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 Ultisol is one type of soil available for the development of oil palm plantations 
in Indonesia. Oil palm development is faced with negative perceptions due to the 
degradation of soil and regional hydrological functions. The purpose of this 
research was to evaluate the impact of the application of biopores filled with 
various types of oil palm waste on the hydrological function of Ultisols with oil 
palm plantations. This research used an experimental method designed by 
creating eight experimental plots consisting of seven plots with biopores filled 
with various types of oil palm waste and one plot without biopores. The research 
data included organic carbon content, bulk density, porosity, permeability, 
infiltration, and water retention of soil. Data were obtained through analysis of 
soil samples in the laboratory and field measurements. Data were analyzed 
descriptively and by regression analysis with a confidence level of 95%                 
(α = 0.05). The research results showed that the application of biopores with 
various oil palm wastes was able to improve soil characteristics and hydrological 
functions of Ultisols in oil palm plantations. The application of biopores with a 
combination of Mucuna bracteata, empty oil palm fruit bunches, oil palm 
pruning leaves, and oil palm shell biochar showed the best effect on improving 
soil characteristics and hydrological functions. Improvement of soil 
characteristics was correlated with improvement of hydrological function in 
Ultisols. Therefore, biopores filled with oil palm waste can be recommended as 
an integrative soil and water conservation technology for controlling the 
hydrological functions of Ultisols in oil palm plantations. 
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Introduction 

Ultisol is one type of soil that is targeted for oil palm 
plantation development in Indonesia, although the 
characteristics of Ultisol show several obstacles to 
being used as agricultural land, such as low organic 
carbon content, high density, low porosity, low water 
availability, and sensitivity to erosion. The use of 
Ultisols for oil palm plantation development is related 
to the limited availability of fertile land. Meanwhile, 

the area of Ultisols reaches 45.8 million ha or 25% of 
the land area of Indonesia (Prasetyo and Suriadikarta, 
2006). 

The rapid development of oil palm in Indonesia 
is faced with two contradictory facts. The first fact is 
that oil palm is an agricultural commodity with 
economic value. According to data from BPS 
Indonesia, in 2022, the area of oil palm plantations in 
Indonesia reached 14.99 million ha, an increase of 
47.33% compared to 2003, which was only 7.89 



Sunarti et al. / Journal of Degraded and Mining Lands Management 12(5):8751-8767 (2025) 

  

Open Access                                                                                                                                                        8752 

 

million ha (Central Bureau of Statistics of Indonesia, 
2004, 2024). The area of oil palm plantations in 
Indonesia produces 45.74 million tons of oil palm, 
which is an Indonesian export commodity. Based on 
data from the Ministry of Agriculture (2021), 
Indonesia’s oil palm exports in 2020 were 25.95 
million tons, worth US$17.36 billion. The second fact 
is that the development of oil palm plantations in 
Indonesia is also considered to cause degradation of 
hydrological functions and pollution due to the 
disposal of oil palm waste. Several researchers have 
noted that the expansion of oil palm plantations can 
alter the local hydrological cycle, affecting water 
availability and increasing the risk of drought and 
flooding (Heidari et al., 2020; Gómez et al., 2023). The 
research results by Ullyta et al. (2022) proved that soil 
infiltration in oil palm plantations is smaller, and 
conversely, surface flow is greater than infiltration and 
surface flow in soil with agroforestry systems. The 
presence of oil palm waste is also considered a global 
environmental degradation because the disposal of 
waste such as empty bunches can pollute water 
sources, and waste from oil palm processing has an 
impact on greenhouse gas emissions and air pollution 
(Meijaard et al., 2020; Teng et al., 2020). The 
assumption is that environmental degradation affects 
the acceptance of Indonesian oil palm products in the 
global market. 

The hydrological function of the soil is crucial in 
supporting groundwater reserves and water 
availability on agricultural land and in a region. Even 
the hydrological function will affect the sustainability 
of agricultural crop production (Di Prima et al., 2020; 
Vereecken et al., 2022). Rossiter et al. (2024) also 
stated that the selection of land use types and cropping 
systems in the Eastern Ganges Plain requires 
consideration of soil hydrology. Conversely, land 
management and use actions will affect the soil 
hydrological function. The research results by Liu et 
al. (2024) revealed that changes in land use are drivers 
of changes in regional hydrological processes. The 
expansion of agricultural land intensifies plant 
evapotranspiration, thus potentially exacerbating 
water stress during the early stages of plant growth. 
This is also in accordance with the statement of Patiño-
Gutiérrez et al. (2024) that the ability of grasslands in 
Paramo to store, regulate, and supply water is 
influenced by agricultural activities and changes in 
land use. Therefore, the soil hydrological function 
must be a consideration in the planning of agricultural 
land use, including the development of oil palm 
plantations. 

Soil and water conservation technology has been 
widely recommended for the conservation of soil 
hydrological functions. However, biopores offer an 
integrated solution to the degradation of hydrological 
functions and pollution from oil palm plantation waste. 
Therefore, its application is also an alternative action 
to fulfill the requirements of the Indonesian 
Sustainable Palm Oil (ISPO) in the development of oil 

palm plantations, namely the principles of 
environmental management, natural resources, and 
biodiversity (Presidential Regulation of the Republic 
of Indonesia No. 44/2020). The application of the 
ISPO principles aims to eliminate the assumption that 
oil palm plantations are the primary cause of 
environmental degradation, thereby increasing the 
acceptance of Indonesian palm oil products in the 
global market. 

Biopores are a soil and water conservation 
technology designed to provide water absorption paths 
into the soil and are integrated with the composting of 
organic materials. According to Ruslinda et al. (2022), 
biopores are more commonly applied in residential 
areas to control puddles or floods. The research results 
by Dammayatri et al. (2023) demonstrated that 
designing and optimizing green open spaces, and 
implementing biopores (18.27% of what is needed), 
can reduce puddles in Jakarta by 15.6%. However, 
because biopores are integrated with composting, it is 
estimated that biopores can also improve soil 
properties. Increasing water absorption into the soil 
and the water holding capacity of soil through biopores 
will increase water availability and groundwater 
reserves (Landl et al., 2019; Devianti et al., 2020; 
Hanuf et al., 2021; Umasugi et al., 2021; Ashabie and 
Masjud, 2022; Ruslinda et al., 2022). Even the 
research results of Devianti et al. (2020) show that 
biopores with Mucuna bracteata can significantly 
reduce surface runoff by 31.81% and erosion rates by 
29.66%, compared to areas without biopores. 

Biopores have been proven to reduce the impact 
of damage to soil hydrological function. However, an 
appropriate formulation is needed regarding the 
application of biopore integration and palm oil waste 
on soil in oil palm plantations. The results of existing 
studies have also failed to provide a comprehensive 
and specific understanding of their impact on soil 
properties and soil hydrological conditions in oil palm 
plantations. Therefore, exploration of studies focusing 
on biopore integration with several types of oil palm 
waste is expected to contribute to determining the most 
effective and practical formula for conserving the 
hydrological function of soil in oil palm plantations 
(Aprisal et al., 2019; Devianti et al., 2020, 2022; Hanuf 
et al., 2021; Gómez et al., 2023). The research aimed 
to explore the impact of biopore application with 
various types of oil palm waste on the hydrological 
function of Ultisols with oil palm plantations. 

Materials and Methods 

Location and time of study 

The research was conducted on the Oil Palm Research 
and Teaching Farm plantation of the Faculty of 
Agriculture, University of Jambi, in Mendalo Indah 
Village, Jambi Luar Kota District, Muaro Jambi 
Regency. The research was conducted in 2023 for 3 
months (August-October 2023). The surface of the oil 
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palm plantation land at the experimental location was 
covered with shrub vegetation of medium density. Oil 
palm plants in all experimental plots were 4 years old. 
Oil palm plants have not been optimally maintained, as 
is generally the case with smallholder oil palm 
plantations. The soil at the research location is 
classified as Ultisols with a slope of 9%. The soil at the 
experimental location had a soil bulk density of 1.47 g 
cm-3 and a porosity of only 44.53%. The soil organic 
carbon content was very low, at 0.85%. The soil 
permeability was 3.78 cm h-1. The infiltration rate and 
capacity were 2.08 cm h-1 and 11.40 cm h-1, 
respectively. A constant infiltration rate of 1.56 cm h-1 
was achieved in a relatively short time of 30 minutes. 
The initial soil water retention at several pressure (pF) 
conditions was 41.54% (pF 1.0), 30.72% (pF 2.0), 
24.33% (pF 2.54), and 13.39% (pF 4.2). Based on soil 
water retention at field capacity (pF 2.54) and 
permanent wilting point (pF 4.2), the soil available 
water was 10.94%. 

Materials   

The materials required for this research included 
biopores, oil palm waste in the form of Mucuna 

bracteata green material, empty oil palm bunches, 
pruned oil palm leaves, oil palm shell biochar, EM4, 
and disturbed and undisturbed soil samples. Biopore 
filler materials in the form of oil palm leaves pruned 
were obtained from oil palm plantations at the research 
location. Mucuna bracteata, empty oil palm fruit 
bunches, and oil palm shell charcoal were obtained 
from oil palm plantations around the research location. 
Mucuna bracteata, empty fruit bunches, shell 
charcoal, and oil palm leaves pruned that will be 
inserted into the biopore infiltration holes were 
previously chopped using copper. Biopore filler 
materials have different characteristics, especially 
their decomposition speed, which is indicated by the 
C/N ratio. Mucuna bracteata, empty oil palm fruit 
bunches, oil palm shell charcoal, and oil palm leaves 
pruned each have C/N values of 8.60, 26.00, 19.23,    
and 67.00. The EM4 used in the research was a ready-
to-use material purchased at an agricultural store. The 

disturbed and undisturbed soil samples were taken 
from the experimental location and used as material for 
analysis in the laboratory to obtain soil data before and 
after treatments. 

Research design  

The research employed an experimental method. The 
experiment was conducted by creating twenty-four 
observation plots with eight treatments. The 
observation plots were prepared with a size of 9 m x 9 
m. The treatments tested were biopore + Mucuna 

bracteata (P1); biopore + empty oil palm bunch (P2); 
biopore + empty oil palm bunch + oil palm shell 
biochar (P3); biopore + oil palm shell biochar (P4); 
biopore + pruned oil palm leaves (P5); biopore + 
pruned oil palm leaves + oil palm shell biochar (P6); 
biopore + Mucuna bracteata + empty oil palm bunch 
+ pruned oil palm leaves + oil palm shell biochar (P7); 
and without biopore (P8). The eight treatments were 
arranged in a randomized block design with three 
replications. 

Research implementation 

The research activities consisted of biopore 
installation, soil sampling, and infiltration 
measurement. Biopores in each experimental plot were 
made with five pieces (Figure 1) with a depth of 100 
cm. Biopores were filled with several types of oil palm 
waste that were adjusted to the treatment in each 
observation plot. The amount of waste put into the 
biopores was adjusted to the depth of the biopores. Soil 
sampling and infiltration measurement were taken 
before and after 3 months of biopore installation. Soil 
sampling in the observation plot consisted of both 
disturbed and undisturbed soil samples. Disturbed soil 
samples were used to determine soil organic carbon 
content, and undisturbed soil samples were used to 
determine soil bulk density, porosity, soil water 
retention, and soil permeability. Infiltration 
measurements were conducted at observation points 
determined at the same position in each experimental 
plot (around the biopore) with a double-ring 
infiltrometer. 

 

 
Figure 1. Observation plot design of biopores position. 
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Soil analysis methods 

The soil data collected consisted of organic carbon, 
bulk density, total pore space, permeability, and soil 
water content at pF levels of 1.0, 2.0, 2.54, and 4.20 
obtained through analysis of soil samples in the 
laboratory. Soil organic carbon was determined using 
the wet cindering method using potassium dichromate 
and titration with sulfuric acid (Walkley and Black, 
1934; Meersmans et al., 2009). Soil bulk density and 
water retention were determined by the gravimetric 
method. Soil porosity was calculated based on soil 
bulk density and particle density (Flint and Flint, 
2018). The soil available water was calculated based 
on the difference between soil water content at pF 2.54 
and pF 4.20 (Spasić et al., 2023). Soil permeability was 
determined by the constant water table method 
according to the principle of Darcy’s Law (Hillel, 
2003; Lakshmi, 2004). Infiltration was measured in the 
field using a double-ring infiltrometer and will be 
analyzed using the Horton Model (Hillel, 2003; 
Lakshmi, 2004; Yang et al., 2020; Faridah et al., 2023; 
Khanaum and Borhan, 2023). 

Data analysis 

Data related to several soil properties and hydrological 
functions obtained through research were analyzed 

descriptively. Correlation between soil properties and 
correlation of several soil properties with hydrological 
functions were analyzed using regression analysis with 
a confidence level of 95%. 

Results and Discussion  

Selected soil properties under the influence of 

biopores and oil palm waste application 

The research results illustrated that biopores filled with 
several types of palm oil waste caused an increase in 
soil organic carbon content, compared to the organic 
carbon content of soil without biopores (Table 1) and 
soil before treatments. In accordance with other 
research that also proved the effect of biopore 
treatment filled with organic materials can increase 
soil organic carbon content (Rahman et al., 2020; 
Hanuf et al., 2021; Nur Qadri and Gau, 2023). The 
increase in organic carbon content is caused by waste 
from crop residue that is put into the biopores, 
undergoing decomposition, thereby contributing 
carbon and organic matter to the soil. According to Fu 
et al. (2021), crop residue contains approximately 40% 
organic carbon, and when crop residues are 
incorporated into the soil, they can increase and reduce 
the loss of soil organic carbon content. 

Table 1. Soil organic carbon, bulk density, and porosity due to the application of biopores and oil palm waste. 

Plot Code Soil Organic Carbon Soil Bulk Density (g cm-3) Porosity (%) 

 Content (%) Criteria*   
P1 1.50 Low 1.28 51.69 
P2 1.08 Low 1.38 48.00 
P3 1.35 Low 1.36 48.85 
P4 1.71 Low 1.19 55.29 
P5 1.25 Low 1.37 48.18 
P6 1.48 Low 1.30 51.08 
P7 1.89 Low 1.14 57.02 
P8 0.90 very Low 1.45 45.36 

Remark: * based on criteria of Soil Research Center (1980); biopore + Mucuna bracteata (P1); biopore + oil palm empty fruit 
bunch (P2); biopore + oil palm empty fruit bunch + oil palm shell biochar (P3); biopore + oil palm shell biochar (P4); biopore 
+ pruned oil palm leaves (P5); biopore + pruned oil palm leaves + oil palm kernel shell biochar (P6); biopore + Mucuna 

bracteata + oil palm empty fruit bunch + pruned oil palm leaves + oil palm shell biochar (P7); and without biopore (P8) 

The increase in soil organic carbon due to the use of 
biopores and various types of oil palm waste reached 
20%. The organic carbon content in soil with biopores 
ranged from 20% to 110% compared to the soil 
without biopores (P8). The highest increase in soil 
organic carbon content occurred in plots with biopores 
that received a mixture of Mucuna bracteata, empty 
fruit bunches, pruned leaves, and palm shell biochar 
(P7), but the increase still fell within the low criteria 
(Table 1). The difference in the increase in soil organic 
carbon content variations in decomposition rates or 
C/N ratios among plots which were attributed to 
differences in the types of oil palm waste. According 
to Dang et al. (2025), the C/N ratio of crop residues 
affects the amount of organic carbon contribution to 
soil. This is in accordance with the results of previous 

research that also showed that the composition and 
combination of types of organic materials put into 
biopores will affect the amount of compost or organic 
material produced, causing differences in their 
contribution to soil organic carbon content (Santosa, 
2018; Ruslinda et al., 2021; Ruslinda et al., 2022). 
Research by Getino-Álvarez et al. (2023) also 
explained that a good balance of mineralization and 
immobilization of soil organic matter occurs when the 
decomposition rate or C/N value is 20-30, as under 
forest stands. 

The research results showed that the application 
of biopores filled with several types of oil palm waste 
also had a positive effect on reducing bulk density and 
increasing soil porosity (Table 1). This occurs due to 
the increased aggregation and activity of soil 
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microorganisms resulting from the contribution of soil 
organic carbon from oil palm waste filling the 
biopores. According to Fu et al. (2021), incorporation 
of crop residues into the soil can increase the 
microorganisms' activities and produce organic acids, 
which can affect the aggregation, structure, bulk 
density, and porosity of the soil. The research results 
are in accordance with previous studies that also 
showed the use of organic materials, such as olive oil 
mill waste and biochar, caused improvements in soil 
bulk density and porosity levels, and formed structures 
and soil pores (Winarso et al., 2021). The use of 
biopores and various types of oil palm waste resulted 
in a decrease in soil bulk density of 5.52%-21-38% 
compared to soil in plots without biopores. On the 
other hand, the increase in soil porosity is 5.82%-
25.71% (Table 1). The changes in both are also not 
optimal due to the suboptimal increase in soil organic 
carbon content, because soil organic carbon content is 
closely correlated with soil bulk density and soil 
porosity (Fukumasu et al., 2022; Robinson et al., 2022) 

and the research results also showed that the soil 
organic carbon with soil bulk density and porosity had 
a correlation coefficient of 0.95 each (Figure 2). This 
finding is in accordance with the research results that 
also prove that increasing the content of organic 
carbon or matter in the soil will affect the decrease in 
soil bulk density or soil density (Winarso et al., 2021; 
Dewi et al., 2022). 

The condition of improving soil organic carbon 
content and soil density that is not optimal due to the 
use of biopores and various types of oil palm waste is 
also caused by observations carried out in a short 
period of time (8 weeks) or when the oil palm waste in 
the biopores begins to compost or decompose. This 
condition causes the organic material produced to not 
interact perfectly in the soil. However, based on 
research data, observations over a longer period of 
time are predicted to show the effect of implementing 
biopores and more optimal oil palm waste on 
improving soil organic carbon content, soil bulk 
density, and soil porosity.

  

Figure 2. Correlation between organic carbon content and soil bulk density. 

Previous research has shown that the positive effect of 
providing organic material to the soil will strengthen 
over time and even in the long term; continuous 
provision of organic material to the soil will also affect 
the organic material content in deeper soil layers. The 
impact of providing organic material shows dynamic 
changes in the soil. Providing organic material or 
fertilizer in the long term shows an increase in soil 
organic carbon content and the abundance of soil 
microorganisms so that it has a major effect on soil 
porosity and structure. Therefore, it is necessary to 
carry out observations over a longer and periodic 
period to see the dynamics of its influence (Johansen 
et al., 2023; Lange et al., 2023). The effect of biopore 
application and oil palm waste on soil organic carbon 
content, soil bulk density, and soil porosity will be 
related to soil hydrological conditions such as soil 
permeability, infiltration, and soil water retention. 

The soil hydrological function under the 

influence of biopores and oil palm waste 

application 

Soil permeability 

The research results (Table 2) show that the 
application of biopores with various types of oil palm 
waste on the soil in oil palm plantations shows an 
effect on soil permeability. The soil permeability with 
biopores and oil palm waste has a permeability that is 
classified as quite fast to very fast. While the 
permeability of soil without biopores and oil palm 
waste, and the previous soil permeability, is classified 
as moderate. The highest increase in permeability 
(27.78 cm h-1) occurred due to the use of biopores and 
a mixture (Mucuna bracteata, empty oil palm fruit 
bunches, oil palm leaf prunes, and oil palm shell 
biochar (P7). Meanwhile, the lowest increase occurred 
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in soil with biopores and empty oil palm fruit bunches 
(P2). This is related to the increase in organic carbon 
content and porosity and a decrease in bulk density in 
soil with biopores and empty oil palm fruit bunches 
(P2), which is lower than soil with biopores filled with 
other oil palm waste (Table 1).  

Table 2. Soil permeability under the influence of 
biopores and oil palm waste application. 

Plot Code Permeability  

(cm h-1) 

Criteria* 

P1 19.81 Fast 
P2   8.48 Rather Fast 
P3 11.81 Rather Fast 
P4 22.01 Fast 
P5 10.29 Rather Fast 
P6 17.51 Fast 
P7 27.78 Very Fast 
P8   3.83 Moderate 

Remark: *According to criteria of Uhland and Alfred (1951); 
biopore + Mucuna bracteata (P1); biopore + oil palm empty 
fruit bunch (P2); biopore + oil palm empty fruit bunch + oil 
palm shell biochar (P3); biopore + oil palm shell biochar 
(P4); biopore + pruned oil palm leaves (P5); biopore + 
pruned oil palm leaves + oil palm kernel shell biochar (P6); 
biopore + Mucuna bracteata + oil palm empty fruit bunch + 
pruned oil palm leaves + oil palm shell biochar (P7); and 
without biopore (P8) 

The effect of soil organic carbon on permeability also 
depends on the type of organic material and land use 
(Li et al., 2021; Fitria and Soemarno, 2022). The soil 

carbon, organic, and bulk density influence soil 
permeability, although in some conditions, they will 
also be simultaneously influenced by soil texture due 
to the relationship to soil pores (Schroeder et al., 
2022), and according to Singh et al. (2020), soil 
organic carbon and bulk density are sensitive 
parameters for soil permeability prediction.  
 The increase in soil permeability due to the 
application of biopores and oil palm waste in this 
research (Table 2) was lower than the soil permeability 
in the research of Fitria and Soemarno (2022), which 
used organic materials in the form of compost from 
organic waste and lime in coffee plantations. The 
difference in soil permeability shows a difference in 
response due to differences in the type of organic 
material. This is because the difference in C/N of 
compost is lower than that of fresh organic material, so 
that the compost reacts faster in the soil (H. Yang et 
al., 2021; Xie et al., 2022). Even the research results 
by Yan et al. (2021) also showed that the difference in 
C/N of pig farm biogas slurry given to the soil also 
caused differences in organic carbon content in the 
soil. 

The research results (Figure 3) also prove that 
soil organic carbon content is correlated with soil 
permeability with a correlation coefficient of 0.97. 
Likewise, soil bulk density and soil porosity show a 
correlation with soil permeability, with correlation 
coefficients of 0.96 each. Soil with biopores and empty 
oil palm fruit bunches (P2) has a higher soil density 
and the lowest porosity compared to soil with biopores 
and other types of oil palm waste.  

 

Figure 3. The correlation of soil permeability with soil organic carbon and soil bulk density. 

Previous research has shown that soil organic carbon 
affects soil permeability along with soil water content, 
soil bulk density, and soil porosity (Yu et al., 2018; 
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al., 2023). According to Usowicz and Lipiec (2021), 
soil organic carbon and soil porosity are positively 
correlated with soil permeability, while soil bulk 
density is negatively correlated with soil permeability. 
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waste has an effect on increasing soil infiltration in oil 
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(1.56 cm h-1) was achieved at a faster time, namely 30 
minutes. The effect of the application of biopores 
integrated with palm oil waste on infiltration is caused 
by changes in organic carbon content, bulk density, 
porosity, and soil permeability (Cal and Barik, 2020). 
The research results (Table 3) showed that various 
types of oil palm waste inserted into biopores show 
differences in effectiveness in influencing infiltration. 
The highest increase in infiltration occurred in soil 
with biopores filled with a mixture of Mucuna 

bracteata, empty fruit bunches, pruning leaves, and 
biochar of oil palm shell (P7). Figure 4 illustrates that 
the increase in infiltration rate due to the application of 
biopores filled with empty oil palm fruit bunches (P2) 

and biopores filled with empty oil palm fruit bunches 
and biochar of oil palm shell (P5) is lower than that of 
soil infiltration with biopores filled with other types of 
oil palm waste. Both also show no significant 
difference in the infiltration rate in soil without 
biopores (P8). In fact, based on the time to achieve a 
constant infiltration rate, P2 and P5 are also the same 
as the time to achieve a constant infiltration rate in soil 
without biopores (Table 3). The difference in the 
effectiveness of various types of oil palm waste on 
infiltration is also in accordance with the results of 
research by Santosa (2018), which proved that various 
types of fruit waste inserted into biopores showed 
different effectiveness in increasing soil infiltration.   

Table 3. Soil infiltration on oil palm plantations due to the application of biopore and oil palm waste. 

Plot Code Constant Time 

(minute) 

Infiltration Velocity, f 

(cm h-1) 

Infiltration Capacity, F 

(cm h-1) 

P1 55 4.36 38.40 
P2 40 3.13 22.80 
P3 50 4.22 34.80 
P4 55 4.43 39.60 
P5 40 3.30 25.20 
P6 50 4.26 35.40 
P7 65 4.52 42.60 
P8 40 2.73 19.20 

Remark: biopore + Mucuna bracteata (P1); biopore + oil palm empty fruit bunch (P2); biopore + oil palm empty fruit bunch + 
oil palm shell biochar (P3); biopore + oil palm shell biochar (P4); biopore + pruned oil palm leaves (P5); biopore + pruned oil 
palm leaves + oil palm kernel shell biochar (P6); biopore + Mucuna bracteata + oil palm empty fruit bunch + pruned oil palm 
leaves + oil palm shell biochar (P7); and without biopore (P8) 

 
Figure 4. Infiltration velocity curve as affected by biopores and some oil palm waste applications. 

 
Biopores filled with banana waste have the highest 
effectiveness in increasing soil infiltration, because the 
decomposition rate is faster than that of papaya and 
mango waste. The difference in infiltration is due to 
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the biopores. Different types of organic materials 
incorporated into the soil will respond differently to 
soil properties, including infiltration (Bashir et al., 

2021). Based on the infiltration data (Table 3) and the 
infiltration rate trend (Figure 4), it can be understood 
that the use of oil palm shell biochar as a biopore filler 
has a positive impact on increasing soil infiltration. 
Infiltration in soil with biopores filled with oil palm 
shell biochar shows a higher infiltration rate and 
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findings of several studies that reveal that biochar 
affects infiltration. Even biochar with a smaller size 
can increase the soil infiltration rate due to the 
abundant pore structure and increased specific surface 
area (Sharma et al., 2021; Jia et al., 2024; Sun et al., 
2024). The recommendation to mix biochar with other 
organic materials is expected to be effective in 
increasing infiltration (Zou et al., 2022). 
 The research results also showed that soil 
infiltration in oil palm plantations is related to soil 
organic carbon content, bulk density, porosity, and 
water retention. Figure 5 shows a close correlation 
between soil organic carbon content and infiltration 
rate and capacity, with correlation coefficients of 0.84 
and 0.91, respectively. Furthermore, soil bulk density 
and porosity are also correlated with infiltration rate 
and capacity, with correlation coefficients of 0.71 and 
0.82, respectively. The correlation of soil organic 

carbon content, bulk density, and porosity with 
infiltration is also in accordance with the results of 
previous research, which have proven that increasing 
soil porosity will accelerate the process of water 
infiltration into the soil (Rahman et al., 2020; 
Sindagamanik et al., 2021; Umasugi et al., 2021; 
Prosanti et al., 2023; Qadri and Gau, 2023). Basset et 
al. (2023) also state that there is a significant 
correlation established between infiltration and soil 
structural properties such as soil bulk density, organic 
carbon, and porosity. This condition is a result of 
improving organic carbon, which can increase the 
activity of soil microorganisms, which affects soil 
pores (Fu et al., 2021). The infiltration depth also 
increases with decreasing soil bulk density (Al-Ogaidi 
et al., 2023). Improvements in soil properties resulting 
from the application of a technology will correlate with 
each other (Hu et al., 2024).  

 

   

   

Figure 5. The correlation of soil organic carbon, bulk density, and porosity with infiltration. 

Soil water retention 

The research results (Figure 6) showed that the 
application of biopores and oil palm waste causes 
varying changes in soil water retention compared to 
the initial soil water retention. The changes vary based 
on the type of oil palm waste inserted into the biopores. 
The decrease in soil water retention in PWP conditions 
was highest in soil with biopores and a mixture of 
Mucuna bracteata, oil palm leaf pruned, and oil palm 
shell biochar (P7), and the increase in soil water 

retention in FC conditions was highest in soil with 
biopores and Mucuna bracteata (P1). The 
heterogeneity of soil water retention in PWP and FC 
due to differences in types of oil palm waste is also in 
accordance with the differences in the effects of 
compost, biochar, and biosolids on the soil. The use of 
compost and biochar has a better effect on improving 
soil organic matter content and soil physical properties 
than biosolids (Malone et al., 2023). The research 
results also showed that the decrease in soil water 
content in PWP and the increase in soil water content 
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in FC were only 2.49%-28.13% and 5.29%-13.32%, 
respectively. This is also related to the less-than-
optimal improvement of soil organic carbon content, 
bulk density, and porosity (Table 1), due to the fact that 
the results of waste decomposition in the biopores have 

not reacted optimally in the soil. Soil amendments 
require varying amounts of time to react in the soil 
optimally, and regular application over a long period 
will show optimal reaction (Johansen et al., 2023; 
Lange et al., 2023). 

 

  

  

  

  

Figure 6. Soil water retention curve for each experiment plot. 
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The soil water retention curve (Figure 6) given by 
biopores and various types of oil palm waste shows a 
difference from that of soil without biopores and oil 
palm waste. The soil water retention curve with 
biopores and oil palm waste shows a gentler slope than 
the soil without biopores and oil palm waste (P8). This 
condition is caused by the lower density of soil with 
biopores and oil palm waste compared to soil without 
biopores and oil palm waste (Table 1). According to 
Chen (2020), research results explain that a higher soil 
density will cause the slope of the soil water retention 
curve to be steeper. 

The result of research in Figure 7 illustrated that 
soil organic carbon content was closely correlated with 
changes in soil water retention under PWP and FC 
conditions, with correlation coefficients of 0.82 and 
0.79, respectively. Several other research results 
showed that changes in soil water retention due to 
changes in soil organic carbon content vary in various 
soil conditions. Reducing disturbance or intervention 
to the soil combined with soil organic matter input will 
result in better soil water retention (Abdallah et al., 
2021; Umasugi et al., 2021; Lemma et al., 2022; Jiang, 
2023; Wang et al., 2023). Increasing soil organic 
carbon content can increase soil structure aggregation 
and porosity, thus affecting increased soil water 

retention (Panagea et al., 2021; Yang et al., 2023). 
Therefore, the research results (Figure 8) also proved 
that soil water retention in PWP and FC conditions was 
quite closely correlated with soil bulk density, with 
correlation coefficients of 0.78 and 0.68, respectively. 
An increase in soil bulk density causes an increase in 
soil water content in PWP conditions and decreases 
soil water content in TL conditions. In accordance with 
the results of other research that also show that there is 
a significant correlation between soil bulk density and 
soil water retention in PWP and FC conditions, it can 
even show that sand content can be used to predict 
water retention in FC and silt content to predict PWP 
(Qiao et al., 2019; Liu et al., 2024). The correlation 
coefficient, which is not too high, is also due to the 
presence of other physical properties of the soil that 
also affect soil water retention but have not been 
measured in this research, including soil pore size, 
pore size distribution, particle size, structure, and 
temperature. Therefore, more detailed research is still 
needed regarding the relationship between pore size, 
pore size distribution, and soil structure with soil water 
retention (Torres et al., 2021; Pham et al., 2023; 
Goldberg-Yehuda et al., 2024), especially to 
complement studies on oil palm plantations due to the 
application of biopores and oil palm waste.  

 

  

Figure 7. Correlation of organic carbon with soil water retention. 

  

Figure 8. Correlation of soil bulk density with soil water retention. 

SWC = -5.26 SOC + 22.17
R² = 0.82

0
2
4
6
8

10
12
14
16
18
20

0.0 0.5 1.0 1.5 2.0

S
o
il

 W
a
te

r 
C

o
n

te
n

t 
(%

 V
o
l)

Soil Organic Carbon (%)

SOC_SWC pF 4.20

SWC = 3.03SOC + 21.62
R² = 0.79

23.0
23.5
24.0
24.5
25.0
25.5
26.0
26.5
27.0
27.5
28.0

0.0 0.5 1.0 1.5 2.0

S
o
il

 W
a
te

r 
C

o
n

te
n

t 
(%

 V
o
l)

Soil Organic Carbon (%)

SOC_SWC pF 2.54

SWC = 15.93SBD - 5.99
R² = 0.78

0

4

8

12

16

20

0.0 0.5 1.0 1.5 2.0

S
o
il

 W
a
te

r 
C

o
n

te
n

t 
(%

 V
o
l)

Soil Bulk Density (g cm-3)

SBD_SWC pF 4.2

SWC = -8,76SBD + 37,31
R² = 0,68

20

22

24

26

28

30

0.0 0.5 1.0 1.5 2.0

S
o
il

 W
a
te

r 
C

o
n

te
n

t 
(%

 V
o
l)

Soil Bulk Density (g cm-3)

SBD_SWC pF 2.54



Sunarti et al. / Journal of Degraded and Mining Lands Management 12(5):8751-8767 (2025) 

  

Open Access                                                                                                                                                        8761 

 

Changes in soil water retention in PWP and FC 
conditions of soil in oil palm plantations that 
implement biopores and oil palm waste have an impact 
on changes in the content of soil available water. The 
research results (Table 4) illustrated that the soil 
available water content has changed due to the 
implementation of biopores and oil palm waste. This 
finding is the same as the research by Hanuf et al. 
(2021), which has proven that the application of 
biopores and compost in coffee plantations can 
increase the soil available water content by up to 65%, 
60%, and 51% at depths of 0-20 cm, 21-40 cm, and 41-
60 cm, respectively. The changes in soil water 
retention are caused by the dynamics of soil organic 
carbon in soil due to the application of various 
technologies, including the provision of soil 
amendment (Panagea et al., 2021; Ramírez et al., 2023; 
Goldberg-Yehuda et al., 2024). 

Table 4. Soil available water (SAW) in oil palm 
plantation as affected by the application of 
biopores and some oil palm wastes. 

Plot 

Code 

Soil Available  

Water (% Vol) 

Criteria* 

P1 12.16 Moderate 
P2   8.49 Low 
P3 10.53 Moderate 
P4 13.29 Moderate 
P5   9.35 Low 
P6 13.51 Moderate 
P7 14.37 Moderate 
P8   6.41 Low 

Remark: based on criteria of Soil Research Center (1980); 
biopore + Mucuna bracteata (P1); biopore + oil palm empty 
fruit bunch (P2); biopore + oil palm empty fruit bunch + oil 
palm shell biochar (P3); biopore + oil palm shell biochar 
(P4); biopore + pruned oil palm leaves (P5); biopore + 
pruned oil palm leaves + oil palm kernel shell biochar (P6); 
Biopore + Mucuna bracteata + oil palm empty fruit bunch + 
pruned oil palm leaves + oil palm shell biochar (P7); and 
without biopore (P8) 

The impact of biopore and oil palm waste application 
on increasing soil available water content (Table 2) 
shows variation based on the type of waste filled into 
the biopore as well as soil water retention in PWP and 
FC (Figure 2). This condition arises due to the 
difference in decomposition rates of each type of 
organic material, resulting in varying contributions to 
the organic carbon content and differing reactions in 
the soil (Dang et al., 2025). The research results also 
showed that empty oil palm fruit bunches and oil palm 
leaf prunings had C/N ratios of 26.00 and 67.00, 
respectively, which were higher than those of Mucuna 

bracteata (8.60) and oil palm shell biochar (19.23). 
Therefore, empty oil palm fruit bunches and oil palm 
leaf prunings will be slower to contribute organic 
carbon to the soil if not combined with other materials 
that have low C/N. The research results are also 
aligned with the findings of other research, which 

show that differences in the types of litter inserted into 
biopores cause differences in their effects on soil water 
retention or storage and soil available water levels 
(Santosa, 2018; Umasugi et al., 2021). 

The increase in soil available water content due 
to the application of biopores and oil palm waste 
ranged from 32.45% to 124.18% with moderate 
criteria, except for P2 and P5, which were still 
classified as low criteria. In addition, the soil available 
water resulting from the application of P2, P5, and P8 
is lower than the initial soil available water. Click or 
tap here to enter text. It shows that the soil organic 
matter plays a dynamic role and each type of organic 
material will have a different level of effectiveness in 
the maintenance and improvement, and each soil 
property, including soil water retention and soil 
available water (Bashir et al., 2021; Chari and Taylor, 
2022). The application of biopores and oil palm waste 
to the soil in oil palm plantations has not had a 
significant impact on changes in the soil's available 
water content. This is also related to the less-than-
optimal improvement in soil organic carbon content, 
bulk density, and porosity due to the application of 
biopores and oil palm waste as discussed above. In 
accordance with the research results that showed that 
the soil available water content is closely correlated 
with the soil organic carbon content, bulk density, and 
porosity, with correlation coefficients of 0.92, 0.84, 
and 0.84, respectively (Figure 9).  

This phenomenon is also in accordance with the 
results of previous researches, which prove that an 
insignificant increase in organic carbon content in the 
soil has only a small impact on soil water retention 
(Minasny and McBratney, 2018; Sunarti and Lizawati, 
2024). Previous research results also prove that 
although soil available water content is influenced by 
soil organic carbon content, bulk density, and drainage 
pores simultaneously, there are still other soil 
properties that are also predicted to affect soil available 
water, such as soil colloid types and soil cation 
absorption (Libohova et al., 2018; Aliyyah et al., 2022; 
Sunarti and Lizawati, 2024). The optimization of soil 
water retention through the application of biopores and 
oil palm waste still requires periodic observation over 
a longer period to gain an understanding of the 
dynamics of soil organic carbon contributions and 
their reactions within the soil. This is also related to the 
importance of the influence of soil organic carbon on 
soil permeability and infiltration, which concerns the 
process of water absorption into the soil, becoming a 
source of water retained in the soil (Goldberg-Yehuda 
et al., 2024). 
 The research results presented in Figure 10 also 
showed that soil permeability is correlated with soil 
water retention, with a coefficient of 0.82 for the 
correlation of soil water content at pF 4.2, 0.76 for the 
correlation of soil water content at pF 2.54 with 
permeability, and 0.91 for the correlation of soil 
available water content with permeability. Likewise, 
the rate and capacity of soil infiltration also show a 
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correlation with soil water retention at PWP, FC, and 
soil available water (Figure 11). This is in accordance 
with the opinion of Goldberg-Yehuda et al. (2024), 

which states that soil permeability and infiltration 
concern the process of water absorption into the soil to 
become a source of water retained in the soil. 

 
 

Figure 9. Correlation of soil organic carbon, bulk density, and porosity with soil available water. 

 

   

Figure 10. Correlation of soil permeability with soil available water. 

The use or addition of oil palm shell biochar also has a 
positive effect on soil water retention as it affects soil 
organic carbon content, bulk density, porosity, and 
infiltration. The result of research by Maulana et al. 
(2025) showed that the use of 20 t ha-1 empty oil palm 
fruit bunch biochar can increase the organic matter of 
the soil by 31.74%. The result of research by Endriani 
et al. (2024)  also proved that the use of 20 t ha-1 empty 
oil palm fruit bunch combined with compost and 
natural phosphate can improve organic matter content, 
bulk density, porosity, and water availability of soil. In 
accordance with the results of other research, that have 
also revealed that the provision of various types of 

biochar on various soil textures can increase soil water 
retention due to a decrease in macro pores, an increase 
in micro pores, and improvements in other soil 
physical properties. However, the use of biochar on 
soils with different textures causes diversity in biochar 
mechanisms in influencing soil water retention. The 
effect of biochar on soil water content in field capacity 
and available water in coarse-textured soils is greater 
than that of medium and fine-textured soils. Biochar 
can even be used for water conservation in light-
textured soils (Alghamdi et al., 2020; Sharma et al., 
2021; Wei et al., 2023; Daraei et al., 2024; Huang et 
al., 2024; Jia et al., 2024; Sun et al., 2024). 
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Figure 11. The correlation of soil water content and soil infiltration. 

Conclusion  

The integration of biopores with oil palm wastes has a 
positive impact on improving the organic carbon 
content, bulk density, porosity, permeability, 
infiltration, and water retention of Ultisols. The 
integration of biopores with a mixture of Mucuna 

bracteata, empty fruit bunches, pruned leaves, and oil 
palm shell biochar is the best alternative to enhance the 
soil characteristics and hydrological functions of 
Ultisols in oil palm plantations. Based on the research 

results, biopores and a mixture of several types of oil 
palm waste are an integrative soil and water 
conservation technology that can be applied to support 
the development of sustainable oil palm plantations.  
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