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Abstract
Oil palm seedling growth in acid mineral soils is often constrained by low soil fertility and limited nutrient retention, making
organic amendments a potential strategy to improve growing media quality while reducing mineral fertilizer input. This study
evaluated the effects of biochar and solid decanter, applied individually or in combination, on soil chemical properties and leaf
nutrient status of oil palm seedlings under reduced compound mineral fertilizer rates. The experiment was arranged in a
non-factorial randomized block design with seven treatments and four replications. The treatments were P0: without soil
amendment + 100% NPK fertilizer; P1: 0.6 kg plant−1 solid decanter + 75% NPK fertilizer; P2: 0.6 kg plant−1 solid decanter
+ 50% NPK fertilizer; P3: 1.5 kg plant−1 biochar + 75% NPK fertilizer; P4: 1.5 kg plant−1 biochar + 50% NPK fertilizer;
P5: 0.6 kg plant−1 solid decanter + 1.5 kg plant−1 biochar + 75% NPK fertilizer; and P6: 0.6 kg plant−1 solid decanter +
1.5 kg plant−1 biochar + 50% NPK fertilizer. After 14 weeks of treatment application, the treatment packages significantly
affected soil organic carbon, total soil nitrogen, leaf phosphorus concentration, and soil exchangeable potassium. Soil organic
carbon increased from 1.33% in the control to 5.83% in the combined biochar and solid decanter treatment with 50% NPK
fertilizer. Total soil nitrogen also increased from 0.13% to 0.49% under the same treatment. However, soil pH, soil available
phosphorus, leaf nitrogen, and leaf potassium were not significantly affected. These findings indicate that the integrated
amendment-fertilizer packages, particularly the combination of biochar + solid decanter + 50% NPK fertilizer, improved soil
organic carbon and total soil nitrogen and supported selected nutrient parameters, including leaf phosphorus concentration
and soil exchangeable potassium, under a 25% to 50% reduction in the recommended NPK fertilizer rate.
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1. INTRODUCTION

The nursery stage is a critical phase in oil palm cultivation
because seedling quality at the early stage strongly influ-
ences plant vigor after transplanting to the field. At this
stage, the quality of the growing medium is a fundamen-
tal factor, particularly when seedlings are grown in acid
mineral soil. Acid soils are generally characterized by low
pH, low base saturation, increased risk of base cation losses,
high exchangeable aluminium, and limited fertilizer-use
efficiency. In oil palm nurseries, amelioration of soil acidity
has been shown to improve seedling and progeny perfor-
mance; therefore, soil chemical constraints should not be
regarded as a secondary issue during the nursery stage,
but rather as an early determinant of growth success and
nutrient-use efficiency (Cristancho et al., 2011; Mahmud
and Chong, 2022; Radin et al., 2017).

Under such conditions, mineral fertilization alone does
not always ensure an optimum response. Fertilizer effec-
tiveness is determined not only by the amount of nutrients
applied, but also by the ability of the growing medium to
retain, release, and balance nutrients within the root zone.
At the same time, high dependence on conventional chem-
ical fertilizers is associated with economic burdens and
environmental risks, making approaches that combine fer-
tilizers with organic amendments increasingly important.
Wang et al. (2022) and Rombel et al. (2022) reviewed the
development of biochar-based fertilizer systems, including
biochar-compost mixtures and biochar-based slow-release
fertilizers, due to their ability to improve fertilizer efficiency,
maintain nutrient availability for longer periods, and re-
duce nutrient losses compared with systems that rely solely
on readily soluble mineral fertilizers.
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Among various organic amendments, biochar is highly
relevant for acid mineral soils. Recent reviews indicate that
alkaline, porous, and carbon-rich biochar can reduce both
active and exchangeable acidity while improving soil acid-
buffering capacity. Biochar can also directly and indirectly
increase phosphorus availability through changes in soil
physical, chemical, and biological properties, and it may
strengthen nitrogen retention within certain pH ranges in
acid soils. In tree-based systems, the benefits of biochar
have also been comprehensively summarized; however, the
response remains strongly influenced by biochar type, ap-
plication rate, soil properties, and plant species. Therefore,
verification in oil palm nursery systems remains necessary
(Antonangelo et al., 2025; Liu et al., 2025; Qian et al., 2023;
Zhang et al., 2025).

In oil palm, experimental evidence on biochar has begun
to develop, although it remains limited. Radin et al. (2017)
evaluated EFB biochar, compost, and biochar-compost mix-
tures under 75% and 100% recommended fertilizer rates
and reported improvements in polybag media chemical
properties and reduced NH4 N leaching. Hwong et al.
(2022) showed that EFB biochar improved growth, biomass,
nutrient uptake, and soil CEC in oil palm seedlings, while
Tugiman et al. (2024) further emphasized the role of oil palm
biomass-derived biochar in improving nutrient retention
in seedling media. Meanwhile, Azis et al. (2024) examined
EFB biochar combined with nitrogen fertilization in peat
soil and focused on nutrient leaching and nutrient uptake.
Studies on oil palm decanter cake or solid decanter have
also reported its potential as a bio-organic medium or nu-
trient source for plant growth, but this line of research has
generally been separated from biochar-based amendment
strategies (Embrandiri et al., 2016; Hashim, 2021; Prasetyo
et al., 2023).

Taken together, these studies indicate that two research
gaps remain open. First, the available oil palm nursery
literature is still dominated by biochar as a single amend-
ment or biochar combined with compost or N fertilizer,
rather than biochar directly combined with solid decanter.
Second, previous studies have more commonly empha-
sized seedling growth, nutrient uptake, or nutrient leach-
ing, whereas simultaneous evaluation of soil pH, organic
C, total N, available P, exchangeable K, and leaf N, P, and
K concentrations under 25% to 50% reduced NPK fertiliza-
tion remains limited. Therefore, the combination of biochar
and solid decanter in acid mineral soil represents a specific
amendment strategy to improve growing medium quality
while reducing mineral fertilizer input.

The scientific value of combining biochar and solid
decanter lies in both their complementary functions in
the growing medium and their relevance to palm oil mill
residue valorization. Oil palm empty fruit bunches are
among the most abundant palm oil mill residues and can
be converted into biochar through pyrolysis, providing a
carbon-rich material with porous structure, reactive sur-

faces, and nutrient-retention capacity (Rahayu et al., 2021;
Wang et al., 2022; Rombel et al., 2022). In contrast, solid
decanter or decanter cake is an organic-rich residue that
can contribute organic matter and nutrients to the seedling
medium. Combining these two materials may therefore
integrate the stabilizing and nutrient-retention functions
of biochar with the nutrient-supplying function of solid
decanter. This approach also supports circular bioeconomy
principles by converting locally available palm oil mill by-
products into value-added nursery inputs and reducing
dependence on mineral NPK fertilizer (Siagian et al., 2024).

2. EXPERIMENTAL SECTION

2.1 Research Location and Biomaterial Use
The study was conducted at the Field Laboratory of Insti-
tut Teknologi Sawit Indonesia (3.6159◦ N; 98.7103◦ E). Soil,
amendment, and leaf tissue analyses were conducted at the
PT. Socfin Indonesia Laboratory. The soil used as the grow-
ing medium was collected from an area that, based on the
exploratory soil resource map of the Medan sheet, belongs
to the Kandiudults-Dystrudepts map unit located in Ban-
gun Purba District, Deli Serdang Regency, North Sumatra
(Menteri Pertanian, 2020). Soil sampling was conducted
diagonally at five sampling points within a 1-ha area from
a depth of 0-45 cm. This depth was selected to represent
the topsoil to shallow subsurface layer, which is part of the
active solum and remains relevant for nutrient storage, soil
reaction, and early root development.

The initial soil characteristics obtained from laboratory
analysis were pH H2O 4.26, organic C 1.52%, sandy loam
texture with 58.38% sand, 21.91% silt, and 19.72% clay, CEC
25.34 me 100g−1, total N 0.03%, total P 0.25%, and total K
0.29%.

The biochar used in this study was produced through
low-temperature pyrolysis at approximately 250°C for 2
h under limited oxygen conditions, followed by drying,
grinding, and sieving through a 20-mesh sieve. This tem-
perature was selected to produce a low-temperature car-
bonized material that retained relatively high functional-
group reactivity and nutrient-retention potential for use as a
nursery growing-medium amendment. Although 250°C is
at the lower boundary of thermochemical biomass conver-
sion and may overlap with the torrefaction range, the mate-
rial is referred to in this study as low-temperature biochar
because it was obtained from thermochemical conversion
of biomass under oxygen-limited conditions and was used
for soil improvement purposes (International Biochar Ini-
tiative, 2015; Tumuluru et al., 2011; Tomczyk et al., 2020;
Septiana et al., 2018).

The biochar and solid decanter was sieved through a
20-mesh sieve before use. The characteristics of these two
materials, based on laboratory test results, show that: The
biochar had pH 9.88, organic C 39.76%, moisture content
26.05%, CEC 52.76 me 100g−1, N 0.4729%, P 0.39% and K
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6.02%. The solid decanter had pH 6.5, organic C 42.38%,
moisture content 29.99%, CEC 37.71 me 100g−1, N 1.475%,
P 0.49% and K 1.58%.

2.2 Experimental Design
The experiment was arranged in a non-factorial random-
ized block design with seven treatment levels and four repli-
cations, resulting in 28 experimental units. The blocks were
established based on the initial condition of the seedlings
and the row position of the polybags in the field nursery
area. This arrangement was intended to control possible
variability arising from initial seedling uniformity as well
as environmental heterogeneity around the experimental
plot, including differences in surrounding vegetation cover
and related microenvironmental conditions. Each block
contained all seven treatment packages, and the treatments
were randomized within each block.

The treatments were structured as integrated amendment-
fertilizer packages to represent practical nursery manage-
ment options under reduced NPK fertilization. Therefore,
the treatment effects in this study were interpreted as the
overall response of each amendment-fertilizer package,
rather than as separate main effects or statistical interac-
tions among biochar, solid decanter, and NPK fertilizer rate.
The treatment composition is presented in Table 1.

Table 1. The composition of treatments applied to oil palm
seedlings grown in acid mineral soil under reduced NPK
fertilization

Treat-
ment

Soil
(kg/plant)

Biochar
(kg/plant)

Solid
decanter

(kg/plant)

NPK
rate*

P0 9.0 0.0 0.0 100%

P1 9.0 0.0 0.6 75%

P2 9.0 0.0 0.6 50%

P3 9.0 1.5 0.0 75%

P4 9.0 1.5 0.0 50%

P5 9.0 1.5 0.6 75%

P6 9.0 1.5 0.6 50%

Table note: * Percentage of the recommended NPK rate
for oil palm seedlings.

It should be noted that the treatments in this study
were arranged as integrated amendment-fertilizer pack-
ages rather than as a factorial combination of biochar, solid
decanter, and NPK fertilizer rate. Therefore, the observed
responses should be interpreted as the overall effects of
each treatment package relative to the 100% NPK control,
not as separate main effects or statistical interactions among
the individual components. This interpretation is impor-
tant because the study was designed to evaluate practical

nursery amendment packages under reduced NPK fertil-
ization.

2.3 Cultivation Procedures
The growing media were prepared according to the treat-
ments and incubated for two weeks. Polybags measuring
35 cm x 40 cm were used to grow 16-week-old oil palm
seedlings of the D x P Simalungun variety. The polybags
were arranged in the experimental area with a spacing of
90 x 90 x 90 cm. Plant maintenance included watering, pest
and weed control, and fertilization.

Fertilization was carried out gradually using Rustika 12-
12-17-2 fertilizer and kieserite, with the detailed schedule
and rates for each treatment presented in Table 2.

2.4 Data Collection
After 14 weeks of treatment application, soil samples from
the growing media were analyzed in the laboratory to de-
termine organic C using the Walkley and Black method
(Mouridi et al., 2023), soil pH using the electrometric method,
total N using the Kjeldahl method, available P using the
Bray II method, and exchangeable K using the ammonium
acetate method. In addition, leaf N, P, and K concentrations
were analyzed at the end of the observation period.

2.5 Data Analysis
The observed data were subjected to analysis of variance
according to the non-factorial randomized block design.
When the treatment effect was significant, mean differences
were further tested using Duncan’s Multiple Range Test
(DMRT) at the 5% significance level. All statistical analyses
were performed using SPSS 27.

3. RESULTS AND DISCUSSION

3.1 Effects of treatments on soil organic carbon and soil
pH

Mean soil organic carbon differed significantly after 14
weeks of treatment application. Soil organic carbon in-
creased from 1.33% in P0 to 1.56% in P1, 2.45% in P2, 3.19%
in P3, 3.46% in P4, 4.15% in P5, and reached 5.83% in P6.
In contrast, the treatments did not significantly affect soil
pH. Soil pH measured in KCl ranged from 3.43 to 3.80 and
did not differ significantly among treatments (Figure 1).
This pattern indicates that the treatment response was more
clearly reflected in soil organic carbon accumulation than
in changes in soil acidity.

The increase in soil organic carbon in this study was
strongly consistent with the characteristics of the materials
used, as biochar and solid decanter contained 39.76% and
42.38% organic carbon, respectively. In a broader context,
Lee et al. (2022) showed that biochar application to various
agricultural soils can increase soil organic carbon in the
short term, while Tugiman et al. (2024) emphasized that
oil palm biomass-derived biochar as a planting medium
was associated with improvements in carbon content, pH,
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Table 2. Schedule and rates of fertilizer application for each treatment

Seedling age
(weeks) Fertilizer P0 P1 P2 P3 P4 P5 P6

19 Kieserite (g/plant) 5.00 3.75 2.50 3.75 2.50 3.75 2.50

20 Rustika 12-12-17-2 (g/plant) 10.00 7.50 5.00 7.50 5.00 7.50 5.00

21 Kieserite (g/plant) 5.00 3.75 2.50 3.75 2.50 3.75 2.50

22 Rustika 12-12-17-2 (g/plant) 15.00 11.25 7.50 11.25 7.50 11.25 7.50

23 Kieserite (g/plant) 7.50 5.625 3.75 5.625 3.75 5.625 3.75

24 Rustika 12-12-17-2 (g/plant) 15.00 11.25 7.50 11.25 7.50 11.25 7.50

25 Kieserite (g/plant) 7.50 5.625 3.75 5.625 3.75 5.625 3.75

26 Rustika 12-12-17-2 (g/plant) 15.00 11.25 7.50 11.25 7.50 11.25 7.50

28 Rustika 12-12-17-2 (g/plant) 15.00 11.25 7.50 11.25 7.50 11.25 7.50

30 Rustika 12-12-17-2 (g/plant) 20.00 15.00 10.00 15.00 10.00 15.00 10.00

CEC, porosity, and nutrient availability. In oil palm nursery
systems, Radin et al. (2017) also reported that a biochar-
compost mixture derived from oil palm waste improved
the chemical properties of polybag media. Therefore, the
increase in organic carbon observed in this study can be un-
derstood as a direct consequence of the addition of carbon-
rich materials into the growing medium, either as biochar
or solid decanter. In this regard, solid decanter not only
functions as an organic amendment but also aligns with the
findings of Embrandiri et al. (2016) and Hashim (2021), who
identified oil palm decanter-derived materials as relevant
sources of organic matter and nutrients for growing media.

The treatment pattern showed that the increase in soil
organic carbon tended to be greater in treatments involving
the combined application of biochar and solid decanter, es-
pecially P5 and P6. This finding is agronomically important
because, at the nursery stage, increased organic carbon in
the growing medium indicates an increase in organic com-
ponents that can improve medium quality through both
stable carbon addition and more readily decomposable or-
ganic matter. This pattern is also consistent with Hwong
et al. (2022), who reported that oil palm biomass-derived
biochar improved several soil properties and nutrient up-
take by seedlings, although the magnitude of the response
was strongly influenced by biochar quality.

Unlike soil organic carbon, soil pH did not change sig-
nificantly even though the biochar used had a pH of 9.88
and CEC of 52.76 me 100g−1. This result indicates that alka-
line biochar pH does not necessarily translate directly into
a significant increase in bulk soil pH. The pH response of
acid soils to biochar depends on biochar type, application
rate, acid-neutralizing capacity, exchangeable base cations,
contact time, and intrinsic soil properties, particularly soil
CEC (Martinsen et al., 2015). In the present study, biochar
was applied at 1.5 kg plant−1 to 9 kg of acid mineral soil,

and the amended media were incubated for two weeks be-
fore seedling establishment. Soil pH was evaluated after
14 weeks of treatment application and measured in KCl.
Because KCl can displace part of the exchangeable H+ and
Al3+ from soil exchange sites, the measured pH reflected
not only active acidity in the soil solution but also part of
the exchangeable acidity. In acid mineral soil with relatively
high CEC of 25.34 me 100g−1, alkaline components released
from biochar may first be consumed to neutralize active
and exchangeable acidity near biochar particles, while H+

and Al3+ from soil exchange sites can replenish acidity in
the soil solution. This buffering process can reduce the
magnitude of measurable pH change in the bulk soil, espe-
cially within a relatively short soil-biochar contact period
(Liu et al., 2025). In addition, the solid decanter had a near-
neutral pH of 6.5, indicating that its direct contribution to
soil pH amelioration was likely limited.

3.2 Effects of treatments on total N and leaf N
The initial total N content of the soil used as the grow-
ing medium was low, at 0.03%, while biochar and solid
decanter contained 0.47% and 1.47% total N, respectively.
After 14 weeks of application, the treatments significantly
affected total soil N. Total soil N increased from 0.13% in
P0 to 0.49% in P6. In contrast, leaf N concentration ranged
from 4.60% to 5.35% and did not differ significantly among
treatments (Figure 2). These results indicate that, during
the early nursery phase, the nitrogen response appeared
first as an increase in N reserves in the growing medium
rather than as a change in leaf N concentration.

The pattern of total soil N in this study did not show
a linear relationship with the NPK fertilizer rate. For each
pair of treatments with the same amendment type, the 50%
NPK rate resulted in higher total soil N than the 75% NPK
rate, as shown by P2 > P1, P4 > P3, and P6 > P5. The
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Figure 1. Mean soil organic carbon (SOC) and soil pH
(KCl) after 14 weeks of treatment application

Note: P0 (without soil amendment + 100% NPK fertil-
izer), P1 (600 g solid decanter + 75% NPK fertilizer), P2
(600 g solid decanter + 50% NPK fertilizer), P3 (1,500
g biochar + 75% NPK fertilizer), P4 (1,500 g biochar +
50% NPK fertilizer), P5 (600 g solid decanter + 1,500 g
biochar + 75% NPK fertilizer), and P6 (600 g solid de-
canter + 1,500 g biochar + 50% NPK fertilizer).

highest total soil N was obtained in P6, which combined
biochar, solid decanter, and 50% NPK fertilizer. This finding
indicates that soil N status at the end of the observation
period was more strongly influenced by the presence and
combination of amendments than by the mineral fertilizer
rate alone. In other words, the addition of biochar and/or
solid decanter has the potential to reduce the need for high
mineral fertilizer rates because reduced NPK application
was not followed by a decline in total soil N; in several
treatments, it was instead associated with increased total
soil N.

The increase in total soil N may have occurred through
more than one mechanism. Solid decanter may have acted
as an additional source of organic N because its N content
was higher than that of biochar. At the same time, biochar
may have helped retain N in the growing medium through
physicochemical mechanisms. Gupta et al. (2024) showed
that biochar can retain NH4+ through surface functional
groups, such as carboxyl and ketone groups, as well as
through increased cation exchange capacity, thereby reduc-
ing NH4+-N losses and NH3 volatilization. Ahmed et al.
(2019) also showed that biochar increased N retained in
soil and reduced mineral N loss through leaching, while
Jos et al. (2024) reported that the combination of biochar
and chemical fertilizer in mineral soils increased NH4+ and
NO3- retention and reduced N losses. Thus, the increase in
total soil N in this study can be interpreted as the combined

Figure 2. Mean total soil N and leaf N concentration after
14 weeks of treatment application

Note: P0 (without soil amendment + 100% NPK fertil-
izer), P1 (600 g solid decanter + 75% NPK fertilizer), P2
(600 g solid decanter + 50% NPK fertilizer), P3 (1,500
g biochar + 75% NPK fertilizer), P4 (1,500 g biochar +
50% NPK fertilizer), P5 (600 g solid decanter + 1,500 g
biochar + 75% NPK fertilizer), and P6 (600 g solid de-
canter + 1,500 g biochar + 50% NPK fertilizer).

result of additional N supplied by the amendments and
improved medium capacity to retain reactive N.

In addition to physicochemical mechanisms, microbial
processes may also have contributed. DeLuca et al. (2024)
explained that low-temperature biochar tends to retain
more labile carbon fractions that can be utilized by mi-
croorganisms, thereby stimulating NH4+ and NO3- immo-
bilization during the early phase after application. This
explanation is relevant to the present study because the
biochar was produced at approximately 250°C, suggesting
that it may still contain available carbon and surface func-
tional groups that support microbial activity. Bolan et al.
(2023) further emphasized that biochar can serve as a good
microbial carrier due to its pores, active functional groups,
and C and nutrient contents that support microbial adhe-
sion and colonization, while Huang et al. (2023) explained
that biochar can improve the soil microenvironment and
increase the abundance of microbial groups involved in
nitrogen transformation.

In contrast to total soil N, leaf N concentration did not
differ significantly among treatments. This result indicates
that the increase in N in the growing medium was not
immediately followed by changes in leaf N concentration
during the 14-week observation period. Ahmed et al. (2019)
also showed that biochar can increase N retention in soil
without necessarily producing a large plant response, while
DeLuca et al. (2024) emphasized that the effect of biochar on
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N often appears first in N retention and transformation in
the soil rather than in plant tissue, especially in short-term
studies.

3.3 Effects of treatments on soil available P and leaf P
After 14 weeks of application, the treatments did not sig-
nificantly affect soil available P but significantly affected
leaf P concentration. Soil available P ranged from 551.33 to
747.26 mg P kg−1, while leaf P concentration ranged from
0.19% to 0.27% (Figure 3).

Figure 3. Mean soil available P and leaf P concentration
after 14 weeks of treatment application

Note: P0 (without soil amendment + 100% NPK fertil-
izer), P1 (600 g solid decanter + 75% NPK fertilizer), P2
(600 g solid decanter + 50% NPK fertilizer), P3 (1,500
g biochar + 75% NPK fertilizer), P4 (1,500 g biochar +
50% NPK fertilizer), P5 (600 g solid decanter + 1,500 g
biochar + 75% NPK fertilizer), and P6 (600 g solid de-
canter + 1,500 g biochar + 50% NPK fertilizer).

These results indicate that the phosphorus response in
this study was more clearly reflected in plant nutrient sta-
tus than in soil available P. Based on the DMRT results, P4
(0.27c) had the highest leaf P concentration and differed sig-
nificantly from P2 (0.19a) and P3 (0.21ab), but did not differ
significantly from P1 (0.25bc), P0 (0.23abc), P5 (0.23abc),
and P6 (0.22abc). Meanwhile, P2 had the lowest value and
differed significantly from P1 and P4. This pattern indicates
that the plant P response did not follow a simple linear
relationship with the NPK fertilizer rate. In the single solid
decanter treatments, reducing the NPK rate from 75% to
50% was followed by a decrease in leaf P concentration,
as shown by P1 > P2. In contrast, the single biochar treat-
ments showed the opposite pattern, with P4 > P3. In the
combined biochar + solid decanter treatments, P5 = P6 =
P0. This pattern indicates that the combination of biochar
and solid decanter did not always increase leaf P above the

control, but it was able to maintain plant P status at a level
comparable to 100% NPK even when the fertilizer rate was
reduced to 75% or 50%.

Mechanistically, the absence of a significant difference in
soil available P, despite significant differences in leaf P, can
be explained by changes in phosphorus dynamics within
the growing medium. Zhang et al. (2025) emphasized that
increased organic carbon following biochar application can
suppress the formation of insoluble P, reduce P adsorption,
and support microorganisms that transform insoluble P
into available forms. In this study, biochar and/or solid
decanter may have helped release part of the adsorbed P
and reduce P refixation, making P more accessible to plants
even though changes in overall soil available P were not
large or uniform enough to be detected as significant. This
explanation is also consistent with Ibrahim et al. (2024),
who showed that biochar can increase P availability and
uptake through a combination of retention, gradual release,
solubilization, and mineralization, although the magnitude
of the effect strongly depends on biochar properties and
soil conditions. Gupta et al. (2024) also supported the view
that biochar can modify N and P dynamics differently de-
pending on soil texture and biochar type, so changes in soil
P are not always linear or uniform. This supports the inter-
pretation that the non-significant response of soil available
P in this study may still be consistent with improved P-use
efficiency by plants. In other words, phosphorus changes
may appear first in plant P status rather than in measured
soil available P.

Treatment P4 showed that single biochar application
with 50% NPK was the strongest treatment in increasing
leaf P concentration, as it significantly exceeded P2 and
P3. In contrast, the pattern P0 = P5 = P6 indicates that
the combination of biochar and solid decanter functioned
more as a buffer for plant P status. This means that the
combined amendments were able to compensate for re-
duced NPK fertilizer rates, allowing leaf P status to remain
comparable to that under the 100% NPK control. From
an agronomic perspective, this finding suggests that palm
oil waste-based organic amendments have the potential
to reduce dependence on high rates of mineral P fertilizer
during the nursery stage.

3.4 Effects of treatments on soil exchangeable K and leaf
K

The initial K content of the soil used as the growing medium
was 0.28 me 100g−1, while biochar and solid decanter con-
tained 6.02% and 1.58% K, respectively. After 14 weeks of
application, the treatments significantly affected soil K but
did not significantly affect leaf K concentration (Figure 4).

Based on the DMRT test at the 5% significance level, P0
(3.11 me 100g−1) had the highest soil K and differed signifi-
cantly from all other treatments. The next group consisted
of P1 (2.65), P2 (2.99), and P5 (2.80), which did not differ sig-
nificantly from one another. Lower values were observed
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Figure 4. Mean soil exchangeable K and leaf K
concentration after 14 weeks of treatment application

Note: P0 (without soil amendment + 100% NPK fertil-
izer), P1 (600 g solid decanter + 75% NPK fertilizer), P2
(600 g solid decanter + 50% NPK fertilizer), P3 (1,500
g biochar + 75% NPK fertilizer), P4 (1,500 g biochar +
50% NPK fertilizer), P5 (600 g solid decanter + 1,500 g
biochar + 75% NPK fertilizer), and P6 (600 g solid de-
canter + 1,500 g biochar + 50% NPK fertilizer).

in P4 (2.15) and P6 (2.06), while P3 (1.93) had the lowest soil
K. In contrast, leaf K concentration ranged only from 1.26%
to 1.44% and did not differ significantly among treatments.
This pattern indicates that the potassium response in this
study was more clearly reflected in the soil compartment
than in seedling leaf tissue.

The DMRT results for soil K reveal several important
points. First, P0 > all other treatments, indicating that the
100% NPK control still produced the highest soil K status.
Second, the group P1 = P2 = P5 shows that, in systems in-
volving solid decanter, reducing the NPK rate from 75% to
50% did not significantly reduce soil K. Third, the group P4
= P6 shows that, at the 50% NPK rate, adding solid decanter
to the biochar-based system did not significantly increase
soil K compared with biochar alone. Fourth, P3, repre-
senting single biochar application with 75% NPK, had the
lowest soil K, indicating that the high K content of biochar
was not automatically translated into the highest exchange-
able K in the soil at the end of the observation period. Soil
K dynamics in this study therefore cannot be interpreted
linearly based only on the K content of the amendment,
but rather as the combined of amendment composition,
NPK fertilizer rate, and the forms of K available in the soil
system.

The highest exchangeable K observed in P0 indicates
that the 100% NPK fertilizer treatment supplied K in a form
that was more readily soluble and more rapidly reflected

in the soil exchangeable K fraction than the amendment
packages with reduced NPK fertilization. This finding sug-
gests that, within the 14-week nursery period, biochar and
solid decanter had not yet fully compensated for the reduc-
tion in mineral K input. The biochar and solid decanter
used in this study contained measurable K concentrations
of 6.02% and 1.58%, respectively. However, total K content
in organic or biochar-based amendments does not necessar-
ily represent the amount of K that is immediately released
into the exchangeable pool. K release from biochar and
organic amendments may occur gradually through disso-
lution, desorption, surface weathering, and organic matter
decomposition, whereas mineral K fertilizer contributes
more directly to short-term exchangeable K availability.
Hartati et al. (2019) reported that increasing K fertilizer
rates increased soil and plant K parameters, supporting
the importance of readily available mineral K sources in
short-term K availability.

Therefore, biochar and solid decanter should not be
interpreted as direct short-term substitutes for mineral K
fertilizer. Their role is more appropriately viewed as com-
plementary amendments that may gradually contribute to
K supply and improve nutrient retention over time. This
interpretation is consistent with Ndoung et al. (2023), who
examined the dynamics of K release from biochar-based
fertilizers in soil, and Rodrigues et al. (2025), who showed
that biochar-KCl composites can improve K availability al-
though some pure biochars may remain less effective than
KCl under certain conditions. Similarly, Xia et al. (2024)
reported that co-application of biochar and K fertilizer im-
proved soil K availability in a longer-term study, suggesting
that the contribution of biochar to K dynamics may become
more evident as a buffering or supporting effect rather than
as an immediate replacement for mineral fertilizer.

3.5 Practical Implication
The practical value of the amendment packages lies in
their potential to improve selected soil chemical properties
while reducing mineral NPK input. However, because this
study focused on agronomic responses and did not include
economic analysis, the cost-effectiveness of applying 1.5
kg plant−1 biochar and 0.6 kg plant−1 solid decanter can-
not yet be concluded. Any reduction in NPK fertilizer cost
must be weighed against the costs of obtaining and process-
ing the amendments, including residue collection, drying,
pyrolysis, grinding, transport, labor, and application. Thus,
the use of biochar and solid decanter may be more feasible
where these materials are locally available and processing
costs are low. Future studies should include cost-benefit
ratio, labor requirements, and operational feasibility under
commercial nursery conditions.
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4. CONCLUSION AND RECOMMENDATION

4.1 Conclusion
The integrated application of biochar, solid decanter, and
reduced NPK fertilizer improved selected chemical prop-
erties of acid mineral soil used as oil palm seedling media.
The treatments mainly increased soil organic carbon and
total soil N, with the highest response obtained from the
combination of biochar + solid decanter + 50% NPK fertil-
izer. The treatments also significantly affected leaf P con-
centration and soil exchangeable K, whereas soil pH, soil
available P, leaf N, and leaf K were not significantly affected.
The highest exchangeable K in the 100% NPK control indi-
cates that mineral K fertilizer remained the most immediate
source of exchangeable K during the 14-week nursery pe-
riod. Overall, biochar and solid decanter have potential as
complementary organic amendments to improve selected
soil chemical properties and support selected nutrient pa-
rameters under reduced NPK fertilization.

4.2 Recommendation
Biochar and solid decanter may be considered as organic
amendments to support reduced NPK fertilizer application
in oil palm nurseries on acid mineral soils. Further stud-
ies should evaluate fertilizer-use efficiency and cost-benefit
ratio to determine whether the application of biochar and
solid decanter can provide agronomic and economic advan-
tages under reduced NPK fertilization in commercial oil
palm nurseries.

Acknowledgements

The authors gratefully acknowledge Institut Teknologi Sawit
Indonesia for providing field facilities and research support
during the seedling experiment. Appreciation is extended
to all technical staff and students who contributed to media
preparation, seedling maintenance, sample collection, and
laboratory coordination throughout the study.

REFERENCES

Ahmed, R., Y. Li, L. Mao, C. Xu, W. Lin, S. Ahmed, and
W. Ahmed (2019). Biochar effects on mineral nitrogen
leaching, moisture content, and evapotranspiration after
15N urea fertilization for vegetable crop. Agronomy, 9(6);
331. https://doi.org/10.3390/agronomy9060331

Antonangelo, J. A., X. Sun, and H. d. J. Eufrade-Junior
(2025). Biochar impact on soil health and tree-based crops:
a review. Biochar, 7(1); 51. https://doi.org/10.1007/
s42773-025-00450-6

Azis, A., A. Rauf, H. Hanum, and F. Agus (2024). Leaching
of Nutrients From Peat Soil and Nutrient Uptake by Oil
Palm Seedlings: Effects of Biochar From Empty Oil Palm
Fruit Bunches and Nitrogen Fertilisation. Mires and Peat,
31; 09. https://doi.org/10.19189/MaP.2023.OMB.Sc.
2121794

Bolan, S., D. Hou, L. Wang, L. Hale, D. Egamberdieva,
P. Tammeorg, R. Li, B. Wang, J. Xu, T. Wang, H. Sun,
L. P. Padhye, H. Wang, K. H. Siddique, J. Rinklebe,
M. Kirkham, and N. Bolan (2023). The potential of
biochar as a microbial carrier for agricultural and en-
vironmental applications. Science of The Total Environment,
886; 163968. https://doi.org/10.1016/j.scitotenv.
2023.163968

Cristancho, J. A., M. M. Hanafi, S. R. S. Omar, and M. Y.
Rafii (2011). Alleviation of soil acidity improves the per-
formance of oil palm progenies planted on an acid Ul-
tisol. Acta Agriculturae Scandinavica, Section B — Soil
& Plant Science, 61(6); 487–498. https://doi.org/10.
1080/09064710.2010.506448

DeLuca, T. H., M. J. Gundale, M. D. MacKenzie, S. Gao,
and D. L. Jones (2024). Biochar effects on soil nutrient
transformations. In Biochar for Environmental Manage-
ment: Science, Technology and Implementation. Routledge,
3rd edition, pages 399–438. https://doi.org/10.4324/
9781003297673-16

Embrandiri, A., P. Fatemeh Rupani, S. Ahmed Ismail,
R. Pratap Singh, M. Hakimi Ibrahim, and M. Omar B.
Abd. Kadir (2016). The effect of oil palm decanter cake
on the accumulation of nutrients and the stomatal open-
ing of Solanum melongena (brinjal) plants. International
Journal of Recycling of Organic Waste in Agriculture, 5(2).
https://doi.org/10.1007/s40093-016-0124-8

Gupta, R. K., M. Vashisht, R. K. Naresh, N. Dhingra, M. S.
Sidhu, P. K. Singh, N. Rani, N. Al-Ansari, A. Alataway,
A. Z. Dewidar, and M. A. Mattar (2024). Biochar influ-
ences nitrogen and phosphorus dynamics in two tex-
turally different soils. Scientific Reports, 14(1); 6533.
https://doi.org/10.1038/s41598-024-55527-2

Hartati, S., Suryono, and L. S. Purnama (2019). The Poten-
tial of Potassium Fertilizers in Improving the Availability
and Uptake of Potassium in Rice Grown on Entisol. Jour-
nal of Tropical Soils, 24(2); 83–91. https://doi.org/10.
5400/jts.2019.v24i2.83-91

Hashim, M. M. (2021). Establishment of Oil Palm Seedlings
Using Treated Oil Palm Decanter Cake (OPDC) as Bio-
Organic Media. AgricEngInt: CIGR Journal, 23(1); 176

Huang, K., J. Zhang, G. Tang, D. Bao, T. Wang, and D. Kong
(2023). Impacts and mechanisms of biochar on soil mi-
croorganisms. Plant, Soil and Environment, 69(2); 45–54.
https://doi.org/10.17221/348/2022-PSE

Hwong, C. N., S. F. Sim, L. K. Kho, Y. A. Teh, L. D. Harrold,
K. H. Chua, and N. H. Zainal (2022). Effects of biochar
from oil palm biomass on soil properties and growth
performance of oil palm seedlings. Journal of Sustainability
Science and Management, 17(4); 183–200. https://doi.
org/10.46754/jssm.2022.4.014

Ibrahim, M. M., H. Lin, Z. Chang, Z. Li, A. Riaz, and E. Hou
(2024). Magnesium-doped biochars increase soil phos-
phorus availability by regulating phosphorus retention,
microbial solubilization and mineralization. Biochar, 6(1);

© 2026 The Authors. Page 64 of 66

https://doi.org/10.3390/agronomy9060331
https://doi.org/10.1007/s42773-025-00450-6
https://doi.org/10.1007/s42773-025-00450-6
https://doi.org/10.19189/MaP.2023.OMB.Sc.2121794
https://doi.org/10.19189/MaP.2023.OMB.Sc.2121794
https://doi.org/10.1016/j.scitotenv.2023.163968
https://doi.org/10.1016/j.scitotenv.2023.163968
https://doi.org/10.1080/09064710.2010.506448
https://doi.org/10.1080/09064710.2010.506448
https://doi.org/10.4324/9781003297673-16
https://doi.org/10.4324/9781003297673-16
https://doi.org/10.1007/s40093-016-0124-8
https://doi.org/10.1038/s41598-024-55527-2
https://doi.org/10.5400/jts.2019.v24i2.83-91
https://doi.org/10.5400/jts.2019.v24i2.83-91
https://doi.org/10.17221/348/2022-PSE
https://doi.org/10.46754/jssm.2022.4.014
https://doi.org/10.46754/jssm.2022.4.014


Sakiah, et al. Journal of Smart Agriculture and Environmental Technology, 4 (2026) 57-66

68. https://doi.org/10.1007/s42773-024-00360-z
International Biochar Initiative (2015). Standardized prod-

uct definition and product testing guidelines for biochar
that is used in soil (Version 2.1)

Jos, S., H. Mohidin, O. H. Ahmed, N. Q. B. Kassim, S. Mah-
dian, and N. Rosli (2024). Mitigating nitrogen leaching
in mineral soils using pineapple leaf biochar. Malaysian
Journal of Soil Science, 28; 1–11

Lee, J.-M., D.-G. Park, S.-S. Kang, E.-J. Choi, H.-S. Gwon,
H.-S. Lee, and S.-I. Lee (2022). Short-Term Effect of
Biochar on Soil Organic Carbon Improvement and Ni-
trous Oxide Emission Reduction According to Differ-
ent Soil Characteristics in Agricultural Land: A Lab-
oratory Experiment. Agronomy, 12(8); 1879. https:
//doi.org/10.3390/agronomy12081879

Liu, S., B. Cen, Z. Yu, R. Qiu, T. Gao, and X. Long (2025).
The key role of biochar in amending acidic soil: reduc-
ing soil acidity and improving soil acid buffering ca-
pacity. Biochar, 7(1); 52. https://doi.org/10.1007/
s42773-025-00432-8

Mahmud, M. S. and K. P. Chong (2022). Effects of Lim-
ing on Soil Properties and Its Roles in Increasing the
Productivity and Profitability of the Oil Palm Industry
in Malaysia. Agriculture, 12(3). https://doi.org/10.
3390/agriculture12030322

Martinsen, V., V. Alling, N. Nurida, J. Mulder, S. Hale,
C. Ritz, D. Rutherford, A. Heikens, G. Breedveld, and
G. Cornelissen (2015). pH effects of the addition of three
biochars to acidic Indonesian mineral soils. Soil Science
and Plant Nutrition, 61(5); 821–834. https://doi.org/10.
1080/00380768.2015.1052985

Menteri Pertanian (2020). Peta tanah eksplorasi skala
1:1.000.000

Mouridi, Z. E., R. Ziri, A. Douaik, S. Bennani, I. Lembaid,
L. Bouharou, N. Brhadda, and R. Moussadek (2023). Com-
parison Between Walkley-Black and Loss On Ignition
Methods for Organic Matter Estimation in Different Mo-
roccan Soils. Ecological Engineering & Environmental Tech-
nology, 24(4); 253–259.

Ndoung, O. C. N., L. R. de Souza, J. Fachini, T. P. Leão,
D. Sandri, and C. C. de Figueiredo (2023). Dynamics of
potassium released from sewage sludge biochar fertiliz-
ers in soil. Journal of Environmental Management, 346;
119057. https://doi.org/10.1016/j.jenvman.2023.
119057

Prasetyo, I., S. M. Rohmiyati, and H. Wirianata (2023).
Pengaruh Decanter Solid dan Pupuk NPK terhadap
Peningkatan Pertumbuhan Bibit Kelapa Sawit di Main
Nursery. AGROISTA : Jurnal Agroteknologi, 7(1); 39–44.
https://doi.org/10.55180/agi.v7i1.442

Qian, X., Q. Li, H. Chen, L. Zhao, F. Wang, Y. Zhang,
J. Zhang, C. Müller, and Z. Yi (2023). Enhancing Soil
Nitrogen Retention Capacity by Biochar Incorporation
in the Acidic Soil of Pomelo Orchards: The Crucial Role
of pH. Agronomy, 13(8). https://doi.org/10.3390/

agronomy13082110
Radin, R., R. Abu Bakar, C. Fauziah Ishak, S. Hajar Ahmad,

and L. Chin Tsong (2017). Biochar-compost mixture as
amendment for improvementof polybag-growing media
and oil palm seedlings at main nurserystage. International
Journal of Recycling of Organic Waste in Agriculture, 7(1).
https://doi.org/10.1007/s40093-017-0185-3

Rahayu, D. E., N. Karnaningroem, A. Altway, and A. Slamet
(2021). Utilization of oil palm empty fruit bunches
biomass through slow pyrolysis process. IOP Confer-
ence Series: Earth and Environmental Science, 913(1); 012018.
https://doi.org/10.1088/1755-1315/913/1/012018

Rodrigues, G. N. T. S., C. A. Silva, and E. G. d. Morais
(2025). Agronomic Effectiveness of Biochar-KCl Compos-
ites for Corn Cultivation in Tropical Soils. Soil Systems,
9(2). https://doi.org/10.3390/soilsystems9020045

Rombel, A., P. Krasucka, and P. Oleszczuk (2022). Sus-
tainable biochar-based soil fertilizers and amendments
as a new trend in biochar research. Science of The Total
Environment, 816; 151588. https://doi.org/10.1016/j.
scitotenv.2021.151588

Septiana, L., G. Djajakirana, and D. Darmawan (2018). Char-
acteristics of Biochars from Plant Biomass Wastes at Low-
Temperature Pyrolysis. SAINS TANAH - Journal of Soil
Science and Agroclimatology, 15(1)

Siagian, U. W. R., I. G. Wenten, and K. Khoiruddin (2024).
Circular Economy Approaches in the Palm Oil Industry:
Enhancing Profitability through Waste Reduction and
Product Diversification. Journal of Engineering and Techno-
logical Sciences, 56(1); 25–49. https://doi.org/10.5614/
j.eng.technol.sci.2024.56.1.3

Tomczyk, A., Z. Sokołowska, and P. Boguta (2020). Biochar
physicochemical properties: pyrolysis temperature and
feedstock kind effects. Reviews in Environmental Science
and Bio/Technology, 19(1); 191–215. https://doi.org/10.
1007/s11157-020-09523-3

Tugiman, E. S., M. Z. Mohd Yusoff, M. A. Hassan, M. Y.
Abd Samad, M. A. Ahmad Farid, and Y. Shirai (2024).
Assessing the efficacy of utilizing biochar derived from
oil palm biomass as a planting medium for promot-
ing the growth and development of oil palm seedlings.
Biocatalysis and Agricultural Biotechnology, 58; 103203.
https://doi.org/10.1016/j.bcab.2024.103203

Tumuluru, J. S., S. Sokhansanj, J. R. Hess, C. T. Wright, and
R. D. Boardman (2011). A review on biomass torrefaction
process and product properties for energy applications.
Industrial Biotechnology, 7(5); 384–401. ttps://doi.org/
10.1089/ind.2011.7.384

Wang, C., D. Luo, X. Zhang, R. Huang, Y. Cao, G. Liu,
Y. Zhang, and H. Wang (2022). Biochar-based slow-
release of fertilizers for sustainable agriculture: A mini re-
view. Environmental Science and Ecotechnology, 10; 100167.
https://doi.org/10.1016/j.ese.2022.100167

Xia, H., J. Wang, M. Riaz, S. Babar, Y. Li, X. Wang, X. Xia,
B. Liu, and C. Jiang (2024). Co-application of biochar and

© 2026 The Authors. Page 65 of 66

https://doi.org/10.1007/s42773-024-00360-z
https://doi.org/10.3390/agronomy12081879
https://doi.org/10.3390/agronomy12081879
https://doi.org/10.1007/s42773-025-00432-8
https://doi.org/10.1007/s42773-025-00432-8
https://doi.org/10.3390/agriculture12030322
https://doi.org/10.3390/agriculture12030322
https://doi.org/10.1080/00380768.2015.1052985
https://doi.org/10.1080/00380768.2015.1052985
https://doi.org/10.1016/j.jenvman.2023.119057
https://doi.org/10.1016/j.jenvman.2023.119057
https://doi.org/10.55180/agi.v7i1.442
https://doi.org/10.3390/agronomy13082110
https://doi.org/10.3390/agronomy13082110
https://doi.org/10.1007/s40093-017-0185-3
https://doi.org/10.1088/1755-1315/913/1/012018
https://doi.org/10.3390/soilsystems9020045
https://doi.org/10.1016/j.scitotenv.2021.151588
https://doi.org/10.1016/j.scitotenv.2021.151588
https://doi.org/10.5614/j.eng.technol.sci.2024.56.1.3
https://doi.org/10.5614/j.eng.technol.sci.2024.56.1.3
https://doi.org/10.1007/s11157-020-09523-3
https://doi.org/10.1007/s11157-020-09523-3
https://doi.org/10.1016/j.bcab.2024.103203
ttps://doi.org/10.1089/ind.2011.7.384
ttps://doi.org/10.1089/ind.2011.7.384
https://doi.org/10.1016/j.ese.2022.100167


Sakiah, et al. Journal of Smart Agriculture and Environmental Technology, 4 (2026) 57-66

potassium fertilizer improves soil potassium availability
and microbial utilization of organic carbon: A four-year
study. Journal of Cleaner Production, 469; 143211. https:
//doi.org/10.1016/j.jclepro.2024.143211

Zhang, L., L. Chang, H. Liu, M. de Jesús Puy Alquiza, and
Y. Li (2025). Biochar application to soils can regulate
soil phosphorus availability: a review. Biochar, 7(1); 13.
https://doi.org/10.1007/s42773-024-00415-1

© 2026 The Authors. Page 66 of 66

https://doi.org/10.1016/j.jclepro.2024.143211
https://doi.org/10.1016/j.jclepro.2024.143211
https://doi.org/10.1007/s42773-024-00415-1

	INTRODUCTION
	EXPERIMENTAL SECTION
	Research Location and Biomaterial Use
	Experimental Design
	Cultivation Procedures
	Data Collection
	Data Analysis

	RESULTS AND DISCUSSION
	Effects of treatments on soil organic carbon and soil pH
	Effects of treatments on total N and leaf N
	Effects of treatments on soil available P and leaf P
	Effects of treatments on soil exchangeable K and leaf K
	Practical Implication

	CONCLUSION AND RECOMMENDATION
	Conclusion
	Recommendation


