitored for 1 min using a spec-
trophotometer, with a blank lacking enzyme ex-
tract. One unit of CAT activity was defined as a 
decrease in absorbance of 0.001 min⁻¹ (Hadwan 
and Abed, 2016).

POD activity was assayed by mixing 500 μL 
of crude extract with 5 mM hydrogen peroxide, 
5 mM 4-methylcatechol, and sodium phosphate 
buffer (pH 7.0) to a final volume of 3.0 mL. 
Absorbance was measured at 420 nm for 1 min 
against a blank without extract. One unit of POD 
activity was defined as an increase in absorbance 
of 0.001 min⁻¹ (Maehly, 1954).

SOD activity was assessed in a 3.0 mL re-
action mixture containing 50 mM sodium phos-
phate buffer (pH 7.6), 0.1 mM EDTA, 50 mM 
sodium carbonate, 12 mM L-methionine, 50 μM 
NBT, 10 μM riboflavin, and 100 μL crude extract. 
A control without extract served as a reference. 
The mixtures were exposed to white light for 15 
min at room temperature, and absorbance was 
measured at 560 nm. One unit of SOD activity 
was defined as the amount of enzyme required to 
inhibit 50% of NBT photoreduction (Alici and 
Arabaci, 2016).

Proline content was quantified following the 
procedure described by (Bates et al., 1973). Chlo-
rophyll concentration was determined using the 

ethanol extraction method based on Arnon (1949), 
with absorbance measured at wavelengths of 645 
and 663 nm. Lipid peroxidation was quantified 
based on malondialdehyde (MDA) accumulation. 
Approximately 0.2 g of fresh leaf tissue (midrib 
removed) was homogenized with 5 mL of 0.1% 
trichloroacetic acid (TCA). The homogenate was 
centrifuged at 10,000 g for 5 min, and the result-
ing supernatant was mixed with 5 mL of 20% TCA 
containing 0.5% thiobarbituric acid (TBA). The 
mixture was incubated at 95–100 °C for 30 min in 
a water bath and then cooled to room temperature. 
After cooling, samples were centrifuged at 5000 
g for 10 min. Absorbance of the supernatant was 
measured at 523 and 600 nm. MDA content was 
calculated using an extinction coefficient of 1.55 
M⁻¹ cm⁻¹ according to Hodges et al. (1999).

Nitrate reductase activity (NRA) according by 
Evans and Nason, (1953) was assessed in a single 
measurement event. Freshly excised leaf tissues 
were immediately placed in light-impermeable 
plastic tubes containing 5 mL of 0.1 M phosphate 
buffer and incubated in complete darkness for 24 
h. Following this initial incubation, 0.1 mL of 
0.05 M NaNO₃ was added to each tube, and sam-
ples were maintained under dark, ambient labo-
ratory conditions for an additional 2 h. Reaction 
tubes were prepared separately by adding 0.2 mL 
of 1% sulfanilamide and 0.2 mL of 0.02% N-eth-
yl-1-naphthylamine. At the end of the incubation 
period, 0.1 mL of the sample extract was trans-
ferred into the reaction tubes and allowed to stand 
for 10–15 min, during which a characteristic pink 
coloration developed, indicating the presence of 
reduced nitrate. Subsequently, 2.5 mL of distilled 
water was added to adjust the final volume to 3 
mL, followed by thorough mixing. Absorbance of 
the resulting solution was determined at 540 nm 
using a spectrophotometer. NRA was expressed 
as µmol NO₂⁻ g⁻¹ h⁻¹ and calculated as:

	 NRA = AS × A0 × FW × T	 (1)

where:	AS is the absorbance at 540 nm, A0 is the 
absorbance of the standard solution, FW 
is the fresh weight of the tissue, and T is 
the incubation time.

Soil sampling and analysis

Soil samples were collected from the palm tree 
circle area (under the canopy) at a depth of 0–20 
cm. Sampling was conducted before treatment 
(pre-application) and after the observation period 
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to determine changes in nutrient content and other 
chemical properties. Soil parameters analyzed in-
cluded pH, organic matter content, available N, P, 
and K, as well as soil texture and moisture. Labora-
tory analyses were performed following standard 
procedures established by the Soil Research Insti-
tute (2005) and applicable national standards.

Data analysis

Data were analyzed using univariate and 
multivariate approaches to assess the effects of 
suspended solid POME application. Treatment 
effects were evaluated using an independent-
samples t-test (p < 0.05). Replicate block means 
were used as experimental units, and data were 
checked for normality and variance homogeneity 
prior to analysis. Growth and physiological vari-
ables were visualized using violin plots combined 
with boxplots to illustrate distributional differenc-
es between treatments. Multivariate variation in 
soil chemical properties was assessed using PCA 
based on standardized variables, with treatment 
separation visualized using 95% confidence el-
lipses. Relationships among soil properties, plant 
growth traits, nutrient concentrations, and physi-
ological parameters were examined using correla-
tion analysis and presented as a heatmap. Plant 
nutrient concentrations in fronds and leaflets 
were standardized and visualized using heatmaps 
to compare relative nutrient allocation between 
treatments. All analyses were performed using 
the R software version 4.5.1 and visualized using 
the RStudio platform.

RESULTS AND DISCUSSION 

Soil chemical properties

Application of the solid fraction of POME 
markedly improved soil chemical properties 
compared with the non-solid treatment (Figure 
1). Soils receiving solid POME exhibited higher 
organic carbon (Corg), cation exchange capacity 
(CEC), available phosphorus (Pavail), total nitro-
gen (N), total phosphorus (Ptot), and exchangeable 
base cations (Ca, Mg, and K). These improve-
ments indicate a substantial enhancement of soil 
fertility status and nutrient-retention capacity. 
The increase in cation exchange capacity (CEC) 
is particularly significant in tropical soils, where 
intense rainfall and high weathering rates pro-
mote nutrient leaching and limit nutrient reten-
tion. Enhancing CEC improves the soil’s ability 
to retain and gradually supply essential base cat-
ions to plant roots, thereby increasing nutrient-use 
efficiency and soil fertility sustainability. Similar 
improvements in soil Corg, CEC, and nutrient 
availability following the application of com-
posted or treated palm oil mill effluent have been 
widely reported in tropical agricultural systems. 
Studies have demonstrated that POME-based 
composts and organic amendments substantially 
increase soil organic matter content, improve 
nutrient status, and enhance soil chemical prop-
erties in oil palm plantations and other tropical 
soils (Hau et al., 2020; Krishnan et al., 2017; Rah-
man et al., 2021; Siddiquee et al., 2017). These 
findings consistently confirm the effectiveness of 

Figure 1. Soil chemical properties
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POME-derived organic amendments as soil con-
ditioners capable of mitigating nutrient leaching 
constraints in highly weathered tropical soils.

The addition of organic matter from solid 
POME increases humic substances, which con-
tribute directly to higher CEC and improved nu-
trient buffering (Kabala and Jedrzejewski, 2024; 
Maffia et al., 2025). Second, microbial mineraliza-
tion of organic compounds releases N and P grad-
ually, increasing their availability while reducing 
losses through leaching (Geisseler et al., 2021). 
Third, organic inputs improve soil aggregation 
and porosity, indirectly enhancing root growth 
and nutrient uptake (Ray et al., 2025). Reviews 
on POME management by Supriatna et al. (2023) 
consistently emphasize that properly treated solid 
fractions function not only as nutrient sources but 
also as long-term soil quality enhancers. 

Frond and leaflet nutrient content

Enhanced soil fertility under the solid POME 
treatment was clearly reflected in plant nutrient 
status. Concentrations of N, P, K, Ca, Mg, B, and 
Cu in both leaflet and frond tissues were generally 
higher under solid POME application (Figure 2 
and 3). Leaflet nutrient enrichment is particularly 
relevant because leaflets represent the most phys-
iologically active tissues, closely associated with 
photosynthesis and biomass production. Elevated 
leaflet N and P indicate efficient transfer of miner-
alized nutrients from soil to plant tissues, consis-
tent with improved soil nutrient availability.

Frond nutrient patterns further support this 
interpretation, showing increased macronutrient 
accumulation under solid POME (Figure 2). The 
standardized nutrient heatmap demonstrated a 
clear differentiation between treatments (Figure 
4). This phenomenon indicates that the application 
of suspended solid POME substantially modified 
nutrient uptake and internal allocation in young 
oil palm. Result consistent with findings that or-
ganic inputs with high carbon content improve soil 
nutrient status and plant uptake by enhancing soil 
chemical properties (e.g., organic carbon and CEC) 
that correlate positively with higher foliar nutrient 
levels (Nurlaeny et al., 2017). The solid treatment 
consistently exhibited higher standardized values 
for key macronutrients (N, P, and K) and second-
ary nutrients (Ca) in both frond and leaflet tissues, 
reflecting improved nutrient availability, reten-
tion, and uptake efficiency mediated by enhanced 
soil organic matter and cation exchange capacity 
(Boafo et al., 2020). This coordinated enrichment 
across tissues suggests a more balanced nutri-
ent supply, which is critical for sustaining photo-
synthetic capacity, structural development, and 
metabolic activity during early growth stages. In 
contrast, the non-solid treatment generally showed 
lower standardized nutrient levels, consistent with 
weaker nutrient retention and greater susceptibil-
ity to leaching in highly weathered tropical soils 
despite uniform inorganic fertilization. 

An exception was observed for Mg, which 
displayed relatively higher standardized values in 
the non-solid treatment (Figure 4). This pattern 

Figure 2. Frond nutrient concentration
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can be attributed to cation antagonism, whereby 
increased Ca²⁺ and K⁺ availability under the solid 
treatment competitively reduced Mg²⁺ uptake at 
root exchange sites, while lower concentrations 
of competing cations under the non-solid treat-
ment favored Mg absorption. This finding is con-
sistent with evidence that interactions among ex-
changeable Ca, Mg, and K influence plant uptake 
and can lead to antagonistic effects when cation 
balance is altered by soil amendments that in-
crease CEC (Yang et al., 2024). Importantly, the 
elevated Mg status under non-solid conditions did 
not translate into improved growth or physiologi-
cal performance, indicating that Mg was not a 
limiting factor in this system. Comparable results 
have been reported in studies where composted 
POME or organic sludge amendments increased 
nutrient concentrations in plant tissues, reflecting 
improved nutrient cycling and uptake efficiency 
(Cellier et al., 2014). However, some studies have 
reported weaker or variable responses depending 
on POME processing methods and application 
rates, highlighting the importance of controlled 
amendment management (Imam et al., 2025; 
Ngone et al., 2023) (Figure 3).

Growth responses

The violin–boxplot distributions for growth 
traits were nearly identical between the treated 
and untreated palms, indicating that vegetative 
structure remained largely unaffected during the 
first six months (Figure 5). This outcome aligns 
with the slow-release nature of organic amend-
ments, which require extended time for mineral-
ization before noticeably contributing to structur-
al biomass accumulation. Ray et al. (2025) dem-
onstrated that root distribution and soil responses 
to organic amendments became more pronounced 
after ≥1.5 years of application. Another likely ex-
planation is the relatively high baseline soil fer-
tility, particularly nitrogen and potassium, which 
may have already been adequate to support early 
vegetative development (De Corato et al., 2024; 
Zhao et al., 2021).

Despite minimal effects on vegetative traits, 
suspended solid application significantly in-
creased the number of female inflorescences, as 
reflected by higher median and variability of NFF 
(Figure 5). This indicates preferential stimulation 
of early reproductive differentiation rather than 

Figure 3. Leaflet nutrient concentrations

Figure 4. Standardized nutrient contents in frond and leaflet
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vegetative growth. Such responses are consistent 
with improved soil nutrient balance, particularly 
P, K, Ca, and micronutrients, supplied through 
organic amendments acting as slow-release nu-
trient sources. Recent studies show that organic 
amendments increase soil organic carbon and 
cation exchange capacity, enhancing nutrient re-
tention, buffering capacity, and rhizosphere sta-
bility during floral initiation (Xu et al., 2025). 
Long-term SOC accumulation further improves 
soil structure and nutrient availability, supporting 
reproductive performance in perennial crops (Liu 
et al., 2025). The limited response in vegetative 
growth parameters is attributed to the short dura-
tion of application (one year) combined with the 
slow-release characteristics of organic amend-
ments. Improvements in soil fertility and plant 
nutritional status typically precede visible struc-
tural growth responses, especially in immature oil 
palm, where organic inputs require longer periods 
to fully translate into biomass accumulation (Su-
vendran et al., 2025).

Chlorophyll-related traits

Interestingly, chlorophyll concentrations 
(chlorophyll a, b, and total) were not consistently 
higher under the solid POME treatment, and in 
some cases were slightly higher under non-solid 
conditions (Figure 6). This apparent contradiction 
can be attributed to a “dilution effect”, where in-
creased leaf expansion and biomass under nutri-
ent-rich conditions lower pigment concentration 

per unit leaf mass despite greater whole-plant 
photosynthetic capacity; similar mass-based chlo-
rophyll dilution has been documented in studies 
linking increased leaf area with reduced chloro-
phyll concentration per unit tissue in high-growth 
conditions (Van De Velde et al., 2023; Yang et al., 
2024). Conversely, under relatively lower nutri-
ent availability, plants may allocate proportion-
ally more chlorophyll per unit tissue as a com-
pensatory mechanism to maintain photosynthetic 
efficiency (Ankaya, 2025).

Biochemical responses: proline and 
antioxidant enzymes

Biochemical indicators (Figure 7) revealed 
contrasting stress responses between treatments. 
Plants under non-solid conditions exhibited 
higher superoxide dismutase (SOD), peroxidase 
(POD), and proline levels, indicating elevated ox-
idative stress. In contrast, solid POME increased 
catalase (CAT) and nitrate reductase (ANR) ac-
tivity while reducing stress biomarkers, reflect-
ing improved metabolic stability. Some studies 
report that organic amendments alleviate oxida-
tive stress by improving nutrient and water avail-
ability. Shahid (2021) demonstrated that organic 
soil amendments alleviate oxidative stress by im-
proving soil nutrient and water availability, which 
reduces reactive oxygen species formation and 
normalizes antioxidant enzyme activities. Simi-
larly, Shah et al. (2023) showed that organic fer-
tilizer application enhances plant stress tolerance 

Figure 5. Growth parameters of young oil palm
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Figure 6. Chlorophyll content

Figure 7. Proline and antioxidant enzyme activities

by modulating antioxidant defense systems and 
lowering stress-induced biochemical markers. 

These patterns suggest that improved soil and 
nutrient conditions under solid POME reduce the 
generation of reactive oxygen species, thereby 
lowering the requirement for stress-induced an-
tioxidant responses. Elevated CAT activity under 
solid treatment indicates more efficient hydrogen 
peroxide detoxification and reflects a metabolical-
ly stable growth environment (Hasanuzzaman et 
al., 2020). Recent studies demonstrate that organic 
amendments alleviate nutrient and water stress by 
improving soil physicochemical properties, which 
in turn reduces oxidative damage and normalizes 
antioxidant enzyme activities (Kumari et al., 2022; 

Liu et al., 2025). Similar responses have been ob-
served across cropping systems, where organic 
inputs enhanced CAT activity while suppressing 
excessive SOD and POD induction (Murtaza et al., 
2025). Nevertheless, transient increases in oxida-
tive activity shortly after amendment application 
have also been reported, highlighting the impor-
tance of amendment maturity and application tim-
ing (Razzaq et al., 2024). 

Correlation analysis

Correlation analysis provided integrative evi-
dence linking soil improvement to plant perfor-
mance (Figure 8). Soil parameters such as CEC, 
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Figure 8. Correlation matrix

Corg, Pavail, Ca, Mg, N, and Ptot were strongly 
and positively correlated with tissue nutrient con-
centrations and growth traits. Conversely, anti-
oxidant enzymes associated with stress (SOD, 
POD), proline, and MDA were negatively cor-
related with soil fertility and growth parameters. 
These relationships confirm that soil chemical 
improvement through solid POME application di-
rectly enhances nutrient uptake and growth while 
indirectly reducing physiological stress. This 
soil–plant physiology linkage has been widely 
reported in agroecological studies evaluating or-
ganic amendments, where improved soil chemi-
cal buffering leads to greater plant resilience and 
reduced metabolic stress (Avianto et al., 2024; 
Hasanuzzaman et al., 2020; Li et al., 2024).

Principal component analysis (PCA)

PCA clearly separated solid and non-solid treat-
ments along the first principal component, which 
explained more than 80% of total variance and was 
strongly associated with Corg, CEC, Pavail, Ptot, 

Ca, and Mg (Figure 9). The solid POME treatment 
clustered tightly, indicating a more homogeneous 
and stable soil chemical environment, whereas 
non-solid treatments were more dispersed and as-
sociated with pH-driven variability.

This multivariate separation confirms that solid 
POME application induces a comprehensive shift 
in soil chemical status rather than isolated changes 
in individual properties. Similar PCA-based sepa-
rations have been reported in studies evaluating 
organic waste amendments, reinforcing the robust-
ness of soil quality improvement induced by or-
ganic inputs when properly managed (Boafo et al., 
2020; Ngone et al., 2023; Samaei et al., 2022).

Overall, the integrated interpretation across 
all variables illustrates a coherent and mutually 
reinforcing pattern. Suspended solid enhances 
soil chemical properties, which subsequently im-
prove nutrient uptake, strengthen biochemical ef-
ficiency, reduce stress responses, and ultimately 
translate into superior agronomic performance. 
This multi-layered evidence provides a robust ba-
sis for concluding that POME-derived suspended 



173

Journal of Ecological Engineering 2026, 27(6), 163–176

Figure 9. PCA biplot

solids act not only as fertilizers but also as effec-
tive soil conditioners capable of improving long-
term soil health and plant productivity in oil palm 
systems. No environmental risks were observed 
during the study period, as reported by Elvitri-
ana et al. (2021). However, as this research was 
conducted as a short-term field study, long-term 
monitoring is required to fully assess potential 
environmental impacts associated with prolonged 
POME solid application. The applicability of the 
results is currently limited to inceptisol soils un-
der tropical microclimatic conditions in the study 
area. While the findings provide important in-
sights into solid POME utilization, further studies 
are required to evaluate its effectiveness across 
different soil types and agro-ecological regions.

CONCLUSIONS

This study provides an integrated evaluation 
of the effects of suspended solid POME on soil 
quality, plant physiology, and early performance 
of oil palm. Solid POME markedly improved 
soil chemical properties, including organic car-
bon, CEC, and nutrient availability, leading to 
enhanced nutrient uptake in frond and leaflet 
tissues. Although vegetative growth responses 
were limited at the early stage, solid POME sig-
nificantly increased female inflorescence pro-
duction, indicating stimulation of reproductive 

differentiation. Improved soil conditions reduced 
oxidative stress, enhanced metabolic efficiency, 
and strengthened soil–plant linkages, as con-
firmed by correlation and PCA analyses. Overall, 
suspended solid POME functions as both a fertil-
izer and an effective soil conditioner supporting 
sustainable oil palm production.
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