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Abstract

Rice yield stagnation in intensive paddy fields has been widely associated with declining soil organic carbon (SOC)
and nutrient imbalance. This study aimed to quantify the extent and spatial distribution of SOC, phosphorus (P),
and potassium (K) status in paddy fields in Solok Regency and Solok City, West Sumatra, Indonesia, and to
evaluate opportunities to improve soil fertility to support sustainable rice production. The study covered 23,426
ha of paddy fields, consisting of 22,551 ha in Solok Regency and 876 ha in Solok City. Soil fertility status was
assessed based on SOC, available P, and exchangeable K. Results showed that 68.24% of the paddy fields had low
SOC content (<2%), indicating widespread soil organic matter depletion. In contrast, 85.47% and 72.91% of the
area exhibited high P and K status, respectively, reflecting substantial nutrient accumulation from long-term
fertilization. These findings indicate that soil fertility management should prioritize increasing soil organic carbon
(SOC) and optimizing the use of accumulated phosphorus (P) and potassium (K) reserves (legacy nutrients) to
improve fertilizer use efficiency. To enhance the productivity of lowland rice soils in Solok Regency and Solok
City, organic amendments should be applied, together with P and K fertilization tailored to the soil nutrient
status. This approach could improve soil health, sustain rice productivity, and support the long-term sustainability
of intensive lowland rice farming systems.
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1. Introduction region.

Rice (Oryza sativa L.) is one of the major staple food
crops that plays a critical role in ensuring global food and
nutritional security, particularly in South and Southeast
Asia (Ladha et al., 2022). However, rice productivity in
many countries, including Indonesia, has exhibited signs of
yield stagnation (leveling off) over the past two decades
(Maulana, 2004; Sulaeman et al., 2024). This phenomenon
is also evident in Solok Regency, West Sumatra. Rice
productivity in this region declined from 5.68 t ha ! in
2017 to 4.64 t ha” ' in 2020, and although it increased
again to 5.60 t ha™ *in 2025, it remains lower than the 2017
level (BPS, 2023; Distan, 2026). These trends indicate a
long-term tendency toward rice yield stagnation in the
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Rice yield stagnation is closely associated with the
increasing extent of marginal and degraded paddy fields,
environmental stress, and suboptimal nutrient management
practices (Lenin et al.,, 2021; Lenin and Siska, 2018a;
Sembiring et al.,, 2020). Paddy field degradation is
primarily characterized by a decline in soil organic carbon
content, nutrient imbalance due to the accumulation of
phosphorus (P) and potassium (K), and reduced availability
of silica (Husnain et al., 2016; Kasno, 2010; Schaller et al.,
2022).

The decline in soil organic carbon is primarily
attributed to intensive land management practices that are
not balanced with the return of organic materials to the soil,
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as well as post-harvest rice straw burning practices
(Agustina et al., 2020; Fachriansyah et al., 2023; Gummert
et al., 2020; Saidy, 2018) In contrast, organic matter plays a
crucial role in improving the physical, chemical, and
biological properties of soils, as well as enhancing the
soil’s capacity to supply nutrients to plants (Voltr et al.,
2021; Zhang et al., 2025). The decline in soil organic
carbon (SOC) not only reduces the carbon supply for soil
biological activity but may also impair the soil’s capacity to
retain and recycle nutrients, thereby increasing the
dependence of sustained rice productivity on external
inputs (Supriyadi et al., 2022).

In addition, continuous fertilizer application without
considering soil nutrient status can lead to phosphorus (P)
and potassium (K) accumulation, nutrient imbalance, and
reduced fertilizer-use efficiency(Fang et al., 2026; Husnain
et al., 2016). Excessive accumulation of phosphorus can
decrease the availability of micronutrients, particularly Fe,
Zn, and Cu, thereby inhibiting plant growth even when soil
P levels are high (Babu et al., 2016; Bhat et al., 2024;
Hermansah et al., 2009). These conditions result in reduced
crop responsiveness to fertilization and lower nutrient-use
efficiency (Lenin, 2016; Lenin and Siska, 2018a; Yu et al.,
2026). Therefore, in soils with moderate to high P status, P
fertilizer application should be reduced by 50-70% of the
standard recommended dose (Husnain et al., 2016).

Nutrient accumulation problems have been widely
reported in rice production centers in West Sumatra. In
Padang City, approximately 92.7% of the total 8,805 ha of
paddy fields exhibit high phosphorus (P) status.
Meanwhile, in Agam Regency, about 75.3% of paddy
fields are classified as having high P status and 66% as
having high potassium (K) status (Burbey et al., 2005).
These findings indicate that soil organic carbon degradation
and nutrient imbalance are critical issues that require
serious attention in paddy field management.

Effective soil fertility management requires accurate
spatial information on the degree of soil organic carbon
degradation and on phosphorus (P) and potassium (K)
status. Therefore, mapping the distribution and extent of
paddy fields experiencing soil organic carbon decline and
changes in P and K status is necessary in Solok Regency
and Solok City. Such information can be used to set land
management priorities, develop site-specific fertilizer
recommendations, improve fertilizer-use efficiency, and
support sustainable increases in rice productivity. In
addition, the mapping results can serve as a basis for
determining district-level fertilizer requirements, enabling
more precise and efficient fertilizer planning and
distribution (Sukarman et al., 2012; Wahyunto and Dariah,
2014).

However, previous studies in West Sumatra have
largely focused on individual soil fertility constraints or
specific locations, providing limited information on the
spatial integration of soil organic carbon (SOC)
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degradation with phosphorus (P) and potassium (K) status
across intensively cultivated lowland rice areas.
Consequently, the extent and spatial distribution of SOC
depletion occurring concurrently with P and K
accumulation remain poorly characterized, particularly in
Solok Regency and Solok City, which are important rice-
producing areas of West Sumatra.

This knowledge gap limits the development of
spatially targeted soil fertility management strategies
because areas with depleted SOC may require organic
amendments, whereas soils with accumulated P and K may
require reduced or adjusted fertilizer inputs. Therefore, this
study aimed to quantify and spatially characterize the
distribution and extent of lowland rice soils with different
SOC, P, and K status classes across Solok Regency and
Solok City, West Sumatra.

The novelty of this study lies in integrating the spatial
assessment of SOC, P, and K status to identify the
dominant soil fertility imbalance across an intensively
cultivated rice-growing region. By quantifying the area
affected by SOC depletion alongside P and K
accumulation, this study provides a spatially explicit basis
for prioritizing organic matter management, adjusting P and
K fertilization according to soil nutrient status, and
improving fertilizer-use efficiency. The resulting soil
fertility map can also serve as a baseline for site-specific
nutrient management and regional fertilizer planning to
support the long-term sustainability of intensive lowland
rice production.

2. Material and Methods

The study was conducted in irrigated lowland rice
fields in Solok Regency and Solok City, West Sumatra
Province, Indonesia. Soil sampling sites were located at
elevations ranging from 304 to 1,254 m above sea level,
with geographic coordinates ranging from 00°57'19.4" to
01°04'54.8” S and from 100°36'40.3"” to 100°52'43.8" E.
The spatial distribution of the soil sampling points is
presented in the operational map (Fig. 1).

Soil analyses were carried out at the Soil and Plant
Laboratory of the Assessment Institute for Agricultural
Technology (AIAT) of West Sumatra.

The materials and instruments used in this study
included topsoil samples (0-20 cm), administrative
boundary maps, land-use maps, the Indonesian
Topographic Map (Rupa Bumi Indonesia) at 1:50,000 scale
from the Geospatial Information Agency (BIG, 2013), the
Ministry of Agriculture rice field map (2013), Google Earth
imagery (2016), soil type maps, Sentinel-2 or Landsat 8
satellite imagery, Digital Elevation Model (DEM) data, a
handheld GPS device, a soil auger, and sample bags.

The study was conducted through several stages: (1)
preparation of an operational map. A 1:25,000-scale
operational map was used as a guide for field surveys. This
map was developed based on the Indonesian Topographic
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Map (Rupa Bumi Indonesia) at a 1:50,000 scale (BIG,
2013), the Ministry of Agriculture rice field map (2013),
and Google Earth imagery (2016). Based on this
operational map, a soil sampling design was established
using a grid system with a spacing of 2 cm on the map or
approximately 500 m in the field, (2) Survey and mapping
of soil organic carbon (SOC), phosphorus (P), and
potassium (K) status were conducted through several steps:
(a) pre-survey activities, which included consultations and
discussions on fertilizer management practices at the
farmer level with the District Agricultural Offices and
Agricultural Extension Centers across Solok Regency and
Solok City, as well as discussions with the National Land
Agency (BPN) regarding the acquisition of administrative
boundary maps and land-use maps; (b) the main survey,
which involved soil sampling. Soil samples were
subsequently analyzed at the Soil and Plant Laboratory of
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the West Sumatra Assessment Institute for Agricultural
Technology (WS-AIAT), Sukarami, Solok, West Sumatra,
Indonesia

Composite  soil sampling was conducted at
predetermined locations defined on the operational map
(Figure 1). Each composite sample consisted of 10-15
individual subsamples, collected at intervals of 20-50 m in
the field. Soil samples were collected from the plow layer
at 0-20 cm depth, and geographic coordinates were
recorded with a Garmin 78s device. One composite sample
represented an area of approximately 25 ha. Individual
subsamples were placed in a bucket and thoroughly mixed
until homogeneous, after which approximately 0.5-1 kg of
the composite sample was taken for analysis (Wahyunto et
al., 2016).
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Figure 1. Operational map and soil sampling locations in paddy fields of Solok Regency and Solok City, West Sumatra,

Indonesia.

A total of 121 composite soil samples were collected
and analyzed in the laboratory. Soil available phosphorus
(P) and potassium (K) were determined using a 25% HCI
extraction procedure, whereas soil organic carbon (SOC)
was measured following the Walkley—Black wet oxidation
method using K; Cr, O, (potassium dichromate) as the
oxidizing agent. The analytical data were georeferenced
and interpolated onto a base map according to the
coordinates of each sampling point. The resulting thematic
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maps were classified into three status categories, namely
low, moderate, and high, which were represented by red,
yellow, and green colors, respectively.

Soil fertility status was evaluated based on soil organic
carbon (SOC), phosphorus (P), and potassium (K)
concentrations. SOC status was classified as low (<2%),
moderate (2-4%), or high (>4%). Phosphorus status was
categorized as low (< 20 mg P, O; 100 g ! soail),
moderate (20-40 mg P, Os 100 g~ ! soil), and high (> 40
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mg P, O; 100 g~ ! soil). Potassium status was similarly
classified as low (< 10 mg K, O 100 g™ ! soil), moderate
(10-20 mg K, O 100 g 1t soil), and high (> 20 mg K; O
100 gt soil) according to the soil fertility evaluation
criteria established by Syofyan et al. (2000; 2004).

Baseline Data Inventory (Paddy Field Maps, Topographic Base
Maps, Geological Maps, Irrigation Networks, and Satellite

-

GIS-Based Delineation of Land Mapping Units

-

Selection of Sampling Points Based on Grid and Land Mapping
Units

-

Composite Soil Sampling (0—20 cm Depth)

-

Laboratory Analysis (SOC, P, and K; 25% HCI Extraction)

-

Soil Nutrient Status Classification
(Low—Medium-High))

-

GIS Data Integration

-

Spatial Interpolation/Delineation (IDW, Kriging, or Polygon-
Based Methods)

4

Preparation of SOC, P, and K Status Maps.

Figure 2. Research workflow for the spatial mapping of
soil organic carbon (SOC), phosphorus (P), and potassium
(K) status in paddy fields across Solok Regency and Solok
City.

The delineation of soil organic carbon (SOC),
phosphorus (P), and potassium (K) status maps was
performed by integrating soil analytical data with several
environmental factors, including parent material, soil type,
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topography/landform characteristics, and natural
boundaries such as rivers and roads. Each mapping unit
was assigned a color corresponding to its fertility status
class based on the established classification criteria. Final
map production was completed in ArcGIS 10.6. As a result,
three thematic maps were generated: (1) a soil organic
carbon (SOC) status map of paddy fields, (2) a soil
phosphorus (P) status map of paddy fields, and (3) a soil
potassium (K) status map of paddy fields. The workflow
employed for mapping SOC, P, and K status in paddy
fields across Solok Regency and Solok City is presented in
Figure 2.

3. Results and Discussion
3.1. Soil Organic Carbon Status in Paddy Fields of

Solok Regency and Solok City

The total paddy field area in Solok Regency and Solok
City covers 23,426 ha, comprising 22,551 ha within the
administrative boundary of Solok Regency and 876 ha
within Solok City. The results of the 1:50,000-scale soil
organic carbon (SOC) status mapping revealed that 15,985
ha (68.24%) of the paddy fields were classified as having
low SOC content, distributed across nearly all districts.
Areas with moderate SOC content covered 7,285 ha
(31.10%), while only 156 ha (0.67%) were classified as
having high SOC content. The spatial distribution of SOC
status in the paddy fields of Solok Regency and Solok City
at a scale of 1:50,000 is presented in Figure 3.

The extensive area of paddy fields characterized by
low soil organic carbon (SOC) content is likely associated
with the long-term intensification of rice cultivation
systems. The increase in cropping intensity from 2 to 2.5—
3.0 cropping cycles per year has encouraged farmers to
accelerate land preparation to meet planting-season
schedules. Consequently, post-harvest rice straw burning
has become a common practice (Figure 4), preventing the
return of substantial amounts of biomass to the soil. As a
result, a valuable source of organic carbon is lost, thereby
limiting the replenishment and accumulation of SOC in
paddy ecosystems.

Rice straw burning causes a substantial proportion of
biomass-derived carbon to be oxidized and released into the
atmosphere as CO, and other carbon-containing
compounds (Sanchis Jiménez et al., 2014) In addition to
increasing greenhouse gas and particulate matter emissions,
this practice removes a significant potential source of
carbon input to the soil (Chen et al., 2026; Sullivan et al.,
2026; Zhou et al., 2014).

Intensive tillage practices further contribute to soil
organic carbon (SOC) degradation in paddy fields. Plowing
and harrowing disrupt soil aggregates, exposing previously
protected organic matter and increasing its contact with
microorganisms and oxygen. These processes accelerate
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organic matter mineralization, resulting in greater carbon  SOC stocks (Hussain et al., 2021; Koushika et al., 2024;
losses through CO, emissions and a more rapid decline in  Naorem et al., 2023).
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Figure 3. C organic status map of rice fields in Solok district and C|ty, scale 1 50,000
In paddy systems, reduced tillage intensity has been  (Supriyadi et al., 2020).
reported to increase soil organic carbon (SOC) storage by The application of organic amendments, including

up to 5.85 Mg C ha™ * and decrease CO, fluxes by 14.5%
compared with plow tillage after 11 years of
implementation. In addition, no-tillage practices can
increase SOC by 7-48% in the 0-5 cm soil layer relative to
conventional tillage. These findings indicate that reducing
soil disturbance may help conserve SOC by enhancing
aggregate stability and the physical protection of organic
matter (Wang et al., 2020).

In addition to the widespread practice of burning rice
straw, the application of external organic amendments,
such as farmyard manure and compost, remains generally
limited. This condition results in insufficient carbon inputs
to the soil, while carbon losses through decomposition and
mineralization continue unabated. According to (Naorem et
al., 2023), such an imbalance between carbon inputs and
outputs leads to a negative soil carbon balance, ultimately
reducing soil organic matter reserves and accelerating the
degradation of paddy soil quality.

A decline in soil organic carbon (SOC) content reduces
soil aggregate stability, cation exchange capacity (CEC),
and microbial activity, ultimately leading to nutrient
imbalances and lower fertilizer use efficiency. These
adverse changes contribute to the occurrence of yield
stagnation (leveling-off) in paddy fields, thereby
constraining  further increases in rice productivity
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farmyard manure, rice straw compost, and other organic
materials, can enhance soil carbon accumulation, improve
soil structure, and strengthen the soil's capacity to maintain
its ecological functions. Increased soil organic matter
content also positively affects crop productivity and
nutrient use efficiency. Expanding the use of organic
fertilizers represents a strategic approach to mitigating the
degradation of soil organic carbon (SOC) in paddy fields.
Therefore, the adoption of organic fertilization practices
should be continuously promoted as an integral component
of sustainable soil fertility management (Wihardjaka and
Harsanti, 2020).

Paddy fields with high soil organic carbon (SOC)
status (>4%) in Solok Regency and Solok City cover only
approximately 156 ha, representing 0.67% of the total
paddy field area. These areas are primarily concentrated in
the highland regions surrounding Mount Talang, where
soils are predominantly classified as Andisols. The elevated
SOC content observed in these paddy fields is consistent
with the typical characteristics of Andisols in Indonesia,
which generally contain high (>3%) to very high (>5%)
levels of organic carbon (Yatno and Suharta, 2011).

The capacity of Andisols to accumulate and retain soil
organic carbon is closely associated with the presence of
aluminum-humus (Al-humus) complexes, which serve as a
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primary mechanism for stabilizing soil organic matter. The
formation of Al-humus complexes protects organic matter
from microbial decomposition, thereby enhancing long-
term carbon retention and storage. Consequently, carbon
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stocks in Andisols are generally substantially higher than
those found in most other soil orders (Kusmiyarti and M
Mega, N Dibia, 2005; Suryani et al., 2021).

Figure 4. Post-harves rice stra burning, a major pathway of soil organic cabonloss in paddy fields of Solok Regency
and Solok City

3.2. Phosphorus Nutrient Status in Paddy Fields of
Solok Regency and Solok City
The results of phosphorus (P) nutrient status mapping
in paddy fields based on the 1:50,000-scale soil nutrient
status map indicate that 1,736 ha (7.41%) of the paddy
fields are classified as low in P status, 1,668 ha (7.12%) as
moderate, and 20,022 ha (85.47%) as high. The spatial
distribution of soil P status in the paddy fields of Solok
Regency and Solok City is presented in Figure 5. The
predominance of high P status areas indicates extensive
phosphorus accumulation (legacy phosphorus), which is
likely a consequence of intensive cultivation practices and
repeated applications of phosphate fertilizers at rates
exceeding crop requirements over an extended period.
Intensive and long-term phosphorus (P) fertilization in
paddy fields often exceeds crop requirements, leading to
the accumulation of phosphorus, commonly referred to as
legacy phosphorus in soils. This accumulation results from
an imbalance between P inputs and outputs, whereby the
amount of P applied through fertilizers and organic
amendments exceeds that removed by plant uptake and
harvested biomass. The excess P subsequently undergoes
adsorption, precipitation, and immobilization processes,
leading to its accumulation in various soil P fractions that
are relatively less available to plants (Aumtong et al., 2023;
Martinengo et al., 2023; Menezes-blackburn et al., 2018).
In lowland rice fields with a high soil P status based on
25% HCl-extractable P (>40 mg P, O; 100 g™ !) in
Dharmasraya Regency, P fertilizer application did not
increase rice yield, indicating that additional P may not be
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necessary in soils with already high P availability (Lenin,
2016). Moreover, P applied during the first growing season
can be utilized by rice in the subsequent season through
residual effects without reducing yield (Lenin and Siska,
2018b).

Global studies indicate that approximately 57% of soil
phosphorus (P) stocks are stored in inorganic forms, while
33% occur as organic monoesters, with total legacy P
reserves potentially exceeding 1,500 kg ha™ 1. The organic
P fraction is predominantly composed of phytate (myo-
inositol hexakisphosphate), a relatively stable compound
that serves as a long-term phosphorus reservoir. The
magnitude of these reserves highlights their considerable
potential for future nutrient recycling, although most of this
phosphorus remains in forms that are poorly available to
plants (Liu et al., 2022; Menezes-blackburn et al., 2018).

In paddy fields, phosphorus dynamics are more
complex due to flooded conditions that create redox
environments distinct from those in upland soils.
Phosphorus availability and transformation are influenced
not only by soil P content but also by the interactions
among hydrological processes, biogeochemical reactions,
and soil properties that govern phosphorus release and
retention during alternating flooding and drainage periods
(Palihakkara et al., 2024). These conditions contribute to
changes in the forms and distribution of phosphorus
accumulated in paddy soils.

Optimizing
management

legacy phosphorus utilization requires
strategies that enhance  phosphorus
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mobilization and mineralization through chemical,
biological, and fertilization approaches. The combined
application of organic amendments and inorganic fertilizers
has been shown to be more effective than sole chemical
fertilization in improving soil organic carbon, soil pH,
phosphorus availability, and plant phosphorus uptake
(Hayatu et al., 2023). In addition, long-term fertilization
practices influence the structure of phosphate-solubilizing
microbial communities, which play a crucial role in
phosphorus transformation and in supplying plant-available
phosphorus (Chen et al., 2023).

The management of organic amendments not only
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improves the efficiency of soil phosphorus (P) reserve
utilization but also contributes to soil organic carbon
accumulation and the sustainability of paddy soil functions
(Wang et al., 2023). Therefore, enhancing the efficiency of
legacy phosphorus utilization through improved soil quality,
optimization of organic inputs, and stimulation of
phosphate-solubilizing  microorganisms and phytase
enzyme activity represents a key strategy to reduce
dependence on external phosphate fertilizers, increase
nutrient use efficiency, and support the sustainable
productivity of rice systems (Ibrahim et al., 2022; Liu et al.,
2022)
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Figure 5. Map of P nutrient status of rice fields in Solok district and city, scale 1:50,000

3.3. Potassium Nutrient Status in Paddy Fields of Solok
Regency and Solok City
Based on the results of potassium (K) nutrient status
mapping at a 1:50,000 scale, most paddy fields in Solok
Regency and Solok City are classified as having high K
status. Of the total paddy field area of 23,426 ha, 17,080 ha
(72.91%) are categorized as high in K status, while 6,346
ha (27.09%) are classified as moderate. No paddy fields
were identified as having low K status (Figure 6).
Potassium (K) accumulation is predominant in paddy
fields in Solok Regency and Solok City. This condition
occurs when potassium inputs derived from fertilizers, rice
straw, organic amendments, and irrigation water exceed
potassium outputs through crop harvest, leaching, and
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surface runoff. In addition to intensive and continuous
potassium fertilization, irrigation water also serves as an
important source of K in paddy fields. Irrigation water can
supply dissolved K ions as well as sediment particles
containing potassium; therefore, in long-term technically
irrigated paddy systems, it can make a significant
contribution to soil K accumulation (Kasno et al., 2021).
Potassium is one of the macronutrients most
extensively taken up by rice plants due to its essential role
in a wide range of physiological processes. However, in
intensive paddy systems with long-term potassium
fertilization, not all applied potassium is utilized by the
crop. A portion of K is retained in various soil fractions,
particularly as exchangeable potassium and non-
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exchangeable potassium bound to clay minerals (Lalitha
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and Dhakshinamoorthy, 2014; Ragel et al., 2019).
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Figure 6. Map of nutrient K status of rice fields in Solok district and city, Scale 1:50,000.

The accumulation of potassium in these two fractions
forms a reserve, commonly referred to as legacy potassium,
that serves as a long-term nutrient source. The non-
exchangeable K fraction acts as a buffer for potassium
availability by replenishing (recharging) the soil solution
when available K concentrations decline. Studies on paddy
soils in Japan have shown that this fraction can supply
approximately 10-61% of the potassium requirement of
rice crops. These findings indicate that excess potassium
resulting from long-term fertilization can be stored in soil
minerals and gradually released to meet plant demand.
Therefore, non-exchangeable K should be considered in
evaluating soil fertility status and in developing potassium
fertilization recommendations for intensively managed
paddy systems (Mizutani et al., 2024). In paddy fields with
high soil P and K status, application of a soil amendment
consisting of cattle manure compost, dolomite, and
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