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There have been considerable fluctuations in lowland rice cultivation in the Konawe
Regency, Southeast Sulawesi, in relation to soil fertility decline. The main objective of
this study is to analyze the spatial pattern of soil fertility degradation in paddy soils and
design strategies for soil rehabilitation based on ecological engineering. Sampling for the
field work took place from February to June 2025 at 204 points in the major rice-growing
areas. The investigation entailed measuring soil chemical properties, such as pH, soil
organic carbon (SOC), total N, available P, and K content using standard analytical
methods. Spatial distribution of the parameters was carried out using GIS technology
based on Inverse Distance Weighting (IDW) interpolation. As a result, over 70% of the
paddy soils revealed acidity (pH < 5.5), whereas SOC was low (< 2%) in many major
rice-producing areas. N and P nutrients were in the moderate and high categories, while
K had moderate and low concentrations, indicating nutrient imbalance under the acidic
soil conditions. All the above-mentioned soil constraints decrease fertilizer efficiency.
Based on the obtained results, different strategies for rehabilitation of the soils were
worked out; includes liming (0.5-3.0 tons per ha), increasing organic matter input in the
form of compost, rice straw, and appropriate fertilization. This integrated approach can
ensure improvement in the soil functions and increase the efficiency of the nutrients,
which can be used as a basis for planning the development of sustainable paddy

agroecosystems in Konawe Regency.

1. INTRODUCTION

Rice is one of the world’s primary staple foods commodities.

It is estimated that almost half of the world’s population
consumes rice daily [1]. Indonesia ranks among the top
countries in terms of rice consumption. The average annual
consumption of rice in Indonesia is about 133.15 kg per capita
[2]. This quantity is expected to rise further along with the rise
in population. Hence, rice is critical for securing food security
for the future.

Konawe Regency in Southeast Sulawesi Province is a
prominent producer of rice that helps to secure food in the
region [3]. In recent years, rice production in Konawe Regency
has been hampered by various issues. This is apparent from
the reduced land planted and the volatility in rice production
levels. For instance, rice production was 188,385 tons of
milled dry grain in 2018; fell to 177,444.6 tons in 2019; and
rose to 198,280 tons in 2020. Thereafter, rice production fell
drastically in 2021-2022 to reach a low of 132,209 tons of
milled dry grain. Production rose slightly to 151,058 tons of
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milled dry grain in 2023 but was still lower than at the onset
of the study period [4].

In addition to that, the decrease in rice production is aligned
with the decrease in harvested area. The harvested area stood
at 46,364.11 ha in 2019 before gradually declining to
38,277.50 ha in 2023. Specifically, in 2022, the harvested area
experienced a decline of 23.48%, while production declined
by 23.95%. This clearly implies that the local food production
system is under a significant amount of pressure. Despite an
increase of 10.86% in harvested area and production in 2023,
the rice farming system in Konawe Regency is highly
susceptible to disruptions.

Several factors affect the level of rice production, such as
climate change, availability of irrigation water, pressure from
pests and diseases, and land management. Nevertheless, the
notable reduction in the level of production indicates some
internal issues, specifically those related to soil fertility [5].
Typically, paddy soils tend to be acidic and have low levels of
soil organic carbon (SOC) alongside nutrient imbalance [6].
These issues imply that the efficacy of fertilizers is relatively
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low, hence affecting yield stability.

Moreover, the pH of soil serves as a regulator affecting the
availability of nutrients and fertilizer efficiency [7, 8]. SOC
constitutes another vital component responsible for biological
processes and soil nutrient retention capacity [9]. Thus,
reduction of both soil pH and organic carbon content shows a
poor state of the agroecosystem functions that cannot be
compensated for with increasing fertilizer applications [10,
11]. Such a state can account for the lack of a direct correlation
between production input increases and yield improvements
and is one of the reasons for yield variations in rice in Konawe
Regency.

The issue of soil acidification is well-known in agriculture
and affects paddy productivity in the tropics. In conditions of
acidity (pH < 5.5), the availability of phosphorus decreases;
additionally, phytotoxicity due to high levels of AI** prevents
root formation and nutrient acquisition, leading to low rice
yields [7, 8]. The problem is universal, as evidenced by many
studies conducted in different tropical countries. Sub-Saharan
research on acidity in rice fields showed that the penalty of
yield reached 20-50% due to uncontrolled aluminum toxicity
in acidic soils [12]. Similarly, in South and Southeast Asian
countries, including Thailand, Vietnam, and Malaysia,
intensive fertilization and heavy rain cause soil acidification,
resulting in low paddy yield and low nitrogen use efficiency
[13, 14]. Hence, it becomes obvious that the relationship
between soil acidity and rice productivity is global and
inherent to tropical agroecosystems and should not be
neglected while considering the case of Konawe Regency.

The use of principles of ecological engineering enables

creating an adaptive concept to increase sustainability by
restoring functions and processes of an agroecosystem and
increasing resistance to environmental stresses, which results
in stable rice productivity in the future [15, 16]. Such practices
as liming [17], balanced fertilization, application of organic
materials, and using rice straw in the area can substantially
increase the resistance of rice production to environmental
stresses and make yields stable [18]. Still, to create effective
strategies, it is vital to know more about spatial soil fertility
patterns and relations with rice productivity dynamics in the
area.

Thus, this study aimed to assess the fertility state of soils in
Konawe Regency through their chemical soil characteristics
and develop a strategy for management based on ecological
engineering principles to restore soil functions and ensure rice
productivity.

2. MATERIAL AND METHOD
2.1 Study area

This study was conducted in rice paddy fields in Konawe
Regency, Southeast Sulawesi Province, Indonesia (Figure 1),
from February to June 2025. The study combined soil survey,
laboratory analysis, and GIS mapping approaches to study the
spatial distribution of soil fertility decline and to create
ecological restoration measures for the rice agroecosystem in
the region.
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Figure 1. Study site

2.2 Soil sampling

Samples were collected from 204 sampling points
representing the spatial distribution of rice agricultural areas
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in this region. Soil sampling was conducted as described by
research [19] using a soil auger (2.5 cm diameter) to a depth
of 0-20 cm. The soil samples, then, were dried, powdered, and
sieved at 2 mm.



2.3 Soil chemical analysis

Chemical analysis of soils was carried out in the Soil
Laboratory of the Faculty of Agriculture, Halu Oleo
University. The analysis was conducted based on the methods
of chemical analysis of soils, plants, and fertilizers according
to the norms of the Testing Center of the Instrument of
Agricultural Land Resources of the Indonesian Ministry of
Agriculture [20].

2.4 Soil pH

The soil pH was determined using a pH meter after making
a soil water extract at a ratio of 1:2.5 (soil/H,O). The
suspension was agitated for 30 min and allowed to equilibrate
before measurement. The pH meter was calibrated with buffer
solutions of pH 7.0 and pH 4. The results obtained were then
grouped according to Table 1.

Table 1. Classification of soil pH (H20)

Parameter pH (H:0)
Very acidic <4.5
Acidic 4.5-55
Slightly acidic 5.5-6.5
Neutral 6.6-7.5
Slightly alkaline 7.6-8.5
Alkaline >8.5

2.5 Soil organic carbon

The method used to determine SOC was the Walkley-Black
method. This method involved the weighing of 0.500 g of a
soil sample that had been sieved to 0.5 mm onto a reaction
flask. Afterward, the 2 N K2Cr.0O~ solution and concentrated
H2SO4 were added to the soil sample and oxidized. Thereafter,
the suspension was diluted to its needed volume and left to
settle, whereupon the absorbance of the supernatant was read
on a spectrophotometer at 587 nm.

2.6 Total nitrogen

The total nitrogen (N) was determined via the Kjeldahl
method. The soil sample was mixed with concentrated H2SOx
and catalysts to form (NH4)2SOs after digestion. This process
involved heating up the sample to about 350 °C for 3-4 h or
until the extract became clear. Thereafter, the resulting
mixture was diluted to its needed volume and left to stand to
allow sedimentation of the suspended particles. Indophenol
blue formation was measured using absorbance at 660 nm.

2.7 Phosphorus

Determination of P content was conducted through the Bray

extraction procedure. Soil samples were subjected to an
extraction procedure using the Bray solution, and the color
development procedure was done by adding phosphate color-
forming reagent to the filtrate obtained from the Bray
extraction procedure. Absorbance reading was obtained at a
wavelength of 889 nm using the spectrophotometer.

2.8 Potassium

Determination of potassium (K) content was achieved using
25% HCI extract. K concentration was analyzed using an
Atomic Absorption Spectrophotometer (AAS). A calibration
standard curve was used for the determination.

Classifications of SOC, total nitrogen, available phosphorus,
and potassium levels were conducted based on their measured
concentrations (Table 2).

2.9 Spatial analysis

The spatial distribution of soil fertility parameters was
analyzed using a GIS. A total of 204 sampling points were
used to represent the spatial variability of soil properties across
the study area. The sampling density of approximately one
point per 1.5-2.0 ha of active rice cultivation area was
determined to adequately capture the spatial heterogeneity of
soil properties, given the diversity of management zones, soil
types (Ultisols and Inceptisols), and topographic conditions in
the region. This density is consistent with recommended
practice for site-specific nutrient management in tropical
lowland rice systems [21]. The Inverse Distance Weighting
(IDW) interpolation method was applied to estimate soil
parameter values at unsampled locations. In this method, the
weights assigned to neighboring points are inversely
proportional to their distance from the prediction location,
such that closer observations exert a stronger influence on the
estimated values [21]. IDW interpolation was implemented
using a power parameter of p = 2, which was selected based
on preliminary sensitivity analysis comparing p values of 1, 2,
and 3. A fixed search radius incorporating the 12 nearest
neighboring points was applied uniformly across all soil
properties. To evaluate interpolation accuracy, leave-one-out
cross-validation was performed for each soil parameter. The
root mean square error (RMSE) values obtained were: pH =
0.28 pH units, SOC = 0.18%, total N = 0.04%, available P =
1.2 ppm, and K = 3.4 mg/100 g. The above-mentioned values
can be considered satisfactory for site-specific soil fertility
mapping of tropical rice fields and demonstrate sufficient
accuracy of interpolation of soils in the study area.

The interpolated surfaces were subsequently classified into
soil fertility status and soil reaction classes based on
predefined classification thresholds (Tables 1 and 2). These
spatial analyses were used to identify patterns of soil fertility
degradation and to determine priority areas for ecological
restoration within rice agroecosystems.

Table 2. Classification of soil fertility status based on C, N, P, and K

Soil Parameter Very Low  Low  Moderate High Very High
C (%) <1 1-2 2-3 3-5 >5
N (%) <0.1 0.1-0.2  0.21-0.5 0.51-0.75 >0.75
Bray-1 P (ppm P) <4 5-7 8-10 11-15 > 15
K20 HC1 25% (mg/100 g) <10 10-20 21-40 41-60 > 60
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2.10 Restoration strategy

The restoration strategy involves the identification of the
dominant constraining factors related to soil acidity and
insufficient organic matter content, as well as soil nitrogen (N),
phosphorus (P), and potassium (K) status of soil fertility.
Based on the analysis of constraints, the following
recommendations have been suggested for the improvement of
soil conditions in the studied rice ecosystems.

3. RESULTS AND DISCUSSION
3.1 Spatial distribution of soil pH

Soil pH is a measure of the amount of hydrogen ions (H")
in the soil. It indicates the chemical status of soil that decides
acidity or alkalinity. The pH scale is 0-14, with 7 being neutral
soil [22]. The results of soil pH tests on paddy fields in
Konawe Regency indicate that the acidity of the land varies
and may be classified as Neutral, Slightly Acidic, and Acidic.
Most of the soils in the research region are either somewhat
acidic or acidic. Only a few villages like Pondidaha and West
Wongeduku have neutral soils.

For rice plant growth, a slightly acidic pH of soil (5.5-6.5)
in paddy soils is still conducive, as minerals such as
phosphorus, potassium, calcium, and magnesium are still
available [23]. However, highly acidic soils (pH < 5.5) reduce
nutrient availability and increase the solubility of Al** and Fe**
ions, which hinder plant growth [24]; the detailed fixation
process will be discussed in the discussion section.

Factors that affect soil acidity in the study area include

excessive rainfall resulting in leaching of soil bases, high use
of nitrogen-based fertilizers, and imbalanced nutrient
management practices [25]. Also, the presence of Ultisol and
Inceptisol soils promotes soil acidity due to leaching processes
occurring over an extended period of time.

In some areas with neutral soils, the local geology and better
land management practices, such as liming, help. The above
data imply that soil pH is one of the key elements impacting
the quality of paddy soils in Konawe Regency and needs to be
successfully maintained by balanced fertilization, addition of
organic material, and liming.

Figure 2 below shows that acidic soil was the main
occurrence in many areas of rice growing, and only small areas
with neutral pH were found in the Pondidaha and West
Wongeduku Districts. So the acidity of the soil is a universal
problem and not a specialized concern. The presence of spatial
clusters of very acidic soils (pH < 5.0) in the southern and
eastern subdistricts is associated with the dominance of Ultisol
soil profile properties. This suggests that the soils are
extremely worn, inadequately base-saturated, and excessively
saturated with aluminium. The intensive rice culture without
regular liming is gradually removing the soils of important
base ions such as Ca?', Mg?, and K* by crop removal and
leaching. However, the minor neutrality of the soils in the
Pondidaha and the West Wongeduku Districts is not only
dictated by the geological features but also by the lime
application in agriculture by the local farmers in these
locations. This distinction has evident managerial
ramifications as acidic zones should be prioritized for lime
treatment first to restore fertility conditions, as phosphorus
will stay unavailable and aluminium toxicity will persist no
matter what amount of fertilizers will be utilized otherwise.
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Figure 2. Spatial distribution of soil pH in paddy agroecosystem of Konawe Regency, Southeast Sulawesi
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Figure 3. Spatial distribution of soil organic carbon (SOC) in paddy agroecosystem of Konawe Regency, Southeast Sulawesi

3.2 Spatial distribution of soil organic carbon

SOC is one of the metrics used to assess the soil fertility
level [13] due to its capability to improve water retention,
nutrient availability, cation exchange, and microbial activity
in the flooded soil [26]. The examination of SOC on paddy
soils in Konawe Regency identified various places with Very
Low and Low organic carbon levels, notably in the Pondidaha
District. Very low SOC was observed in Lalonggotomy
(0.94%) and Belatu (0.98%). However, Mumundowu (1.53%),
Lalondangge (1.82%), Ambu Alanu (1.48%), Wonua Mandara
(1.64%), Ahwawatu (1.88%), and Sulemandara (1.46%)
showed low organic carbon.

This condition shows a shortage of organic matter in the soil,
which results in the quality of paddy soils worsening in terms
of their physical, chemical, and biological characteristics.
Some of these characteristics are soil structure becoming more
compact, water retention capability decreasing, nutrient
retention capability reducing, and low activities of
microorganisms responsible for nutrient cycling [26].

The low level of organic carbon in soils results from heavy
exploitation without adequate organic carbon replenishment,
rice straw disposal after harvesting, and drainage-flooding
processes inhibiting the decay process [27], in addition to
fertilizer applications containing no balance of organic
materials [28, 29]. The prevalence of Very Low to Low
Organic Carbon suggests the importance of organic matter as
a primary soil fertility constraint in the studied area.

In Figure 3, the SOC values were highly correlated with low
to high SOC distribution, particularly in Pondidaha District,
implying the occurrence of degradation hot spots because of
intensive land use and lack of organic matter input in soils.
SOC depletion patterns reflect similar spatial distributions of
fields experiencing double-cropping for a long period without
a fallow phase, in which burning rice straw was dominant
instead of its incorporation into the field after harvest. Since
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each ton of rice straw possesses 0.4-0.5 kg C, burning of straw
in this district implies considerable carbon loss annually from
the agricultural fields. Moreover, the combination of very low
SOC with acidic pH constitutes a severe constraint since low
SOC leads to low cation exchange capacity, which means less
buffering against soil acidity. Therefore, the solution of this
critical problem requires restoration of both depleted SOC and
pH simultaneously via soil lime and organic matter application
instead of their sequential application.

3.3 Soil macronutrient distribution (N, P, K)

The level of nitrogen (N), phosphorus (P), and potassium
(K) is one of the key indicators of soil fertility, since these
macronutrients participate in the process of vegetation, root
formation, yield formation, and resistance of rice cultures.
According to the results of research on the determination of
the level of N, P, and K in soils of rice paddies in Konawe
Regency, there are differences in the state of macroelements.
The concentration of nitrogen and phosphorus was rather
average and high, while the level of potassium was relatively
low to average.

Thus, the practice of fertilization in this area is based on
nitrogenous and phosphate fertilizers, whereas potassium
fertilizers are used less actively. In such situations, the
development of nutrient imbalance can occur [30], especially
for those soils where the pH is acidified. For acid soils, a high
precipitation rate and application of ammonium nitrogen
fertilizers enhance the process of leaching and influence the N,
P, and K-mechanism (detailed discussion of the matter is
presented in the Discussion part) [23, 31].

In turn, slightly acidic to neutral soils have good availability
of nutrients N, P, and K, allowing for better growing of rice
plants [23]. The described characteristics are observed in some
other areas where rice cultivation takes place with the
application of the same techniques of soil improvement,



including coastal agriculture territories of Kalimantan in
Indonesia [32]. In general, the persistent potassium
insufficiency revealed in all the examined soils is worth
considering separately. Potassium insufficiency is common in
highly weathered tropical soils of the Ultisolic class, as their
cation exchange capability is characterized by a domination of
the variable charge clays, such as kaolinites, whose intrinsic
adsorption potential for K+ ions is not very strong. As a result,
with the prevailing climate conditions (precipitation
amounting to 1.800-2.500 mm per year), K+ ions in these soils
are very mobile and easily move down into the subsoil with
each irrigation/flooding event due to the absence of retention
in soils of the examined region characterized by a low
proportion of clay minerals and low organic matter
concentration. Such a process is additionally enhanced due to
the predominant application of nitrogen-based fertilizers, as
the rice farmers of the Konawe region use urea and SP-36
based on governmental recommendations, yet do not use
potassium chloride or apply this fertilizer insufficiently,
considering it less important compared to others. In this way,
as a result of each cropping season, potassium mining
continues because crops remove much more potassium than
soils obtain. Internationally recognized evidence testifies to
the same pattern as in Vietnam and Thailand, tropical rice
paddies, potassium deficiency is usually the first nutrient

constraint limiting the yields, while nitrogen and phosphorus
have always been used predominantly [14, 33]. Thus,
addressing the issue of soil potassium depletion via additional
potassium chloride application (up to 60-90 kg K.O ha™)
should be considered together with the improvement of soil
acidity problems in K- deficient soils.

3.4 Restoration of lowland rice farming land

3.4.1 Liming

Lime application is considered one of the key practices for
management of acidic soils since it increases pH, improves
soil conditions, and enhances the availability of nutrients to
rice plants [34]. Agricultural lime, such as calcite (CaCOs) or
dolomite (CaMg(COs).), can be used for liming. This
approach decreases the solubility of toxic ions such as
aluminum (Al) and iron (Fe), reduces soil acidity, and
improves the usage of fertilizers, notably phosphorus and
potassium fertilizers [35].

Based on the findings, it can be stated that the recommended
liming dose for paddy fields in the Konawe Regency was 0.5-
3.0 tons ha™!, depending on soil acidity. On soils with low pH
values, a larger amount of lime is required to achieve a nearly
neutral soil.

3
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Figure 4. Spatial distribution of recommended lime application rates for paddy agroecosystem in Konawe Regency, Southeast
Sulawesi

Figure 4 illustrates the regional distribution of
recommended rates of lime application to paddy soils of
Konawe Regency. The difference in soil properties and high-
priority zones requiring intervention for improvement of soil
properties were the reasons for regional variability in lime
needs. In paddy soils with high rainfall and highly cultivated
locations, there are larger losses of soil base cations, resulting
in higher levels of soil acidity [14].

The use of lime at prescribed rates will stimulate root
growth, enhance soil microbial activity, and improve nutrient
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cycling needed by rice crops. Over-application of lime to
paddy fields could increase the pH over the optimum range
and create a deficiency of soil micronutrients. Thus, the liming
rates should always be based on laboratory assessments of soil
samples.

Liming can be carried out at the start of the planting season
while fields are prepared for planting. In the field, when
conditions are relatively dry, lime must be uniformly spread
over the surface of the soil, mixed with soil by ploughing or
other farming implements, and left to react with the soil for



one or two weeks before planting.

3.4.2 Organic fertilizer application

Application of organic fertilizer is one of the important
components in the plan to restore the soil fertility in the paddy
fields in Konawe Regency, especially in the areas where there
has been the degradation of soils due to the long and extensive
applications of chemical fertilizers. Organic fertilizers add
organic matter to the soil, which can improve the soil structure

and porosity, raise cation exchange capacity, and stimulate the
activities of soil microbes [36]. All these elements have a great
role in the recycling process of nutrients in rice
agroecosystems. Besides, organic fertilizers help the efficient
use of chemical fertilizers and the sustainability of rice
production. Figure 5 demonstrates that high rates of compost
organic fertilizer (COF) application are predominantly related
to low levels of SOC, indicating that organic amendment is
needed in places with organic matter deficiency.

Table 3. Alternative organic fertilizer recommendations for paddy agroecosystem in Konawe Regency

No. Organic Fertilizer Type Local Raw Materials Form Recommended Dose Application Method
1 Cattle/Goat Manure Local cattle and goat Solid 10-20 tons ha-! Evenly broad'cast before
manure planting
2 Rice Straw Compost Rice straw .from harvest Solid 5-10 tons ha ! Incorporated into the .s01l during
residues land preparation
3 Leucaena green manure Local leguminous plants Fresh 10-15 tons ha™! Planted apd mcorporate.d into
biomass the soil before planting
. Solid residue from Semi- o . . . .
4 Bio-Slurry houschold biogas systems liquid 5-10 tons ha Mixed with soil before planting
Liquid Organic Fertilizer Kitchen waste, EM4, Lo 250-500 mL per tank . .
5 (LOF) livestock urine Liquid (16 L water) Foliar spraying every 7-10 days
6 Market Waste Compost Orgqn.lc waste from Solid 5-10 tons ha™! Mixed with soil fiurmg land
traditional markets preparation
Chicken Manure + Rice Local poultry manure . o Broadcast 1 week before
! Husk Compost mixed with rice husk Solid 3-10 tons ha planting

Table 4. Generalized fertilizer adjustment strategy based on soil fertility status

Soil Condition Nitrogen (N) Phosphorus (P)  Potassium (K) Management Implication
Acidic soils with low SOC Red}lc§ or Malntaln or Increase Improve nutrient use efficiency thl.'ough liming
optimize slightly reduce and organic matter addition
. . - L Increase if K is . .
Moderate fertility soils Maintain Maintain low Balance nutrient inputs with crop demand
Soils with nutrient imbalance . . N
(high N-P, low K) Reduce Reduce Increase Correct the imbalance to prevent yield limitation
Relatively fertile soils Maintain Maintain Maintain Sustain productivity with integrated

management

L/
| =

R

y :
44

Figure 5. Spatial distribution of recommended compost organic fertilizer (COF) and microbial organic fertilizer (MOF)
application rates for paddy agroecosystem in Konawe Regency, Southeast Sulawesi
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Various organic fertilizers can be utilized on the basis of
regional potentials and in consideration of the availability of
local resources (Table 3). Organic fertilizers made from
animal droppings can be used at a rate of 10-20 tons ha™
before planting to improve soil organic matter and
macronutrients.

Application of organic fertilizer from rice straw compost
should be 5-10 tons ha™ and mixed with soil during plowing
to improve soil structure and recover nitrogen loss following
harvesting. Local leguminous plants such as Leucaena
(Leucaena leucocephala) and other legumes can be used as
green manure at a rate of 10-15 tons ha™' before planting by
planting them directly on the field before rice planting. The
approach delivers nitrogen sources and degraded organic
materials.

The application of bio-slurry, which comes from the by-
product of domestic biogas production, can be applied at a rate
of 5-10 tons ha™" and incorporated into the soil before planting
to activate soil microorganisms and mineralize the nutrients
faster. In addition to that, for micronutrient supply and nutrient
efficiency uptake, LOF can be used by spraying every 7-10
days at a rate of 250-500 mL per tank (16 L of water),
including kitchen wastes, livestock urine, and microbial
activators. The distribution of LOF recommendations can be
seen in Figure 5.

Furthermore, the compost obtained from organic waste
from traditional markets or from chicken manure and rice husk
can be used in the amount of 5 to 10 tons ha™ at the time of
soil preparation or a week prior to plantation. The choice of
organic fertilizer types and amounts should be tailored
depending on the local availability of the raw materials used,
farming systems adopted, and soil conditions. In order to
guarantee a regular and sustainable source of organic fertilizer,
there is a need to establish Organic Fertilizer Processing Units
(OFPU) at the level of farmers' groups or villages.

These OFPUs will collect the raw materials, use microbial
activators such as EM4 in the microbial decomposition of the
raw materials to form fertilizer, and provide it to the farmers.
Moreover, the combination of crop and livestock farming
systems should be encouraged so that manure may regularly
be available as a raw material for producing organic fertilizers.

3.4.3 Fertilization recommendations

Fertilization is an essential component to conduct
fertilization in order to ensure proper nourishment of plants to
fulfill their need for nutrients, hence, ensure good growth as
well as enhance production levels [37]. The practice of
fertilization has gained importance in the region of Konawe
Regency since the soils in this particular location have suffered
from degradation owing to excessive use of chemical
fertilizers. Therefore, an effective fertilization plan should be
developed based on the type of soil and the nutrients needed
by crops (Table 4).

There are two ways of recommending the use of fertilizer,
depending on the nature of the fertilizer. For instance,
compound fertilizers contain more than one nutrient element,
including types such as NPK 15-10-12, which can be found
via subsidized programs provided by the government. Single
fertilizers, on the other hand, contain only one nutrient element
as urea (for nitrogen N), superphosphate fertilizer (SP-36) (for
phosphorus P), and KCI (for potassium K). If single fertilizers
are not available, the use of combined NPK fertilizers together
with urea can be considered; conversely, if compound
fertilizers are not accessible, then single fertilizers can be
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recommended.

Fertilizer application management is an essential aspect in
sustainable rice cultivation, especially in degraded paddy
fields, where nutrient imbalance limits the efficiency of
fertilizers used in farming activities. In line with the spatial
variation of soil fertility characteristics, fertilizer suggestions
have been made in an attempt to correlate the fertilizer needs
with the soil conditions.

Instead of applying constant amounts of fertilizers, the
present study makes suggestions on a function basis by taking
into consideration soil pH, organic content, and fertility. The
adjustments suggested in this study mainly relate to nitrogen
and phosphorus, while there would be more potassium use in
places where deficiency is identified.

These fertilizer suggestions are based on the nutrient status
threshold levels obtained from the analysis of the 204 soil
samples and have been made following the national standards
for fertilization alongside other research findings in tropical
paddy soils.

This shows that fertilization practices in the study region
require a change from blanket application to more nutrient-
oriented application based on site-specific conditions.
Fertilizer inputs of nitrogen and phosphorus need to be
decreased in some regions without any decrease in yield
potential, as long as the limitations imposed by soil factors
such as acidity and organic matter deficiency are taken into
consideration. Potassium input should be increased in some
regions due to its high tendency for leaching from soils in
tropical conditions with low cation exchange capacity.

Fertilizer applications cannot stand alone but should be
conducted together with efforts aimed at soil improvement.
Liming soil leads to an increase in soil pH level, which will
help in increasing phosphorus availability, whereas organic
matter will increase nutrient retention in soil.

4. DISCUSSION

The analysis presented in Figure 6 shows that soil fertility
decline in the rice agroecosystems in Konawe Regency is the
result of several interacting chemical and biological factors.
The presence of predominantly acidic soils, lower SOC, and
imbalanced macronutrients, especially a deficiency in
potassium, shows signs of a deterioration in the soil system’s
functional capability. Specifically, soil system theory implies
that this will decrease the system’s capacity to regulate
nutrient turnover, maintain soil moisture, and support
microbial activity, all key factors in the functioning of
agroecosystems [38, 39].

One of the critical functions of the soil is the regulation of
nutrient solubility and uptake. Low pH values in soil (soil pH
< 5.5) increase the solubility of aluminium (AI**) and iron
(Fe?") ions in soil. These compounds react with phosphate,
thus making plant-available phosphorus unavailable, even
though the total concentration of phosphate remains relatively
high. Moreover, in the presence of low pH, leaching of base
cations such as potassium (K"), calcium (Ca®"), and
magnesium (Mg?") takes place more rapidly, worsening
macronutrient imbalance [34]. This is one explanation for
higher than optimal levels of nutrients like nitrogen and
phosphorus measured during the survey, but their inefficient
utilization by crops. Soil pH is considered a primary variable
in soil ecology since it regulates several soil processes [38].

The decrease in SOC content influences the physical



properties of soil and biological processes. The low level of
SOC limits the capacity of the soil to hold nutrients like
ammonium and potassium ions. SOC is a key regulator of
redox dynamics and nutrient availability, especially nitrogen
and phosphorus in flooded soils such as paddy fields. The low
level of SOC suggests that there are carbon-limited systems.
This means that the cycling of the nutrients within the soils
will be limited and largely dependent on external sources [23,
40].

As can be observed from the statistics supplied, there is a
big gap between the adequacy of nitrogen and phosphate and
the deficit of potassium. This implies that fertilization does not
correspond with the soil buffer and retention capacities.
Potassium ions in worn soils, such as ultisols, are weakly
attached to the soil due to the low CEC. This means that there
will still be a potassium deficiency despite fertilizer
application [41].

The suggested comprehensive management strategy
integrates different techniques that can help solve the
problems highlighted above. Liming helps reduce soil acidity
by neutralizing the hydrogen ions and aluminum ions. Liming
will also help increase the availability of phosphorus and
stimulate root growth. Organic amendments will increase the
CEC and improve soil aggregation.

From the viewpoint of ecological engineering, this
methodology is seen as a transition from input-centered
agricultural management to function-centered system design.
While conventional methodologies involve merely increasing
fertilizer inputs, the proposed strategy revolves around the
restoration of processes related to nutrient cycling,
transformation, and regulation. The main principle underlying
ecological engineering is designing sustainable systems based
on the integration of natural processes and human activity [42].
This key difference from conventional fertilizer management

CONVENTIONAL
APPROACH
Input Intensive/ Symptom Treatment

cannot be overestimated: conventional fertilization treats the
soil merely as an inert substrate and attempts to fill the yield
gap through additional inputs, while the proposed
methodology considers soil as an actively functioning
biological system that requires initial restoration of its
regulating capability before any input will become efficient.
For example, liming is not only a pH correction but also a
process restoration method, which allows increasing CEC,
improving the microbial community performance, and
reducing Al-P co-precipitation. In other words, this strategy
enables more effective use of each following fertilizer
application. Similarly, adding rice straw to the paddy field not
only adds a carbon resource, but it also serves as a redox buffer
when the paddy is flooded and provides a slowly available
source of K and Si, which is usually not taken into account in
traditional fertilizers' applications. In other words, the multi-
functionality of soil amendment methods used in this study
represents its theoretical value. Field evidence of the economic
efficiency of the proposed methodology can also be found in
similar tropical rice ecosystems. Namely, it was reported that
liming at 1.5-2.0 tons per hectare, along with organic matter
application at 5 tons per hectare increased rice grain yield by
0.5-0.9 tons per hectare in seasonal units, which translates into
approximately IDR 1.5-2.7 million in net benefit at current
prices for the region, whereas additional costs are about IDR
0.6-0.9 million per hectare [43]. In other words, the benefit-
cost ratio is approximately 2:1 to 3:1, suggesting that the
proposed restoration strategy is economically feasible under
small-scale cultivation common in Konawe Regency. At the
same time, adding rice straw improves not only soil fertility
but also increases soil carbon content, soil structure, and
reduces environmental problems related to burning rice
residues [44].

ECOLOGICAL ENGINEERING
Function-Based/ System Restoration

Yield Gap/ Productivity
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|
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Figure 6. Conceptual framework comparing conventional input-intensive management with ecological engineering-based
function-oriented soil restoration for paddy agroecosystems in Konawe Regency, Southeast Sulawesi
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Overall, the research findings suggest that the improvement
of rice yield in Konawe Regency needs the restoration of the
soil functional integrity, not merely an increase in the external
inputs. Combining geographic soil assessment and function-
based management provides an effective way to detect
deterioration hotspots and perform site-specific interventions.
This helps to improve the efficiency of nitrogen usage, and the
resilience and long-term sustainability of paddy soils in
tropical conditions.

5. CONCLUSIONS

The fertility of paddy field soils in the Konawe Regency
region may be seen from numerous indicators to diminish,
including the frequency of acidic soils, poor SOC content, and
soil nutrient imbalances. Potassium is among the most limiting
nutrients, especially due to its deficits in soils. Soil pH is a key
regulating factor influencing nutrient availability and fertilizer
efficiency; therefore, liming represents an important
intervention for restoring soil function. A low amount of SOC
limits recycling and soil capacity for absorption of nutrients.
Hence, the management of organic matter is important,
notably in situ use of rice straw. The results indicate that
improving rice productivity cannot be achieved solely by
increasing fertilizer inputs, but requires an integrated
management approach that focuses on restoring soil function,
which can be used as a basis for planning sustainable paddy
agroecosystems development in Konawe Regency.
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