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Soil fertility is the integrative effect of chemical, physical, and biological soil properties.
A modified soil fertility assessment method that adds biological indicators is essential
since this indicator is sensitive to dynamic environmental changes and can better
represent the reality of soil fertility compared to the conventional method, which only
considers chemical soil properties. The research aims to compare the modified and
conventional methods in assessing the soil fertility index at various land uses, namely
gardens, paddy fields, and moorland, in the Girimarto district, Wonogiri, Indonesia. The
collection of soil samples used purposive sampling with three repetitions on 12 land
mapping units (LMUs) obtained from an overlay of land use maps, soil type maps, slope
gradient maps, and rainfall maps. Soil fertility index (SFI) assessment is based on the
Minimum Soil Fertility Indicators (MSFI), which are selected from Pearson correlation,
PCA, weight, and score and followed by stepwise regression analysis. The research
showed that the modified method represents the soil fertility level better than the
conventional one. The soil fertility index on three land uses using the modified method
is lower than the conventional method, i.e., between 0.33 to 0.40 and 0.55 to 0.72,
respectively. The modified method is more sensitive to dynamic environmental changes
due to the contribution of soil biological indicators to the SFI value. Therefore, the
biological indicators can represent soil fertility levels closer to reality. Future research

needs to validate the modified method in different soil types, land uses, and areas.

1. INTRODUCTION

Soil fertility is the capacity or ability of the soil to provide
nutrients for plants in an amount that is available and balanced
[1]. Evaluation of soil fertility aims to evaluate the availability
of nutrients in the soil. In addition, soil fertility evaluation can
be used to identify the response of plants to soil management
practices [2]. Numerous researchers have studied soil fertility
using a method involving soil analysis and calculating soil
fertility index. The soil fertility index is most commonly
calculated using soil chemical indicators such as pH, organic
C, organic matter, total N, P, K, available N, P, K, CEC, and
base saturation [3-6]. The evaluation of the soil fertility index
has not considered the biological properties of the soil that can
affect soil fertility. In this research, we call these assessments
the conventional method. So, it is necessary to implement a
modified method in the soil fertility index assessment since
soil fertility is an integrative effect of soil's chemical, physical
and biological properties.

In this research, we propose a modified method by adding
soil biological indicators, specifically earthworm population
density and microbial biomass C. Biological indicators can
serve as an early indication of the effects of soil management
practices [7, 8]. Earthworms and microbial biomass C respond
well to changes in soil properties and environmental
conditions [9]. Fertile soil conditions are directly evident from
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the abundance of earthworms. High nutrient availability is also
indicated by the increased population and activity of soil
microbes in the decomposition process of soil organic matter
[10]. Therefore, adding biological indicators in the modified
method is hoped to ensure a better soil fertility evaluation
closer to reality.

Girimarto District, Wonogiri, Indonesia, is where 97.4% of
the total administrative area is productive agricultural land.
There are three types of agricultural land use in this area:
paddy fields, moorland, and gardens. Paddy is continuously
grown for a year in paddy fields by communities in the
Girimarto District, with two to three growing seasons per year.
Traditional methods of paddy cultivation typically involve
high doses of inorganic fertilizer and pesticides. Organic
fertilizer is infrequently used, and only a small number of
farmers engage in organic rice farming. Dry land that is useful
for farming is called moorland. To meet their daily needs,
farmers grow annual crops like rainfed rice, corn, and cassava.
When growing moorland crops, inorganic fertilizers are not
used as intensively as they are when growing paddy rice.
Gardens produce perennial trees such as teak (Tectona
grandis), sengon (Paraserianthes falcataria), acacia (Acacia
mangium), and other economically valuable trees. Farmers let
the fallen litter remain on the soil surface and do not manage
it. This land usually uses fertilizer very rarely, only in the first
planting.


https://crossmark.crossref.org/dialog/?doi=10.18280/ijdne.170614&domain=pdf

Managing productive agricultural land while neglecting soil
conservation will result in a decline in soil fertility and quality
[11], and over time, it will impact crop yields and decrease
people’s income [12]. Improper land management can happen
because there is no accurate information regarding the soil
fertility level in this area that farmers can use as a reference
for managing agricultural land. However, it is crucial to
evaluate soil fertility status and determine the best strategy for
soil management practices.

In connection with the problems above, this study aims to
determine the soil fertility level of different land uses in the
Girimarto district through a comparison of methods for
assessing the soil fertility index, modified by adding biological
indicators, and conventionally using only chemical properties.
In the modified method, the potential of microbial C biomass
and earthworm population density will also be evaluated as
good indicators of soil biology in assessing soil fertility. The
results of this study are expected to produce the correct
information for farmers to manage agricultural land, which
pays attention to soil conditions chemically and biologically.

2. METHODOLOGY
2.1 Description of the studied area

The research was located in Girimarto District, Wonogiri
Regency, Central Java Province, with coordinates 7<29'18.7"S
11192'28.2"E and 7<42'47.8"S 11109'42.0"E. Girimarto
district has an administrative area of 6,057.3 ha [13]. The
altitude is 100-600 m above sea level, with flat to very steep
slope conditions. The topography includes an average incline
of 30° and Alfisols and Inceptisols soil types. Girimarto
district has an average annual rainfall of 2,250-3,250 mm.y*.

Land use in the Girimarto district consists of rice fields, dry
land (moorland and gardens), yards and buildings, forest,
grassland, and another land use [13]. In this study, we
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evaluated soil fertility index in paddy fields, moorland, and
gardens because the community often uses this land as
productive agricultural land. Paddy fields, with an area of
2,820 ha, are the largest and one of the main cultivation areas
of farming communities. They are planted with rice (Oryza
sativa) with intensive soil management, and sometimes they
leave crop residues on the land. The garden, with an area of
831.5 ha, is one of the annual crop cultivation areas with
Paraserianthes falcataria and Tectona grandis. Soil
management in the gardens was carried out without fertilizer
and only relied on plant litter. In contrast to gardens,
moorlands were treated with inorganic fertilizer. There are
seasonal crops in the moorland, such as corn (Zea mays) and
cassava (Manihot esculenta), with an area of 801.5 ha.

2.2 Sampling point

Representative samples of Tectona grandis and
Paraserianthes falcataria earthworms were collected from the
garden area's soil. The cassava and corn plants' representative
samples came from the moorland, while low land paddy fields
are represented by the paddy field sample.

Samples were taken in gardens, rice fields, and moorlands
based on LMUs. LMU is obtained from the overlay of land use
maps, soil type maps, slope gradient maps, and rainfall maps
(Figure 1). There were 12 LMUSs. Soil samples and earthworm
specimens were collected using a purposive sampling method
with three replications for each LMU. Paddy fields have the
most significant area, represented by 5 LMUs (15 sample
points); moorland, with the second-largest area, has 4 LMUs
(12 sample points); and gardens have the narrowest area,
represented by 3 LMUs (9 sample points). Soil samples were
collected using a soil drill to a depth of 30 cm. Meanwhile, the
specimens of earthworms were collected using the monolith
method with a size of 25 cm x 25 cm and a depth of 30 cm,
and then the earthworm population density was calculated
based on [14].
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Figure 1. Land mapping units and sample collection points

930



2.3 Computation of Soil Fertility Index (SFI)

The analysis of the soil fertility index used three main steps:
(1) selecting the soil indicators and determining their weight,
(2) calculating the score of each indicator, and (3) integrating
the indicator scores into the overall soil fertility index [15].
Soil analysis included soil pH, organic matter, total-N,
available-P Olsen, base saturation, CEC, Ca, Mg [16],
available-N [17], earthworms population density [14] and
microbial biomass C [18]. Table 1 shows the different
indicators used to evaluate modified and conventional
methods of soil fertility index.

The soil fertility index for the two methods was calculated
using the Minimum Soil Fertility Indicators (MSFI) based on
the results of a Pearson's correlation test and Principal
Component Analysis (PCA). The selected indicators as the
MSFI in the PCA analysis had an eigenvalue >1 and a high-
value weight [19] and showed a significant correlation
between indicators (P-value<0.05). The significant correlation
between indicators demonstrated a high sensitivity level
representative of the soil's properties. The calculation of the
soil fertility index is based on formulas below [20].

Cj = wi xsi (1)

cj is the MSFI weighting, wi is the index weight obtained

from proportion divided by cumulative in PCA analysis, and
si is the indicator score.

2

pc is the probability of SFI class for each MSFI indicator
and nc is the number of SFI classes, namely five, according to

[21].
=" sci
SFI = % x10

Sci is the MSFI value obtained by multiplying the MSFI
weighting (cj) (Eq. (1)) with the SFI class probability (pc) (Eq.
(2)).
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2.4 Data analysis

A one-way ANOVA test was carried out to discover any
influence of land use on the soil fertility index. The result of
the one-way ANOVA test, which showed a P-value < 0.05,
was then followed by Duncan’s multiple range test to find the
difference between the SFI index.

Itis essential to find the main determinant indicators to help
develop a priority strategy to improve the soil fertility level at
the research location. Stepwise regression is performed to find
the main determinant indicators of SFI. The data sources were
the minimum soil fertility indicators (MSFI). An MSFI with a
highly significant correlation coefficient with the SFI is
selected as the main determining indicator of the soil fertility
index. If it was founded on more than two main determinant
indicators, it was continued to calculate by stepwise regression.
The main indicators with the highest R? adjusted were chosen
as the main determinant indicators.

3. RESULTS AND DISCUSSION
3.1 Soil properties in Girimarto District, Wonogiri

Soil pH in the three different land uses slightly acidic with
an average of 6.3. Land use has no significant effect (p>0.05)
on pH (Table 2). Soils with slightly acidic pH also show that
base saturation is lower than the CEC. The average base
saturation is 24.29% with a low level, while the average CEC
is 36.48meq.100g* with a high level (Table 2). Soil pH can
reflect the condition of base saturation in the absorption
complex [22]. The soil layer binds more H* and AI®* ions than
cations, making the soil pH acidic. The availability of Ca and
Mg ions is also limited, causing the base saturation level to be
lower, with the CEC value remaining high [23].

Soil organic matter (SOM) content is not affected (p>0.05)
by differences in land use (Table 2). The average value of
SOM is 2.43%, a moderate level. Immersing crop residues into
the soil will increase the soil's organic matter content and serve
as a source of nutrients [24]. The high SOM content will bind
nutrients to the soil [25], as shown by a moderate level of total-
N and available K content with an average of 0.25% and 0.46
meq.100g?, respectively. In contrast, available-P levels
showed deficient levels with an average of 3.15 ppm. The low-
level availability of P in the soil is related to acid soil pH,
which causes the availability of P in the soil to be limited [26].

Table 1. Differences in indicators in the assessment of soil fertility index with conventional and modified methods

Soil indicators Unit Conventional method Modified method Analysis methods
pH - v 4 Potentiometry
Organic matter % v v Walkley & Black
Total-N % 4 4 Kjeldahl
Available-P ppm v 4 Olsen
Base saturation % v v Flamefotometry
Cation Exchange Capacity (CEC) meq.100g™! v v NH40Ac 1N pH7
K meq.100g*! v 4 NH40Ac 1 NpH7
Ca meq.100g™ v 4 NH40Ac 1N pH 7
Mg meq.100g* v v NH40Ac 1 NpH7
Available-N kg.hat v v Alkaline Hydrolisys
Earthworm population density (EPD) individual.m - 4 Monolith and hand sorting
Microbial biomass C (MBC) .g? - 4 Soil respiration
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Table 2. Chemical and biological properties of soil on various land uses in Girimarto district, Wonogiri

No. Soil fertility indicators P-value Gardens Paddy field Moorland
1 pH 0.23 6.14a 6.44a 6.33a
2 Organic matter (%) 0.54 2.34a 2.64a 2.33a
3 Total-N (%) 0.80 0.27a 0.25a 0.24a
4 Auvailable-N (kg.ha't) 0.04 84.09b 70.14ab 57.98a
5 Available-P (ppm) 0.22 2.91a 3.42a 3.14a
6 Available-K (meq.100g) 0.60 0.45a 0.49a 0.44a
7 CEC (meq.100g™) 0.50 38.62a 38.36a 32.48a
8 Base saturation (%) 0.10 16.06a 29.74a 27.08a
9 Available Ca (meq.100g™t) 0.00 2.94a 7.08c 4.99b
10 Auvailable Mg (meq.100g1) 0.00 0.37a 0.65b 0.46a
11 Earthworm population density (individual.m) 0.25 32a 50a 58a
12 Microbial biomass C (g.g?) 0.05 0.37a 0.50b 0.50b

Notes: Numbers followed by the same letter in the same row are not significantly different at o 5%; CEC= cation exchange capacity.

Table 3. Pearson correlation of soil fertility indicators in Girimarto District, Wonogiri

1 2 3 4 5 6 7 8 9 10 11 12
1 1
2 0.720* 1
3 0499 0.281 1
4 -0.253 -0.186 0.549 1
5 0308 0188 -0.214 -0.398 1
6 -0232 -0.190 -0.484  0.071 0.379 1
7 -0.462 -0.240 -0.338 0.352 -0.140  0.145 1
8 0595 0342 -0.005 -0.485 0.548 0.337 -0.679 1
9 0583 0220 0.016 -0.271 0.633 0379 -0.240 0.829** 1
10 0511 0180 -0.020 -0.149 0.711* 0491 -0.067 0.708* 0.961** 1
11 0.089 0.153 -0.629 -0,864** 0.099 -0.103 -0.126  0.326 0.188 0.065 1
12 0456 0.176 -0.069 -0,553 0.713* 0.157 -0.458 0.813** 0.791* 0.672* 0.291 1

Notes: *) Significant (P-value <0.05); **) very significant (P-value <0.01); 1= pH; 2= organic matter (OM); 3= Total-N; 4= Available-N (AN); 5= Available-P
(AP); 6= Available K; 7= CEC; 8= Base saturation; 9= Ca; 10= Mg; 11= Earthworm population density (EPD); 12= Microbial biomass C (MBC)

Meanwhile, land uses have a significant effect (p<0.05) on
available-N, with values in gardens, paddy fields, and
moorland being 84.09 kg.ha, 70.14 kg.ha?, and 57.98 kg.ha
!, respectively (Table 2). The available-N shows a poor state.
Available Ca and Mg were significantly affected (p<0.05) by
land uses, and this is in line with [27] research results. The
highest available Ca was found in paddy fields, 7.08
meq.100g%, followed by moorland, 4.99 meq.100g?, and
gardens, 2.94 meq.100g*. Likewise, the Mg content shows the
highest value in paddy fields, 0.65 meq.100g?, followed by
moorland, 0.46 meq.100g, and gardens, 0.37 meq.100g™.

Analysis of soil biological indicators showed that land uses
significantly (p<0.05) affected microbial biomass C but had no
significant effect (p>0.05) on earthworm population density
(Table 2). Garden had the lowest microbial biomass C content
of 0.37 py.g* and was significantly different from paddy fields
and moorland, each 0.50 pg.g™*. The earthworm population
density of three land uses had a low value with an average of
47 individuals.m is presumably related to low organic matter
content and soil moisture, especially in gardens. According to
[28], earthworms are likely found more in the fields with the
high availability of organic matter in the soil, which enables
the earthworms to obtain more food and transform it to
become available nutrients for crops and soil microbes. The
high availability of nutrients can stimulate the growth of
beneficial microbes faster [29].

3.2 Minimum data set of soil fertility
A minimum data set of soil properties indicators is needed

to evaluate the soil fertility index. The minimum indicator data
set is selected from several measured soil properties correlated
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with one another (Table 3). The next step is to analyze the
correlated indicators using Principal Component Analysis
(PCA), where the PC's indicators with an Eigenvalue > 1 are
selected as the minimum data set (Table 4).

Table 3 showed the indicators that positive and negative
significant correlation (P-value <0.05), include: pH with
organic matter (r= 0.720%*), available-P with Mg (r= 0.711%*),
available-P with microbial biomass C (r= 0.713*), base
saturation with Mg (r= 0.708*), Ca with microbial biomass C
(r=0.791*), and Mg with microbial biomass C (r= 0.672%).
Whereas the indicators that showed highly significant
correlation positive and negatively (P value <0.01), include:
available-N with earthworm population density (r=-0.864**),
base saturation with Ca (r= 0.829**), base saturation with
microbial biomass C (r=0.813*), and Ca with Mg (r=0.961**).

These indicators potentially become a minimum data set of
soil fertility index measurement. Based on the PCA, the
minimum indicators used to analyze the soil fertility index
include pH, organic matter, available-P, base saturation, Ca,
Mg, earthworms population density and microbial biomass C
(Table 4).

3.3 Comparison of soil fertility index evaluation methods

Although it is generally recognized that physical, chemical,
and biological factors are critical for soil fertility, more
attention is paid to chemical factors. Changes in the chemical
and physical environment in the soil will affect biological
processes and subsequently contribute to overall soil fertility
[7]. We propose considering biological factors in evaluating
soil fertility as modified methods in soil fertility assessments.

In this research, we compare two methods of soil fertility



assessment, i.e., conventional and modified methods. The
conventional methods of soil fertility assessments only use
chemical properties as indicators. In contrast, besides using
soil chemicals, modified assessment methods include soil
biological properties in soil fertility assessment, i.e.,
earthworm population density and microbial biomass C.
Earthworms were chosen as representatives of biological
indicators because most farmers or communities recognize
earthworms as indicators of fertile soil.

The PCA result showed that the minimum indicators used
to analyze the soil fertility index conventionally include pH,
organic matter, available P, base saturation, Ca, and Mg (Table
4). In this study, available-N was not one of the selected
indicators for calculating soil fertility index using the
conventional method because available-N was not
significantly correlated with another chemical indicator.
While the indicators used to assess soil fertility index using the
modified method are all indicators used in conventional
methods, plus indicators of earthworm population density and
microbial biomass C. The available-N indicator is included in
the modified method because it is significantly positively
correlated with earthworm population density; this research
result contrasts with [30], which showed no correlation
between earthworms and soil chemical properties.

The comparison of PCA analysis for the two methods
(Table 4) showed that the modified method had a higher
cumulative value (86.5%) than the conventional method
(83.8%). According to [31], if the cumulative value for all the
components is high, the main component chosen will produce
a more accurate result. Therefore, in determining the
indicators for soil fertility index, the addition of biological
indicators shows that it is more representative of soil
properties than the conventional method used more frequently.

The choice of indicators in the main component was based
on the eigenvalue value of more than one, the higher
cumulative and weight value of each indicator [32]. The
selected indicators are calculated as minimum soil fertility
indicator, each having a weighted index (Wi). In modified
methods (Table 4), there were five indicators in PC1:
available-P, base saturation, Ca, Mg, and microbial biomass C,
and they contributed Wi 0.123 each. There were two in PC2,
available-N and earthworm population density, with Wi 0.108
each. In PC3, there were pH and organic matter with each Wi
0.804. Meanwhile, in the conventional method, there are two
PCs, whereas, on PC1, there were four indicators, including
available-P, base saturation, Ca, and Mg, each of which has a
Wi of 0.188; and on PC2, there are two indicators, including
pH and soil organic matter, with Wi each of 0.124.

Table 4. Results of Principal Component Analysis (PCA) and indicator weight index of modified and conventional methods

Modified methods

Conventional methods

Eigenvalue 4.8036 1.6799  1.3026 Eigenvalue 3.785 1.2452
Proportion 0.534 0.187 0.145 Wi Proportion 0.631 0.208 Wi
Cumulative 0.534 0.720 0.865 Cumulative 0.631 0.838
Indicators PC1 PC2 PC3 Indicators PC1 PC2
pH 0.140 0.143 -0.539 0.084 pH 0.389 -0.495 0.124
Organic matter 0.198 0.006 -0.737 0.084 Organic matter 0.253 -0.725 0.124
Auvailable-N -0.261 0.611 -0.04 0.108 Auvailable-P 0.376 0.305 0.188
Available-P 0.342 0.108 0.257 0.123 Base saturation 0.447 0.044 0.188
Base saturation 0.411 0.001 0.009 0.123 Ca 0.479 0.226 0.188
Ca 0.413 0.210 0.143 0.123 Mg 0.462 0.288 0.188
Mg 0.378 0.319 0.179 0.123
Earthworm population density 0.179 -0.669 0.004 0.108
Microbial biomass C 0.403 -0.027 0.213 0.123
Notes: Numbers in bold are selected PCs
0.45 0.80
0.40b 0.38b 0.71b
0.40 0.70 0.65ab =Mg
032 ]
0.35 mMBC 0.60 s
0.30 BEPD
L C L 0.40
P 0.20 o % AP
HE -
0.15 AP - =OM
S B B R
0.05 =OM 0.10
0.00 mpH 0.00

Garden  Rice field Moorland

(a) SFI value on various land uses in Girimarto District using
modified method and contribution of each indicator to SFI

Rice field Moorland

Garden

(b) SFI value on various land uses in Girimarto District using
conventional method and contribution of each indicator

Figure 2. SFI value on various land uses in Girimarto District and contribution of each indicator to SFI
(Note: MBC= microbial biomass C, EPD=earthworms population density, BS=base saturation, AP=available-P, AN= available-N, OM=organic matter)
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The calculations of SFI showed that rice fields have a higher
SFI value, and gardens showed the lowest SFI value, both in
the modified (Figure 2a) and conventional methods (Figure
2b). It is probably due to the higher organic matter content in
the rice fields than in the other land uses (Table 2). Rice fields
receive organic waste and rice straw input from the rest of the
harvested paddy grain. Applying organic fertilizers such as
green manure, compost or vermicompost significantly affects
plant growth [33]. It is a source of energy and nutrition for
microorganisms to decompose and mineralize, thereby
helping to increase soil nutrients [34].

Applying organic fertilizer simultaneously with NPK
fertilizer can increase organic carbon and the availability of
the nutrients N, P, and K in the soil [35]. Meanwhile, the low
organic material input from the litter plant leads to an
imbalance between the input and output of organic matter in
gardens and moorland. The research results by Khalif et al. [36]
show that gardens with a low variation of plants have a lower
organic matter content than land used for mixed culture and
land implementing an agroforestry system.

The assessment of the soil fertility index using the modified
method shows a lower class (0.33-0.40) than the conventional
method shows a middle class (0.55-0.71) (Figure 2a, 2b). The
evaluation of the soil fertility index using the conventional
method only provides a picture of soil fertility in terms of its
chemical properties without considering the soil's biological
indicators. According to the study [8], to measure the effects
of soil management practices can use biological indicators
such as soil respiration and earthworm abundance. Including
earthworm population density and microbial biomass C in
assessing soil fertility status is crucial because soil organisms
quickly react to changes related to actual dynamic conditions
in the field and can be used as early warning indicators of
environmental changes. Therefore, evaluating soil fertility
index using modified methods by adding soil biological
indicators is better than using chemical properties only. It is
suggested to use a modified method in assessing soil fertility
level because it is more capable of assessing closer to actual
soil fertility conditions than the conventional method.

There is a relationship between biological indicators and the
soil fertility index, as evidenced by the linear regression
pattern between the earthworm population density and the
microbial biomass C with the soil fertility index (Figure 3).
Based on this research result, earthworm population density
contribute approximately 27% to the soil fertility index in
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Girimarto District, while microbial biomass C contributes
33%. With the relatively low contribution biological indicator
on soil fertility index, it is suspected that almost all areas of
moorland and garden is dry land, so the activity of earthworms
is restricted by low moisture besides the low soil organic
matter content. Therefore, soil fertility assessment can
consider biological indicators since they react well to
environmental dynamics change.

According to Pérés et al. [37], the earthworm indicator
represents the population density of soil organisms in response
to various environmental changes, including chemical changes
and agricultural cultivation practices. The microbial biomass
C indicator is sensitive to nutrient change, especially soil
organic matter levels [31]. The lack of good sources of
nutrients and energy, described by the low availability of soil
organic matter, affects soil fauna due to insufficient food
sources, which is related to the activity of earthworms and
other soil fauna that consume plant litter [38].

The need for future research to evaluate that soil biological
indicators are good soil fertility index must validate various
soil types and land uses, soil management, season, and area.
The biological indicators include population density and
biomass, diversity, distribution, and activity or processes
delivered by soil biota.

4. CONCLUSION

The modified method, which combines biological and
chemical indicators, could determine a better soil fertility
index in Girimarto District than the conventional method,
which only uses chemical indicators. The earthworm
population density and microbial biomass C are good potential
biological indicators comparable to soil chemical indicators in
assessing the soil fertility index. Future research needs to
validate biological indicators and add on conventional
methods of soil fertility index assessment in the same, or
different land uses in other areas, such as different soil types
and land management.
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