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Abstract

Several countries have experienced widespread forest conversion, including Indonesia where Jam-
bi Province is the most affected region. The majority of forests in the province have been converted
to oil palm plantations. Between 1995-2018, 7,846 hectares of secondary forest in the Kaos sub-
watershed were converted to oil palm plantations. Land conversion causes soil degradation that,
in turn, impacts soil quality. Therefore, the aim of this study was to determine the potential change
in soil quality (and the main factors that affect soil quality) as land undergoes conversion from
secondary forest to oil palm plantations. Soil samples were taken from six locations in a secondary
forest, a cleared forest area, and oil palm plantations of four different age classes, and a soil qual-
ity index (SQI) was calculated for each land use. Principal Component Analysis (PCA) was used to
evaluate the soil data. SQI values in the Kaos sub-watershed ranged from 0.45-0.53, which indicates
that the soils are of medium quality. The greatest SQI value (0.53) was associated with the second-
ary forest site, while the lowest SQI value (0.45) was found on oil palm plantation #1 (age class: 0-5
years). Furthermore, the factors that affected SQI in our study were found to be base saturation,
organic carbon content, and bulk density. In conclusion, the conversion of secondary forest to oil

palm plantations in the Kaos sub-watershed causes a decrease in the SQI values.

1. Introduction

During the period 2011-2019, between 0.44-1.09 mil-
lion hectares of land were deforested in Indonesia (Ministry
of Environment and Forestry, 2020). This was due to land-use
change in various regions of the country, including Jambi Prov-
ince (Clough et al., 2016). Most of the forests in the province
have been converted into oil palm plantations, now one of the
most cultivated crops in the country. Indonesia has the largest
area of oil palm plantations globally (Fauzi et al., 2014), and
accounts for approximately 34.18% of the global oil palm area.
Moreover, the area under oil palm in the country has increased
by approximately 50% over the past ten years (Bou Dib et al.,,
2018).

The growth of oil palm areas has created problems in the
Batanghari watershed, and approximately 7,846 hectares of sec-
ondary forest have been converted into oil palm plantations in
the Kaos sub-watershed. Conversion of forests to young oil palm
plantations will reduce water infiltration and storage (Dislich et
al., 2016). In addition, oil palm cultivation employs a monocul-
ture system, which requires early clearing of the land, which
results in sedimentation and loss of nutrients in the runoff
(Oksana et al., 2012).

Land conversion plays a significant role in the decline in
soil quality (Supriyadi et al., 2016), which can be defined as the
interaction between the physical, chemical, and biological prop-
erties of the soil. According to Amacher et al.,, (2007), soil qual-
ity indicators (SQI) include bulk density (BD), pH, soil organic
matter, total nitrogen (N), cation exchange capacity (CEC), and
potassium (K), magnesium (Mg), calcium (Ca), and phosphorus
(P) concentrations. Furthermore, Abid and Lal (2008) suggest
that organic carbon (C) content is also an important indicator of
soil quality. These indicators should be considered if evaluating
the potential change in soil quality that occurs as a result of land
conversion.

Nasrullah (2010) has stated that an increased runoff coef-
ficient and enhanced sedimentation loading will aggravate wa-
tershed conditions. This process occurs due to the absence of
vegetation cover on the soil surface, which permits the direct
impact of rain onto the soil surface, thereby causing erosion and
affecting soil quality.

Consequently, soil monitoring is required in oil palm plan-
tations in anticipation of potential land degradation (Rusman et
al., 2019). This can be achieved by assessing soil quality related
to the ecosystem functions (Safaei et al., 2019). Soil quality is
the ability of the soil to function as a medium for the optimal
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growth of plants or crops (Thoumazeau et al., 2019). In addition,
soil quality is related to water quality enhancement, human
health compatibility and the environment. Hence, it can be used
to describe the properties and condition of the soil (Utomo et al,,
2016). Given the number of indicators associated with soil prop-
erties and behavior, a SQI is required that can integrate all soil
quality indicators (Brady & Weil, 2008).

Quantitative determination of the impact of converting for-
est land into cleared land and then into oil palm plantations is
essential for good management. Clear and measurable indica-
tors, such as pH, water content, total nitrogen (N), exchangeable
potassium (K), organic carbon (C) content, base saturation (BS),
organic matter content, BD, total pore space, and volumetric
moisture content are also needed. These indicators play an es-
sential role in determining soil quality, and they also affect the
reactions that occur within the soil and plant productivity. There-
fore, it is necessary to have soil indicators that can be measured
accurately and are representative of the land use.

According to Comte et al. (2013), the impact of oil palm
plantation land management practices on soil properties, such
as soil pH, organic C content, and nutrient availability, varies
according to soil type and topographic position, age of the oil
palm stand, and is also influenced by rainfall and hydrological
characteristics. Our study aims to determine the impact on soil
quality in a sub-watershed of converting secondary forests into
oil palm plantations based on features and indicators of the soil
properties. Specifically, this study aims to answer the following
questions:
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1) what is the SQI for (a) secondary forest, (b) a cleared forest
area, and (c) oil palm plantations of four age classes (0-5
years, > 5-10 years, > 10-15 years, > 15 years), in the Kaos
sub-watershed?

2) what indicators influence soil quality in the Kaos sub-wa-
tershed?

2. Materials and methods
2.1. Study area and soil sampling

The Kaos sub-watershed is located at latitude 1° 18' 4.278"-
1° 30" 35.573" S and longitude 103° 12' 52.905"-103° 26’ 59.725" E.
The sub-watershed covers approximately 38,046 hectares, and
is located in Sekernan District, Jambi Province. In 1995, the sub-
watershed contained a forest area of 12,968 hectares (34.1%)
and oil palm plantations covered 2,437 hectares (6.41%). In 2018,
the forest area had decreased to 4,982 hectares (13.1%) and oil
palm plantations had increased to 18,822 hectares (49.5%). The
Kaos sub-watershed is important as it is part of the Batanghari
watershed and is one of 108 priority watersheds whose carrying
capacity must be restored as they are too low due to soil degra-
dation.

Soil sampling was carried out in Bukit Baling Village, Jambi
Province (Kaos sub-watershed, Batanghari Watershed) (Fig. 1).
The climate in the area is classed as very wet based on the cli-
mate classification of Schmidt and Fergusson (1950), and the re-
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Fig. 1. Map of the Kaos sub-watershed, Indonesia with location of sampling sites in this study.
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search area has a Q value = 0.09. Distribution of rain throughout
the year is uneven. The research site is composed of interspersed
sandstone tuffaceous sandstone and claystone, with the parent
material acid tuff and Ultisol soil type (Table 1). The slope of the
study site is 8-15%.

A purposive sampling method was used to determine soil
quality in (a) a secondary forest, (b) a cleared forest area, and (c)
oil palm plantations of four age classes (0-5 years, >5-10 years,
>10-15 years, >15 years) (Table 1).

Plots were established in the forest, cleared forest area, and
oil palm plantations (protecting three oil palm trees). Each plot

Table 1
Soil sampling location details.

The effects of forest conversion to oil palm plantation on soil quality in Indonesia

was 22 x 4 m in area, which cuts the slope. Soil samples were
taken with a soil ring (diameter 5 cm) and a soil hand borer and
were collected at the following depths: 0-10 cm, 10-20 cm, 20-30
cm, and 30-40 cm. For each plot area, sampling was carried out
at six locations at four depths and three replications, to produce
a total of 72 samples.

The soil sampling process was carried out with two meth-
ods: disturbed and undisturbed soil sampling. For the former,
a sample ring and a drill were used. All the collected samples
were used for BD analysis, and only the disturbed samples were
used for soil chemical analysis (pH H,0, N, K and organic C con-

Land Use Vegetation age

(years)

Geology

Parent material

Soil Taxonomy Sampling location

Humidity Soil type

Forest 48 Tmpm Sour tuff

1°24°1.177” S
103° 23’ 22.744” E

Udic Ultisols -Typic
Kandiudults

1°24°1.380” S
103° 23’ 23.010” E

1°24°1.551” S
103° 23’ 23.157” E

0il palm plantation #1 3 Sour tuff

(age class: 0-5 years)

Tmpm

1°2352.310” S
103° 23’ 24.018” E

Udic Ultisols -Typic
Kandiudults

1°23°52.555” S
103° 23’ 24.113” E

1°23°52.679” S
103° 23’ 24.252” E

0il palm plantation #2 9 Sour tuff

(age class: > 5-10 years

Tmpm

1° 24’ 24.869” S
103° 23’ 56.378” E

Udic Ultisols -Typic
Kandiudults

1°24°24.903” S
103°23’56.411” E

1° 24’ 24.989” S
103° 23’ 56.430” E

0il palm plantation #3 12 Sour tuff

(age class >10-15 years)

Tmpm

1°2357.044” S
103°23’41.651” E

Udic Ultisols -Typic
Kandiudults

1°23°57.121” S
103°23’41.783” E

1°23°57.223” S
103° 23’ 41.864” E

Oil palm plantation #4 22 Sour tuff

(age class: >15 years)

Tmpm

1°2332.719” S
103° 24’ 24.055” E

Udic Ultisols -Typic
Kandiudults

1°23°32.890” S
103° 24’ 24.146” E

1°23°32.955” S
103° 24’ 24.233” E

Cleared forest area - Tmpm Sour tuff

1°2355.291” S
103° 23’ 21.026” E

Udic Ultisols -Typic
Kandiudults

1°23°55.336” S
103° 23’ 21.156” E

1°23°55.478” S
103° 23’ 21.299” E
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tent). The soil samples were then brought for physical analysis
to the Agriculture Faculty, Jambi University. Chemical and bio-
logical analyses were conducted at the Environmental Depart-
ment of Jambi Province.

Before the soil chemical and biological analyses, all the sam-
ples were air-dried in the laboratory. Following the recommen-
dations outlined in Balai Penelitian Tanah (2012), determination
of soil pH for each soil sample used an H,O solution with a ratio
of 1:5 between the key and the soil, which was then measured
with a pH meter. Total nitrogen (N) content was determined by
the Kjeldahl method with concentrated sulfuric acid as a rea-
gent and measured by a spectrophotometer at a wavelength of
636 nm. Exchangeable potassium (K) was treated with ammoni-
um acetate reagent (NH,Ac 1 M, pH 7.0) and then measured with
an atomic absorption spectrophotometer (AAS). The organic C
content was determined by the Walkley and Black method with
concentrated sulfuric acid and potassium dichromate as rea-
gents, and then measured with a spectrophotometer at a wave-
length of 561 nm (Balai Penelitian Tanah, 2012).

Bulk density was determined with the ring method. A ring
(diameter: 5 cm) was inserted into the ground by pressing it to a
specific depth, then carefully disassembled so as not to change
the soil volume. Soil samples were dried for 24 hours at 105°C,
then weighed (Balai Penelitian Tanah, 2006).

Data on the fertilization schedule at each oil palm sampling
location was obtained through an interview with the owner of
the plantation. Oil palm plantation #1 (age class: 0-5 years) was
not fertilized, while plantation #2 (age class: >5-10 years) and
plantation #3 (age class: >10-15 years) 360-480 kg/hectare/year
received Phonska fertilizer (N: 15 %, P: 15%, K: 15%). Plantation
#4 (age >15 years) 240-360 kg/hectare/year received Mahkota
fertilizer (N: 13% P: 8%, K: 27%).

2.2. Data Analysis

The SQI was determined using a Dell Inspiron laptop run-
ning on Windows 10 operating system, while the data were ana-
lyzed using R software v3.4.3 (R Development Core Team, 2017).
Correlation analysis of the soil properties parameters was used
to determine soil indicators that affected each other and was fol-
lowed by minimum data set (MDS) determination. Furthermore,
principal component analysis (PCA) was used to select the most
appropriate indicator that influenced the principal components
(PC). Soil quality was then assessed using the SQI and by scoring
the selected PCA variables and MDS that had the least influence

Table 2
Soil quality index (SQI) classification scheme as presented in Cantu et al.
(2007).

Soil quality Range Class
Very high 0.80-1.00 1
High 0.60-0.79 2
Moderate 0.40-0.59 3
Low 0.20-0.39 4
Very low 0.00-0.19 5

4
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on the soil properties. The following is a PCA script using the R
statistic:
—  PCAl.pca<-prcomp(PCA1[,4:13], scale = TRUE)
— summary(PCAl.pca)
— str(PCAl.pca)
—  PCAl.pca$rotation
— PCAl.pcas$x

The PC that was used as the MDS had a standard deviation
value > 1 PC. For each PC, the indicator with the greatest score
was used and this score was then used as the Weighting Index
(Wi), while the selected indicator score in each PC was multi-
plied by the score of each chosen indicator to determine the SQI
at each sample point. The score interval (Si) ranged from 1-5,
and the greater the variable score, the greater the weighting.
Therefore, the SQI calculation was established by multiplying
the sum of the variable scores by Wi. The SQI can be calculated
using equation 1 (Andrews et al., 2004):

SQI = Z Wi x Si 6
i=1

where:

SQI : Soil Quality Index
Wi : Weighting Factor

Si  :Scoring Indicator

The Soil Quality Index (SQI) results obtained from these cal-
culations were then classified according to Cantu et al., (2007),
as shown in Table 2.

3. Results
3.1. Soil characteristics

The highest pH value (4.8) was obtained from oil palm plan-
tation #4, while the lowest (4.2) was obtained from the cleared
forest area. The highest N content (0.21%) was found in the sec-
ondary forest, while the lowest (0.04%) was obtained from oil
palm plantation #2 and the cleared forest area. The highest soil
organic C content (3.07%) was found in the secondary forest,
while the lowest value (0.79%) was obtained in plantation oil
palm #2. Oil palm plantation #2 also had the highest K content
(0.23%), while the lowest was found in the cleared forest area
(0.04%). The greatest BS value (14.15%) was found in the sec-
ondary forest, while oil palm plantation #1 had the lowest value
(7.54%).

The greatest BD value (1.35 g/cm?) was obtained in oil palm
plantation #1, while the lowest value (1.14 g/cm?®) was found in
the secondary forest (Table 8). Greatest total pore space content
(54.8%) was obtained in the forest, while oil palm plantation
#1 had the lowest value (47.6%). The secondary forest had the
greatest organic matter content (5.3%), while oil palm planta-
tion #2 had the lowest (1.36%). The greatest volumetric moisture
content (24.1%) was obtained from oil palm plantation #2, while
the cleared forest area had the lowest content (18.98%).
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3.2. Principal Component Analysis

The SQI was determined with statistical analysis using PCA
(Table 3), which can also determine the soil quality indicators
that significantly affect soil functions by making a MDS to reduce
indicators and avoid redundancy. The MDS value taken is the
minimum parameter that most influences soil quality indicators
with the provisions of eigenvalue 1. For each PC, only the factor
with the greatest weighting was selected, determined PC1-PC3.
The indicator set as MDS for each PC is based on the greatest
loading factor and is correlated with each other (Vasu D et al.,
2016).

The results of the PCA showed that the most important soil
properties used in determining the SQI value were BS, organic
C content, and BD. In the secondary forest, BS (11.24-14.15%),
organic C content (1.10-3.07%) and BD (1.14-1.19 g/cm?®) were
the most important, while the lowest values were observed in
oil palm plantation #1, i.e., BS (7.54-9.11%), organic C content
(0.90-1.85%) and BD (1.33-1.36 g/cm?).

4. Discussion
4.1. Soil quality indices in the different land use types

The selected indicators and soil quality calculation results
of each utilized land use carried out with the quality index for-
mula are shown in Table 4. The average SQI values for each land
use ranged from 0.45-0.53. The differences in the SQI values are
caused by the various land use systems, which are influenced by
land management actions.

Under the classification scheme presented in Cantu et al.,
(2007), all the land uses in our study were classed as moderate
soil quality. Soil depth at 0-10 cm in the secondary forest exhib-
ited the greatest SQI value (0.61), which is classed as high quality,
while the lowest SQI value at that depth (0.48) was found in oil
palm plantation #1 and the cleared forest area. The greatest SQI
value at 10-20 cm depth (0.54) was recorded in the forest and
in oil palm plantation #4. The lowest SQI value (0.48) at that soil
depth was found in oil palm plantation #1, oil palm plantation
#2, and the cleared forest area. The greatest SQI value at 20-30
cm depth (0.48) was recorded in the forest, oil palm plantation
#2, oil palm plantation #3, oil palm plantation #4, and the cleared
forest area, while the lowest SQI value (0.42) at that depth was in
oil palm plantation #1. The greatest SQI value at 30-40 cm depth
(0.48) was in the forest, and the lowest SQI value (0.42) was re-
corded in oil palm plantation #2, oil palm plantation #3, oil palm
plantation #4, and the cleared forest area.

There was a decrease in soil quality at each soil depth at all
sites. This is because the soil contains less organic matter and
nutrients in the deeper layers. In addition, it is more difficult for
plant roots to penetrate the soil in the deeper layers where there
are more macropores and fewer micropores, so that the soil be-
comes denser and the organic matter content and nutrients in
the soil are much less compared to the topsoil.

Our results show that the forest site had the greatest SQI
value (average: 0.53) of all land uses. This is consistent with the

The effects of forest conversion to oil palm plantation on soil quality in Indonesia

Table 3

Principal Component Analysis (PCA).

PC: principal component; N: nitrogen; C: carbon; K: potassium; BS: base
saturation; BD: bulk density; TPR: total pore space; OM: organic matter;
VMC: volumetric water content.

PC1 PC2 PC3
Standard deviation 2.47 1.28 1.24
Proportion of Variance 0.61 0.16 0.15
Cumulative Proportion 0.61 0.77 0.92
PHH,O 0.30 -0.12 0.38
N 0.37 0.29 -0.02
C 0.34 0.37 -0.22
C:N Ratio -0.29 0.08 -0.37
K 0.32 0.22 0.39
BS 0.39 -0.14 -0.01
BD -0.30 0.30 0.44
TPS 0.26 -0.39 -0.44
oM 0.34 0.36 -0.22
VMC 0.22 -0.55 0.27

findings of Primadani et al. (2010). Work by Utomo et al. (2016)
suggested that a forest ecosystem is a sustainable watershed
ecosystem. The forest plant canopy can cover the soil surface,
and organic materials (leaves or twigs) are added at any time
and will undergo weathering and decomposition and increase
the organic matter content of the soil. The soil also supports
ecosystem services, such as climate regulation, water supply, C
sequestration and nutrient cycling (Pereira et. al. 2018). In our
study, the lands use areas other than forest exhibited similar SQI
values.

Differences in SQI were observed for each land use due to
the impact of forest conversion (Safaei et al., 2019). According to
Palupi et al. (2022), soil quality can decrease, persist, or increase
according to the land management method. In general, soil qual-
ity in a natural forest is solely influenced by its environment,
while non-forest land is also affected by human activities (e.g.,
forest managers). Land management actions that can achieve
sustainable agricultural goals include the provision of organic
matter into the soil, the application of fertilizers at optimal lev-
els, the utilization of the soil according to its capacity, and the
employment of environmentally friendly farming materials and
techniques (Palupi et al.,, 2022).

In our study, oil palm plantation #1 had the lowest aver-
age SQI value as it did not receive organic fertilizer, which
provides an organic C supply to the soil. Organic C content in
the soil affects the exchange of cations, soil structure and BD
values. Our results show there was an increase in SQI values
with each age class of the oil palm plantations: oil palm plan-
tations #1 (SQI: 0.45), #2 (0.48), #3 (0.48) and #4 (0.50). In oil
palm plantation #1, the canopy was open, and the ground floor
was not covered with litter or leaves. Hence, nutrients were
quickly washed away to the lower areas of the site. A planta-
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Table 4
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Soil quality index (SQI) values for the secondary forest, land cleared area and oil palm plantations in the Kaos sub-watershed, Indonesia. BS: base satura-
tion; C: carbon; BD: bulk density; S;: scoring indicator; W;: weighting factor; Sum (}): Total; SQI: soil quality index.

Land use Depth Indicator Six Wi Y (Six5) SQI Average
(cm) BS C BD SQI
Wi
0.39 0.37 0.44
Si
Forest 0-10 1 4 4 3.63 6.00 0.61 0.53
10-20 1 3 4 3.26 6.00 0.54
20-30 1 2 4 2.89 6.00 0.48
30-40 1 2 4 2.89 6.00 0.48
0il palm plantation #1 0-10 1 2 4 2.89 6.00 0.48 0.45
(age class: 0-5 years) 1020 1 2 4 2.89 6.00 0.48
20-30 1 1 4 2.52 6.00 0.42
30-40 1 1 4 2.52 6.00 0.42
Oil palm plantation #2 0-10 1 3 4 3.26 6.00 0.54 0.48
(age class: >5-10 years) 1020 1 2 4 2.89 6.00 0.48
20-30 1 4 2.89 6.00 0.48
30-40 1 1 4 2.52 6.00 0.42
Oil palm plantation #3 0-10 1 3 4 3.26 6.00 0.54 0.48
(age class: >10-15 years) 10-20 1 2 4 2.89 6.00 0.48
20-30 1 2 4 2.89 6.00 0.48
30-40 1 1 4 2.52 6.00 0.42
0il palm plantation #4 0-10 1 3 4 3.26 6.00 0.54 0.50
(age class: >15 years) 1020 1 3 4 3.26 6.00 0.54
20-30 1 2 4 2.89 6.00 0.48
30-40 1 1 4 2.52 6.00 0.42
Cleared forest area 0-10 1 2 4 2.89 6.00 0.48 0.46
10-20 1 2 4 2.89 6.00 0.48
20-30 1 2 4 2.89 6.00 0.48
30-40 1 1 4 2.52 6.00 0.42

tion requires good soil conditions for growth and for the early
development of the oil palm plant before it enters the fertiliza-
tion phase. Consequently, soil and water conservation efforts
are needed to prevent erosion and sedimentation, minimize
nutrients losses and ensure that nutrients are available for the
growing oil palm plants.

Good soil quality is characterized by high organic matter
content, low BS, high soil porosity, and rapid infiltration rates.
Increased soil organic matter inputs will trigger the activity of
soil organisms; greater movement of soil organisms will result
in better porosity and stability of soil aggregates. However, SQI
values will differ for each land use depending on the type of
plant, the slope of the land, and inputs to the soil (Cardoso et
al., 2013). Thus, it is necessary to maintain soil quality to ensure
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availability of nutrients, and to protect the soil from damage,
such as erosion and chemical residues, and most importantly,
ensure that the health of the soil and biological activity in the
soil remain optimal (Palupi et al., 2022).

Oil palm plantations are often characterized by elevat-
ed soil acidification levels (low soil pH) and decreased soil C
stocks in tandem with increased oil palm cultivation time. Re-
search by Pauli et al. (2014) showed that decreased soil pH and
organic C stocks were unavoidable during oil palm cultivation.
According to Smith et al. (2012) and Nelson et al. (2011), the
impact of oil palm plantation on soil properties, such as soil
PH, organic C content, and nutrient availability, varies accord-
ing to soil type, topographic position, age of the plantation, and
is also influenced by rainfall and hydrological characteristics.
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Therefore, good practice for managing oil palm plantations
would be to increase soil pH and C content through the most
suitable combination of organic and inorganic fertilizers to in-
crease productivity and improve soil health and quality (Pauli
et al,, 2014).

In our study, the SQI in the cleared forest area was classed
as moderate (0.46). Cleared forest area in our context is defined
as land that was previously secondary forest but that was later
cleared for other land uses. The loss of forest area due to land
clearing can cause the failure of the natural canopy, which can
lead to erosion and loss of nutrients contained in the soil, there-
by leading to soil degradation. Thus, it can indirectly reduce the
quality of the soil. Due to increasing population growth in the
region, there is a limited availability of land, which causes in-
tensification of agricultural land (Palupi et al., 2022). Li et al.
(2019) state that human activities have significantly reduced
the soil quality in almost 40% of the world’s agricultural land
through soil erosion, atmospheric pollution, intensive tillage,
overgrazing, land clearing, salinization, and desertification. In
addition, the continuous conversion of land into plantation ar-
eas can also cause forest fires, which can reduce the organic C
content in the soil, increase the temperature of the soil, leading
to NH* and NO?* losses to the atmosphere, and decreased P con-
tent in the soil.

In our study, there was a decrease in the SQI for each land
use from the secondary forest to the cleared forest area to the oil
palm plantations (Table 5). Moreover, SQI increased in tandem

Table 5
Average soil quality index (SQI) values for each land use in the study.

Land Use SQI Category
Forest 0.53 Medium
Oil palm plantation #1 (age class: 0-5 years) 0.45 Medium
Oil palm plantation #2 (age class: >5-10 years) 0.48 Medium
Oil palm plantation #3 (age class: >10-15 years) 0.48 Medium
Oil palm plantation #4 (age class: >15 years) 0.50 Medium
Cleared forest area 0.46 medium
0,61
0,58
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g. 2. Soil quality index (SQI) correlation with base saturation (BS).
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with the age of the oil palm plantations, although the SQI for all
land uses was classed as moderate quality.

The extreme SQI values observed in this study are relat-
ed to the Ultisol soil type, which generally exhibits poor soil
properties. Hardjowigeno (2003) stated that Ultisol soils are
characterized by low soil pH and high aluminum (Al) content,
so that they become toxic to plants and causes P fixation. Oil
palm plantations are characterized by low nutrient contents,
so management actions, such as liming and fertilization, are
always required.

Bases leached to the sub-soil will be absorbed by the roots
of forest vegetation, which are then returned to the surface
through fallen leaves. If the forest is cut down and the vegeta-
tion does not have deep roots, annual plants or weeds can-
not recycle the bases (nutrients). In our research, the indica-
tor chosen to determine the SQI is relatively poor because of
moderate organic C content, very low BS, and high BD (slightly
dense soil). In line with Supardi’s (1983) statement that Ultisol
soils have poor chemical and physical properties due to in-
herent low organic matter content and high manganese (Mn)
and iron (Fe*) concentrations, the P availability for plants is
reduced.

4.2. Influential indicators in the SQI

Based on the PCA results, three indicators affected the
SQI in the Kaos sub-watershed (Table 4) and are related to the
soil properties (Veldsquez et al., 2007). These indicators were
used to determine the SQI for each land use and are addressed
below.

4.2.1. Base Saturation (BS)

Our results show that the SQI had a strong relationship with
BS with a correlation coefficient r value of 0.8506 (or R? = 0.7235)
(Fig. 2). In addition, the correlation between SQI and BS was di-
rectly proportional and positive.

The land uses in our study exhibited very low BS values
(6.07-12.78%) (Table 6). Tan (1991) stated that a soil is consid-
ered fertile if it has a BS value of 80%, moderate fertility if BS is
50-80%, and is infertile if BS is 50%, while a soil with a 80% BS

2,00 2,20
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Table 6
Soil quality index (SQI) and base saturation (BS) values.

Land use BS (%) SQI
Forest 12.78 0.53
Oil palm plantation #1 (age class: 0-5 years) 8.44 0.45
Oil palm plantation #2 (age class: >5-10 years) 10.26 0.48
Oil palm plantation #3 (age class: >10-15 years) 10.95 0.48
0il palm plantation #4 (age class: >15 years) 12.23 0.50
Cleared forest area 6.07 0.46

value can release bases that can be easily exchanged, in contrast
to 50% BS soils. Low BS values causes the soil to become acidic,
and CEC is also low.

Base saturation is essential for the release of cations and
entangled bases. The bases in question include Na, K, Ca, and
Mg. For optimal soil productivity, A & L. Canada Laboratories
(2013) state that a BS value of 80% is required, while soil pro-
ductivity will be low/decreased if BS is < 40%. Base saturation
is closely related to soil pH; a soil with low pH will also exhibit
low BS values. Soils with low BS values can be toxic to plants
and such a situation exists in acid soils. In addition, BS is often
used as an indicator of soil fertility.

Juhos et al., (2019) state that K and sodium (Na) concentra-
tions influence soil quality. Rusman et al., (2019) reported that
Na concentration in plants regenerates phosphoenol-phos-
phatase in C4 and CAM plants, while Pahan (2008) stated that
Mg is one of the macronutrients needed by oil palm plants in
large quantities. The enzyme phosphatase requires Mg for the
transfer of phosphate and for the formation of chlorophyll
molecules (Rusman et al., 2019).

4.2.2. Organic Carbon

Our results show that the SQI has a strong relationship
with organic C content, with a correlation coefficient r value
of 0.9779 (or R? = 0.9563) (Fig. 3). In addition, the correlation
between SQI and organic C content was directly proportional
and positive.

0,61
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F 0,55
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c
£ r = 0.8506
2 0,49
@
>
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Fig. 3. Soil quality index (SQI) correlation with organic carbon (C) content.
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In our study, the organic C content in the land uses ranged
from 1.26-2.09% with both low (1.00-2.00 %) and intermediate
(2.01-3.00 %) values observed (Table 7). Organic C content is
influenced by the quality of litter within each land use, which
will also affect the speed of the decomposition process, a find-
ing consistent with Biswas et al., (2017), Juhos et al., (2019), and
de Paul Obade (2019). Blanco et al., (2008) stated that a reduc-
tion in soil C value also reduces the land biomass and affects
root activity. Therefore, changes in the soil C value will affect
the soil properties, an essential aspect of ecosystem response
to land management.

Soil organic matter is one of the factors that plays a role in
plant growth and determines the success of plant cultivation
through its influence on the soil properties. According to Nel-
son et al. (2010), organic matter has a high CEC value, so it plays
an essential role in retaining and supplying the main macro
and micronutrient cations. Organic matter is a critical compo-
nent in the soil as it positively affects the physical, chemical,
and biological properties (Cayci et al., 2017).

Organic matter also affects the availability of nutrients
from other sources and is needed as an energy source by N-fix-
ing bacteria (Anwar and Sudadi, 2013). Organic matter also acts
as a soil adhesive agent; organic matter inputs can increase soil
microbial activity, which produces organic compounds that
can glue the grains of the soil fraction to form more potent and
more stable aggregates (Verchot et al. 2011).

Table 7
Soil quality index (SQI) and organic carbon (C) content.

Land use OrganicC  SQI
(%)
Forest 2.09 0.53
0Oil palm plantation #1 (age class: 0-5 years) 1.30 0.45
Oil palm plantation #2 (age class: >5-10 years) 1.55 0.48
0Oil palm plantation #3 (age class: >10-15 years) 1.65 0.48
Oil palm plantation #4 (age class: >15 years) 1.85 0.50
Cleared forest area 1.26 0.46
[ J
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4.2.3. Bulk Density (BD)

Our results show that SQI had a strong relationship with
BD with a correlation coefficient r value of -0.9133 (or R? =
0.8342) (Fig. 4). In addition, the correlation between SQI and
BD was inversely proportional.

In this study, BD values ranged from 1.17-1.35 g/cm?® (Ta-
ble 8). The average BD value in this study included moderately
dense soils (1.2-1.4 g/cm?), and one area had an optimal BD val-
ue that was most conducive to plant root growth. Bulk density
is one of the main indicators in determining the SQI, as it can
describe the process of soil compaction, productivity, and soil
erosivity. Intensive land use tends to cause the soil to become
compacted, which reduces groundwater availability. As such,
intensive tillage will result in lower drainage pores and lower
available water capacity.

Pore drainage and available water are correlated with soil
water holding capacity (SWHC), which is influenced by soil or-
ganic matter, BS, texture, and soil aggregate stability (Rachman
et al., 2013). The SWHC metric describes the ability of a soil
to retain water, and reflects the influence of soil mineral com-
position, texture, structure, organic matter, and management
(Arya et al., 2008). Soil with good drainage pores and available
water capacity must be maintained with good soil management
so that the soil can function optimally, especially for plant pro-
ductivity. In addition, good soil water management is essential
for plant growth and production (Hosseini et al., 2016).

The output of this research is expected to serve as a refer-
ence for land managers, investors or owners of oil palm plan-

0,61
0,58
0,55
0,52
0,49

0,46

Soil Quality Index (SQlI)

0,43

Fig. 4. Soil quality index (SQI) corre- 1,10 1,15
lation with bulk density (BD).

Table 8
Soil quality index (SQI) and bulk density (BD) values.

Land use BD (g/cm®)  SQI
Forest 1.17 0.53
0Oil palm plantation #1 (age class: 0-5 years) 1.35 0.45
Oil palm plantation #2 (age class: >5-10 years) 1.32 0.48
0Oil palm plantation #3 (age class: >10-15 years) 1.24 0.48
Oil palm plantation #4 (age class: >15 years) 1.23 0.50
Cleared forest area 1.31 0.46

The effects of forest conversion to oil palm plantation on soil quality in Indonesia

tations. Therefore, future studies should include the monitor-
ing of the SQI in every oil palm plantation age group to ensure
that they are appropriately managed to minimize loss of soil
quality.

5. Conclusions

1. The SQI value in the Kaos sub-watershed ranged from
0.45-0.53 (classed as moderate soil quality). The SQI in the
secondary forest, the four oil palm plantation age classes
and the cleared forest area were 0.53, 0.45-0.50 and 0.46,
respectively.

2. Base Saturation, organic C content, and BD values were the
main indicators that can effectively detect the changes in
soil quality that may occur during the conversion of forest
land to cleared land and then to oil palm plantations. There-
fore, management practices need to be optimized to reduce
the negative impact of land conversion on soil quality.
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