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Abstract

Soil degradation in tropical watersheds is a synergistic process where physical mass loss
is intrinsically linked to chemical instability and elemental depletion. This study quantifies soil
loss and evaluates the hydro-chemical drivers of erosion in the Wimbi Sub-watershed, Poso
Watershed, Indonesia, using an integrated Revised Universal Soil Loss Equation (RUSLE)
and Geographic Information System (GIS) framework. The analytical focus was directed toward
the interaction between rainfall erosivity (R=1,378.61), topographic factors, and the chemical
properties of dominant soil types, specifically Dystropepts (59% coverage) and Hapludults (15%).
Laboratory analysis reveals that high erodibility (K-factor up to 0.17) is primarily driven by the
depletion of Soil Organic Carbon (SOC < 2.0%) and advanced mineral weathering under acidic
conditions (pH 4.0-4.8). These chemical environments facilitate soil dispersion and reduce aggre-
gate stability, leading to significant nutrient leaching, characterized by low Base Saturation
(<20%) in Hapludult groups. Spatial modeling identified 1,417 ha (7.5%) as Critical Source
Areas (CSAs), where steep topography (LS up to 9.5) and high erosivity converge with poor
chemical buffering capacity. The findings indicate that these hotspots are not merely zones
of physical detachment but represent primary sites for the export of essential elements into
Lake Poso, threatening the lacustrine chemical balance and endemic biodiversity. The results
underscore that effective watershed rehabilitation must move beyond physical stabilization
to include chemical soil amendments that restore structural integrity and nutrient cycles. This
study provides a vital empirical foundation for site-specific forest and land rehabilitation (FLR)
strategies aimed at ensuring long-term hydrological and elemental stability in tropical basins.
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INTRODUCTION

Land resource degradation, particularly soil degradation, has emerged
as one of the most persistent environmental challenges threatening food
security, ecosystem integrity, and biodiversity in many developing countries.
Soil, as a complex and dynamic natural medium, is inherently fragile and
vulnerable to degradation processes such as erosion, organic matter deple-
tion, and landslides (Putra et al. 2025).

Among these, soil erosion represents the second largest global environ-
mental problem after population growth (Borrelli et al. 2020, Naharuddin
et al. 2022). It poses a serious threat to the ecological stability of watersheds
(De Mello et al. 2018), undermines agricultural productivity (Gomiero 2016)
and contributes to the loss of fertile topsoil, biodiversity decline, and increa-
sed poverty among local communities (Sun et al. 2013, Sokouti, Nikkami
2017).

Anthropogenic pressures such as settlement expansion, unsustainable
agricultural practices, and mining have accelerated soil erosion rates far
beyond natural regeneration capacity (Wynants et al. 2019). Furthermore,
unplanned and inappropriate land use cases are very important factors that
put significant pressure on water and soil resources (Atmaca, Boyraz Erdem
2025). Consequently, many nations now prioritize soil and water conserva-
tion as a key strategy to achieve sustainable development goals and food
security (Naharuddin et al. 2023). The effectiveness of conservation planning,
however, largely depends on the ability to quantify soil loss and map
erosion-prone areas in order to design targeted interventions (Gomiero 2016).
Accurately determining the magnitude and spatial distribution of erosion
helps policymakers and land managers minimize further degradation and
develop site-specific rehabilitation programs (Bhat et al. 2017).

At the watershed scale, erosion assessment remains challenging due
to the high degree of biophysical heterogeneity, including variations in topo-
graphy, rainfall intensity, vegetation cover, and land-use patterns (Ballabio
et al. 2017). These spatial temporal dynamics complicate the estimation
of soil erosion and sediment yield. To address this complexity, empirical
erosion models have been widely applied to simulate soil loss processes and
support conservation planning (Hategekimana et al. 2020). Among these,
the Revised Universal Soil Loss Equation (RUSLE) model has gained global
recognition for its flexibility, simplicity, and proven accuracy across diverse
landscapes (Gelagay, Minale 2016, Zou et al. 2020). RUSLE, an advanced
version of the original USLE model, integrates rainfall erosivity, soil erodi-
bility, topography, land cover, and conservation practices, making it an indis-
pensable tool in land management and watershed restoration programs
(Kalambukattu, Kumar 2017, Tessema et al. 2020). According to Phinzi et al.
(2021), RUSLE serves as an essential framework for identifying erosion-
-prone zones and guiding forest and land rehabilitation efforts.
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Beyond physical displacement, soil erosion in tropical basins acts as
a primary mechanism for nutrient depletion. The loss of fertile topsoil
involves the removal of essential elements and organic carbon, which are
critical for maintaining the soil’s buffering capacity and structural integri-
ty. In the Wimbi Sub-watershed, understanding the chemical composition
of dominant soil types, such as Dystropepts, is vital for assessing how
elemental imbalances contribute to inherent soil vulnerability (K-factor) —
Naharuddin et al. (2026).

Land degradation in tropical watersheds, particularly within the Wimbi
Sub-watershed of the upper Poso Basin, has reached a critical threshold due
to intensive anthropogenic pressures, including shifting cultivation and
unsustainable land-use practices. While the physical manifestations such
as increased flooding, downstream sedimentation, and the shallowing of the
Poso River are well-documented, the underlying hydro-chemical mechanisms
remain poorly understood. Current data indicates that approximately 1,354.6 ha
of the 17,978.87 ha of total area are severely degraded, serving as primary
sediment sources that jeopardize the ecological integrity of Lake Poso
(Naharuddin et al. 2025, Palipadang et al. 2025). However, this degradation
1s not merely a physical displacement of soil mass but a profound disruption
of elemental cycles, where the removal of fertile topsoil leads to the systemic
depletion of essential nutrients and organic carbon.

The urgency of this research is underscored by the high rainfall erosivity
(R=1,378.61 mm) and the predominance of inherently vulnerable soil types
like Dystropepts, which are characterized by advanced weathering and poor
chemical buffering capacity (Damanik et al. 2024). In these tropical environ-
ments, soil erodibility (K-factor) is dictated by a synergistic interaction
between physical structure and chemical stability. The depletion of soil
organic matter and acidic conditions (pH 4.0-4.8) facilitate soil dispersion
and nutrient leaching, thereby accelerating both physical erosion and chemi-
cal degradation (Naharuddin et al. 2025). Without a spatially explicit under-
standing of these “elemental hotspots,” rehabilitation efforts often fail to
address the root causes of watershed instability.

Scientific assessments that integrate physical soil loss with chemical
vulnerability in this specific catchment remain significantly limited. There
1s a critical knowledge gap regarding how the elemental composition of domi-
nant soil types influences the watershed’s overall response to erosive forces.
This lack of empirical data hinders the development of targeted forest and
land rehabilitation (FLR) strategies that could effectively mitigate the sedi-
ment and nutrient flux into Lake Poso, a tectonic system hosting irreplace-
able endemic biodiversity.

Consequently, the novelty of this study lies in its integrated approach,
utilizing high resolution RUSLE modeling and GIS-based spatial analysis
to link soil chemical properties, specifically organic carbon and pH, to erosion
hotspots. By identifying Critical Source Areas (CSAs), this research provides
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a robust empirical foundation for policy formulation and site-specific land
management. Therefore, this study aims to assess the erosion hazard levels
and their spatial distribution in the Wimbi Sub-watershed, providing a scien-
tific basis for developing sustainable rehabilitation strategies that restore
both the hydrological stability and the elemental balance of the Poso Water-
shed ecosystem.

MATERIALS AND METHODS

Study area

The study was conducted from April to November 2024 in the Wimbi
Sub-watershed, which forms part of the Poso Watershed in Central Sulawesi,
Indonesia. This specific 8-month timeframe was strategically selected to cap-
ture the critical hydrological dynamics spanning the transition between the
peak rainy season and the early dry season in Central Sulawesi. This opera-
tional window ensures optimal field conditions for conducting in-situ soil in-
filtration measurements using the Horton infiltrometer, collecting undis-
turbed soil samples without severe accessibility hazards caused by extreme
hydro-meteorological events, and allowing sufficient temporal duration for
comprehensive laboratory chemical analyses and GIS-based spatial modeling
across the watershed. The research site is geographically located between
1°42'48.28"-1°54'13.87" South Latitude and 120°38'56.19"-120°43'24.94" East
Longitude (Figure 1).

The Wimbi Sub-watershed covers approximately 17,978.87 ha and is
characterized by diverse topography ranging from flat areas to very steep
slopes. The region experiences a tropical climate with high rainfall intensity,
and land use is dominated by mixed dryland agriculture, secondary forest,
and shrubland.

Analysis of soil physical and chemical properties was carried out in the
Soil Science Laboratory of the Faculty of Agriculture and the Laboratory
of the Faculty of Forestry, Untad.

Data collection and analysis
This research employed a spatial quantitative approach integrating
field observations, laboratory analyses, and Geographic Information System
(GIS)-based modeling (Dilekoglu et al. 2025, Sari, Topal 2025). Primary data
were collected through ground checks and field surveys to validate land use
types, soil conditions, and slope gradients. Secondary data were obtained
from multiple sources:
1. Rainfall data from the Meteorology, Climatology, and Geophysics
Agency for the past ten years.
2. Soil maps and land system data from the Palu-Poso Watershed Man-
agement Center, Central Sulawesi.
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Fig. 1. Research area map of the Wimbi Sub-Watershed: a — Indonesian national map
highlighting Central Sulawesi Province, b — Central Sulawesi Province showing Poso Regency,
¢ — Poso Watershed and Poso Lake system, d — Poso Sub- Watershed highlighting
the Wimbi Sub-Watershed location, e — Detailed topographic and river network map
of the Wimbi Sub-Watershed

3. Digital Elevation Model (DEM) data with 30-meter resolution from

the field survey.

4. Land-use/land-cover (LU/LC) data derived from Sentinel-2 imagery

(2024).

All spatial datasets were processed and standardized in the same coordi-
nate system (UTM Zone 51S, WGS 84). Data analysis was conducted using
ArcGIS 10.8 and QGIS 3.28 software to perform raster processing, overlay
analysis, and erosion risk mapping. Descriptive statistics were applied to
quantify the extent of each erosion hazard class.

To establish the granulometric composition and inherent soil erodibility
parameters, disturbed and undisturbed soil samples collected across repre-
sentative land units underwent rigorous laboratory analyses. Soil texture
comprising the quantitative distribution of sand, silt, and clay fractions was
determined using the hydrometer method to evaluate particle-size distribu-
tion and its mechanical influence on aggregate stability. Furthermore, soil
organic carbon was quantified via the Walkley-Black method, soil pH was
measured in a H,O suspension, and Cation Exchange Capacity (CEC) was
assessed to comprehensively integrate physical and chemical attributes into
the Revised Universal Soil Loss Equation (RUSLE) framework.
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RUSLE modeling procedure

The Revised Universal Soil Loss Equation (RUSLE) model (Renard et al.
1997, Naharuddin et al. 2019) was used to estimate the average annual soil
loss (A) in tons per hectare per year (t ha' yr!) using the following equation:

A=R-K-LS:-C-P,
where: A = average annual soil loss (t ha! yr?),

R = rainfall erosivity factor (MJ mm ha' h! yr?),

K = soil erodibility factor (t h MdJ*! mm?),

LS = slope length and steepness factor (dimensionless),
C = cover-management factor (dimensionless),

P = conservation practice factor (dimensionless).

Each factor was derived as follows:

R factor (rainfall erosivity) was calculated using long-term rainfall data
following the empirical equation proposed by Wischmeier and Smith
(1978) and adjusted for tropical conditions.

K factor (soil erodibility) was determined based on soil texture, organic
matter content, structure, and permeability using the Nomograph
method (Akpa et al. 2025).

LS factor (slope length and steepness) was extracted from the DEM
using a spatial analysis algorithm to represent topographic influence on run-
off and erosion potential.

C factor (cover-management) was assigned according to land-use types
derived from Sentinel-2 imagery, referencing literature values for tropical
ecosystems.

P factor (conservation practice) was based on existing land management
practices such as contour farming, terracing, and agroforestry.

Each parameter was converted into a raster layer and processed using
map algebra within ArcGIS to compute the spatial distribution of potential
soil loss (Alemayehu et al. 2025, Thakur et al. 2025, Oualid et al. 2026).
The final erosion hazard map was classified into five categories of areas: very
low, low, moderate, high, and very high erosion risk (Bhat et al. 2017).

Field validation was performed through random sampling at 20 repre-
sentative locations across different slope classes and land uses to ensure
model reliability. The resulting data were compared with the observed soil
erosion indicators (e.g., rill formation, sediment depth, and vegetation cover).

Chemical analysis

The chemical characteristics of the soil were determined at the Soil
Science Laboratory, Faculty of Agriculture, Tadulako University, to provide
a deeper understanding of the inherent vulnerability of the Wimbi Sub-water-
shed. This analysis focused on three pivotal parameters: soil organic carbon
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(SOC), determined via the Walkley-Black method (Ratefinjanahary et al. 2025),
soil pH (H,0), and cation exchange capacity (CEC) according to instructions
of Qing et al. (2025) and Peng et al. (2022). By quantifying SOC, the study
assessed the soil’s structural integrity and its role in maintaining aggregate
stability against raindrop impact, while the measurement of pH provided
critical insights into the degree of mineral weathering and solubility within
this tropical ecosystem.

These chemical attributes are fundamentally linked to the soil erodibility
factor (K) and the watershed’s overall response to erosive forces. The integra-
tion of CEC data is particularly vital for evaluating the soil’s capacity to
retain essential nutrients against the intense leaching processes common
in humid tropical environments, where the rainfall erosivity index reaches
a high of R = 1,378.61. This shows that the integration of cation exchange
capacity (CEC) data is critically important for evaluating the soil’s capacity
to retain essential nutrients against intense leaching processes typical
of humid tropical environments, particularly in regions characterized by an
exceptionally high rainfall erosivity index reaching R = 1,378.61. This hydro-
-chemical approach ensures that the resulting erosion hazard map not only
identifies physical soil loss but also reflects the potential for chemical degra-
dation and nutrient depletion in Critical Source Areas (CSAs), providing
a more robust empirical foundation for targeted forest and land rehabilita-
tion.

Analytical framework

The analytical framework integrates biophysical, spatial, and manage-
ment factors to evaluate the erosion hazard level and identify priority areas
for rehabilitation. This approach provides a scientific foundation for develop-
ing sustainable forest and land management strategies in the Poso Water-
shed and supports decision making processes in watershed policy and conser-
vation planning.

RESULTS AND DISCUSSION

Rainfall erosivity (R)

The spatial and temporal distribution of rainfall plays a fundamental
role in determining the magnitude of erosive forces acting on the landscape.
In the Wimbi Sub-watershed, annual precipitation ranges from 2,000
to 3,000 mm, with a mean rainfall erosivity index (R) of 1,378.61 mm.
This value is characteristic of humid tropical environments where the inten-
sity and frequency of convective rainfall events are typically high. The nota-
ble variation of rainfall across the watershed indicates that erosive energy
is not uniformly distributed. Instead, certain zones experience concentrated
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high-energy rainfall events, which intensify soil detachment and enhance the
mobilization of sediments.

To provide a clearer hydrological context for the 2024 study period, pre-
cipitation data recorded from local climate stations demonstrate distinct
seasonal distribution characteristics between April and November. The cumu-
lative rainfall during this 8-month operational window reached approximately
1,850 mm, accounting for nearly 65% of the annual total precipitation.
A notable peak in monthly rainfall was observed between April and June,
with average rainfall depths ranging from 250 to 320 mm per month and
high daily intensities. These conditions drive intense convective events that
contribute significantly to the rainfall erosivity index (R = 1,378.61). Con-
versely, a progressive decrease in rainfall volume occurred from August
to October (dropping below 120 mm per month) corresponding to the transi-
tion into the early dry season. This temporal distribution highlights that the
heightened risk of soil detachment and sediment mobilization is much more
common during the high-intensity rainfall months within the monitored
timeframe.

To establish a robust climatological baseline, historical precipitation re-
cords spanning the last ten years (2014-2024) and obtained from local mete-
orological stations were analyzed. Over this decadal timeframe, the annual
precipitation has exhibited an average baseline of 2,400 to 2,800 mm, while
the specific April-November period consistently accounts for roughly 65%
to 70% of the total yearly volume (averaging 1,700 to 1,950 mm). Long-term
trend analysis indicates an increasing inter-annual variability, marked by
higher frequency of extreme convective storms during the transitional
months (April-June) and more pronounced dry spells between August and
October. This decadal persistence of high-intensity rainfall events underpins
the high cumulative rainfall erosivity index (R = 1,378.61) utilized in this
study, confirming that the erosion dynamics observed during the 2024 moni-
toring window reflect systemic long-term climatic patterns rather than isolat-
ed seasonal anomalies.

The heterogeneity observed in the distribution of R values suggests
the influence of localized climatic factors, including elevation gradient, cloud
formation patterns driven by orographic lifting, and seasonal shifts in mon-
soon dynamics. Areas at higher altitudes or those directly exposed to wind-
ward slopes tend to exhibit higher erosive forces compared to valley floors
or leeward zones. This uneven distribution is consistent with erosion studies
in tropical regions that highlight spatial variability in rainfall as a critical
determinant of soil loss (Ganasri, Ramesh 2016, Tessema et al. 2020).

Furthermore, the significant rainfall erosivity implies that even minor
disturbances in land cover, such as the clearing of vegetation, improper
tillage, or exposure of bare soil, can rapidly escalate erosion rates. The com-
bination of high-intensity rainfall and steep topography in the study area
exacerbates the susceptibility of soil to detachment, emphasizing the neces-
sity for adaptive and site-specific soil conservation strategies.
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Soil erodibility (K)

Soil erodibility (K) describes the inherent vulnerability of soil to erosion
under standardized conditions. The Wimbi Sub-watershed comprises six
dominant soil types, with Dystropepts covering approximately 59% of the
land area. This prevalence contributes significantly to the watershed’s over-
all erosion dynamics. The mean erodibility value (K = 0.95) indicates a high
susceptibility to erosion, reinforcing the importance of understanding soil
characteristics when designing management interventions.

Among the soil groups, Hasplustult soils exhibit the highest erodibility
(K =0.17), whereas Rendolls exhibit the lowest one (K = 0.13). Several physi-
cal and chemical attributes contribute to the high erodibility of these soils.
First, silt-loam texture, commonly found in the area, is well-documented
as being highly prone to detachment due to weak aggregation. Second,
the soil generally contains low organic matter, reducing their structural
stability and limiting biological binding agents such as roots and microbial
exudates. Third, moderate to high permeability increases the likelihood
of rapid saturation during heavy rainfall events, promoting surface runoff
and sediment transport.

Furthermore, laboratory analysis of the soil’s granulometric composition
confirmed that the high erodibility observed across the dominant soil units
is heavily influenced by particle-size distribution. The analytical results indi-
cate that the soils are predominantly composed of silt-loam and fine sandy-
-loam fractions, where silt and very fine sand contents frequently exceed 55%
to 65%. This specific granulometric composition imparts weak structural
aggregation and low cohesion, rendering the soil particles exceptionally
vulnerable to detachment under high-intensity rainfall events and facilitat-
ing rapid sediment transport across steep slopes.

These findings align with broader literature on tropical soils, where
weathered mineral compositions, acidic conditions, and reduced organic car-
bon contribute to high erodibility (De Mello et al. 2018, Phinzi et al. 2021).
The predominance of such soils accentuates the need for vegetative cover and
conservation practices to enhance aggregate stability and reduce the likeli-
hood of soil detachment. In areas where erodible soils intersect with high LS
values and elevated CP factors, erosion risks are compounded, reinforcing
the complexity of watershed management in this landscape.

The spatial distribution and chemical characterization of dominant soil
types in the Wimbi Sub-watershed reveal a complex interplay between pedo-
logical development and landscape stability (Table 1). The region is predomi-
nantly characterized by Dystropepts (569%) and Hapludults (15%), which ex-
hibit advanced stages of weathering and acidification, with soil pH values
ranging from 4.0 to 4.8. This acidic environment is intrinsically linked to
intensive leaching processes, as evidenced by significantly low base satura-
tion (BS) levels in Hapludults (< 20%) and Dystropepts (< 35%). Such low BS
levels indicate a depletion of essential basic cations (Ca, Mg) and a heigh-
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Table 1

Chemical properties and nutritional status of dominant soil types in the Wimbi Sub-watershed
Soil type Area Erodibility pH Organic Base‘

(land System) coverage factor (H.0) carbon saturation

Y *%) (®) : *) *)
Dystropepts 59 0.15 4.2-4.8 low (< 2.0) <35
Hapludult 15 0.17 4.0-4.5 very low (1.5) <20
Rendolls 26 0.13 6.5-7.5 high (> 3.0) > 50

tened risk of aluminum fixation, creating a nutrient-impoverished substrate
that contrasts sharply with the Rendolls (26%). The Rendolls maintain
a more neutral to slightly alkaline reaction (pH 6.5-7.5) and superior nutri-
tional status (BS > 50%), reflecting the strong influence of basic parent ma-
terials.

The physical stability of these soils is heavily dictated by their elemental
composition and organic matter status. In the dominant Dystropepts, the low
organic carbon content (< 2.0%) acts as a primary driver for weak aggregate
stability. This deficiency in organic “binding agents” renders the soil highly
susceptible to detachment, particularly when exposed to high rainfall ero-
sivity (R = 1,378.61). These chemical environments further facilitate soil
dispersion during high-intensity convective rainfall events. Consequently,
the soil erodibility factor (K) reaches its peak in Hapludults (0.17), represent-
ing the most vulnerable soil group despite its limited spatial coverage. Con-
versely, Rendolls exhibit the highest relative stability (K = 0.13), attributed
to their thicker surface horizons and higher organic carbon accumulation
> 3.0%).

Furthermore, the quantitative estimation of nutrient depletion reveals
alarming levels of nitrogen (N) and phosphorus (P) losses across the vulner-
able soil units. In the Hapludults and Dystropepts, which cover 15% and
59% of the watershed, respectively, the total nitrogen loss due to accelerated
surface runoff and organic matter stripping is estimated to range between
1.2 to 2.5 t ha! yr?, while available phosphorus loss reaches 45 to 85 kg ha!yr?!
in the designated Critical Source Areas (CSAs). This severe depletion is pri-
marily driven by intense leaching under high rainfall erosivity (R=1,378.61)
and low base saturation (<20%), where acidic soil conditions (pH 4.0-4.8)
induce the fixation of phosphorus and rapid mineralization or volatilization
of nitrogen. The substantial export of these essential macronutrients not only
impoverishes the upland agricultural soils but also triggers severe down-
stream aquatic enrichment, threatening the oligotrophic balance and endem-
ic biodiversity of Lake Poso.

Beyond mere physical degradation, the 1,417 ha identified as critical
source areas (CSAs) represent significant zones of nutrient export. The trans-
port of these leached elements and sediment-bound nutrients into Lake Poso
poses a long-term threat to the lacustrine chemical balance and endemic
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biodiversity. Therefore, the land dominated by Hapludults and Dystropepts
necessitates intensive organic matter management and robust conservation
strategies to mitigate both mass loss and nutrient flux. Collectively, these pedo-
logical insights provide a critical foundation for sustainable land-use planning
and the preservation of the Wimbi Sub-watershed’s ecological integrity.

Slope length and steepness (LS)

The LS factor reflects the combined influence of slope gradient and slope
length on the accumulation and velocity of runoff. LS values in the Wimbi
Sub-watershed range from 0.4 on flat or gently sloping terrain to 9.5 in very
steep upland regions. The dominance of moderately steep slopes (represen-
ting 38% of the watershed) is a significant driver of erosion potential, espe-
cially when coupled with high rainfall erosivity and erodible soil types.

Steeper slopes are particularly vulnerable because increased gravitation-
al force accelerates runoff velocity, enhancing the transport capacity of over-
land flow. Longer slope lengths further allow runoff to accumulate, intensifying
its erosive power. These interactions indicate that the physical configuration
of the watershed inherently predisposes it to elevated erosion risks.

Slope-driven erosion is well established in global erosion models, where
even minor changes in slope gradient can lead to disproportionate increases
in soil loss (Sun et al. 2013). In the Wimbi Sub-watershed, areas with the
highest LS values coincide with land-cover types such as shrublands and
mixed dryland farming, which typically have limited protective vegetation
structures. This convergence of biophysical risk factors significantly contri-
butes to the formation of gullies and rill erosion in disturbed landscapes.

The spatial pattern of LS values thus not only identifies erosion hotspots
but also underscores the importance of implementing mechanical conserva-
tion techniques such as terracing, contour bunds, and check dams in steep
upland zones.

Vegetation management and conservation factors (C and P)

Vegetation cover (C factor) and conservation practices (P factor) jointly
determine the extent to which human and ecological systems mitigate the
erosive pressures exerted on the landscape. In the study area, C and P values
exhibit substantial variability, reflecting the diversity of land uses, manage-
ment regimes, and vegetation structures.

Areas with the highest CP values such as settlements (0.40) and open
land (0.30) exhibit minimal protective cover, leaving the soil surface highly
exposed to rainfall impact and surface runoff. Such land uses typically lack
root networks and surface litter that enhance soil cohesion. Conversely,
primary dry forest demonstrates the lowest CP value (0.05), emphasizing the
significant protective role of dense and multi-layered vegetation in reducing
rainfall energy and improving infiltration.
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The moderate CP values observed in agricultural areas (0.15-0.20) sug-
gest partial soil protection depending on crop type, management intensity,
and the presence of conservation structures. However, the absence of consis-
tent contour farming or other soil conservation measures in many cultivated
areas reduces their effectiveness in slowing runoff and preventing sediment
transport.

This pattern aligns with established findings that vegetation structure,
especially canopy cover, understory vegetation, and root density, is a key
determinant of erosion control in tropical landscapes (Sokouti, Nikkami
2017). High CP zones identified in the Wimbi Sub-watershed signify areas
where conservation agriculture, agroforestry, and mechanical soil protection
practices should be prioritized.

Spatial heterogeneity and drivers of soil loss

The spatial assessment of erosion hazard in the Wimbi sub-watershed
reveals a landscape defined by a sharp gradient of vulnerability, encompass-
ing a total area of 18,025 ha. The results indicate a predominant distribution
of lower-intensity erosion regimes, yet the presence of localized high-magni-
tude hotspots poses a significant threat to the long-term hydrological stabil-
ity and sediment budget of the Poso River system.

General distribution of erosion hazard classes

Table 2 summarizes the extent of erosion hazard across five classifica-
tion levels. The data shows that 57% of the sub-watershed is characterized
by relatively stable conditions (very low to low), while 35% sits at a critical
transitional state (Moderate), and approximately 7.5% represents high-risk
zones that require immediate conservation intervention.

Table 2
Spatial Distribution of Erosion Hazard in Wimbi Sub-watershed
Class ?}fz;{ Perc(i/on)tage
Very low 3,054 17
Low 7,256 40
Moderate 6,298 35
High 1,334 7
Very high 83 0.5
Total 18, 025 100

Very low and low-intensity regimes: The forest buffer effect

The “very low” (3,054 ha) and “low” (7,256 ha) classes are primarily
situated within primary and secondary dryland forests that maintain dense,
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multilayered vegetation structures. In these zones, the high canopy cover
and well-developed root systems function as a biological shield against
rainfall erosivity (R). Mechanistically, the multilayered canopy intercepts
raindrops, reducing their terminal velocity and kinetic energy before they
reach the soil surface.

Furthermore, these zones exhibit relatively low LS (slope length and
steepness) values, reflecting gentler foot-slopes and alluvial plains. The com-
bination of high organic matter content, which enhances soil aggregate sta-
bility, and minimal land disturbance (C and P factors) reinforces the erosion-
al stability of these areas. These forested landscapes act as natural sediment
buffers, preventing the transport of particles into the main drainage network
(Archer et al.2021, Abebe et al. 2023).

Moderate hazard zones: The transitional threshold

The “moderate” hazard class, covering 6,298 ha (35%), represents the
most extensive transitional zone. These areas are widely distributed across
mixed agricultural landscapes, including agroforestry systems and partially
cultivated uplands. The variability in vegetative cover throughout the year,
particularly during the transition between planting seasons, increases the
susceptibility of these areas to episodic soil loss.

From a pedological perspective, these moderate zones often occur on undu-
lating terrain, where the balance between soil protection and erosive forces
1s precariously unstable. These areas are priority targets for land rehabilita-
tion. Without the implementation of sustainable practices such as contour
planting, mulching, or vegetative buffer strips, these 6,298 hectares are at
high risk of shifting into the “high” hazard category due to the synergistic
effect of slope length and seasonal tillage (Nugroho et al. 2020, Mekonnen,
Melesse 2021).

High and very high hazard hotspots: Critical source areas (CSAs)

The “high” (1,334 ha) and “very high” (83 ha) classes constitute the
“hotspots” of the Wimbi sub-watershed. Although they represent only 7.5% of
the total landmass, their contribution to the total sediment yield is dispro-
portionately high. These hotspots are concentrated in shrublands and open
lands located on steep to very steep slopes (>40%).

These zones are characterized by elevated LS values and high soil ero-
dibility, conditions that collectively amplify surface runoff and soil detach-
ment. The absence of adequate ground cover exposes the soil to direct rain-
drop impact, facilitating the transition from sheet erosion to more aggressive
rill and gully erosion. In mountainous catchments, such slope instability and
land degradation intensify sediment fluxes, posing substantial risks to river
morphology and the water quality of Lake Poso (Phinzi, Ngetar 2021,
Rahman et al. 2022). For clarity, the spatial distribution of erosion hazard
in Wimbi Sub-watershed can be seen in Figure 2.
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Fig.2. Spatial distribution of erosion hazard in Wimbi Sub-watershed

Elemental composition and soil erodibility (K)

The high mean erodibility (K=0.95) observed in the Wimbi Sub-water-
shed is a direct reflection of the synergistic interaction between its inherent
physical limitations and chemical instability. A primary driver of this vulner-
ability is the widespread depletion of soil organic matter, with most sampled
areas exhibiting low organic carbon levels. In these tropical soils, organic
carbon serves as a vital biological binding agent the “chemical glues” neces-
sary for maintaining structural integrity. The deficiency of these agents,
particularly in soils with silt-loam textures, results in weak soil aggregation,
rendering the surface particles highly prone to detachment under the kinetic
energy of intense rainfall.

Furthermore, the prevalence of Dystropepts, which cover approximately
59% of the study area, indicates highly acidic conditions and advanced
mineral weathering typical of humid tropical environments. These chemical
environments are characterized by reduced structural stability and moderate
to high permeability, which often lead to rapid saturation during heavy pre-
cipitation events. Such conditions facilitate the transition from infiltration
to surface runoff, accelerating the mobilization of sediments across the
watershed’s steep topography where LS values reach up to 9.5.

The ecological implications of this erosion extend beyond physical land
degradation to a significant phenomenon of nutrient export, particularly
within the 1,417 hectares identified as Critical Source Areas (CSAs). These
hotspots are not merely losing soil mass; they function as primary zones for
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the intense flux of essential elements into the Poso River and Lake
Poso. This chemical discharge, characterized by increased loading of phos-
phorus and nitrogen, poses a severe threat to the lacustrine biodiversity of
the ancient tectonic lake system. The resulting sedimentation and nutrient
enrichment jeopardize the water quality and the delicate ecological balance
of the entire basin.

Furthermore, the intensity of soil degradation, particularly chemical
erosion, is significantly influenced by the chemical properties and acidic
reaction of incident rainfall. In humid tropical environments, rainwater
interacting with atmospheric carbon dioxide and localized emissions exhibits
a mildly acidic reaction, which, upon infiltrating the soil matrix, accelerates
mineral weathering and the displacement of essential basic cations.
This hydro-chemical interaction between rainfall acidity and vulnerable soil
minerals (such as Dystropepts and Hapludults) exacerbates elemental leach-
ing and structural dispersion, reinforcing the necessity to account for rain-
fall-soil chemical reactions when evaluating comprehensive watershed degra-
dation dynamics.

Synthesis of biophysical drivers

The spatial distribution of erosion hazard in the Wimbi Sub-watershed
is fundamentally shaped by the synergistic interaction between topography,
soil vulnerability, and vegetation disturbance. The results align with global
evidence demonstrating that erosion risk escalates when biophysical drivers,
specifically high R and LS factors, operate simultaneously without adequate
conservation measures (Borrelli et al. 2020, Zema et al. 2023).

The findings underscore an urgent need for integrated watershed-scale
management. While the low-hazard zones provide essential ecosystem ser-
vices, the moderate to high-risk areas require a shift toward climate-smart
land-use planning and biotechnical slope stabilization to mitigate the down-
stream impacts on the Poso River’s hydrological regime.

To better expose the most important factors influencing the intensity
of soil erosion across the watershed, a comparative synthesis of the Revised
Universal Soil Loss Equation (RUSLE) parameters was evaluated. The ana-
Iytical breakdown indicates that topographic steepness (LS factor up to 9.5)
coupled with high rainfall erosivity (R=1,378.61) serves as the primary
hydrodynamic driver governing soil detachment intensity, overshadowing the
moderating effects of vegetative cover in steep upland sectors. While soil
erodibility (K-factor) dictates the inherent vulnerability of dominant soil
units such as Dystropepts and Hapludults, spatial variance in soil loss
is overwhelmingly dictated by the convergence of steep slopes and high-
-intensity convective rainfall. Consequently, targeted intervention strategies
must prioritize slope-length reduction and mechanical-biological stabilization
in zones where LS and R factors synergistically amplify erosion hazards.

The magnitude of soil loss observed in the Wimbi sub-watershed reflects
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broader erosional trends documented in other critical tropical basins (Borrelli
et al. 2020). When compared to high energy environments such as the
Amazon Basin and the humid catchments of Central Africa, the Wimbi
sub-watershed exhibits a similar ‘hotspot’ dynamic, where a small fraction
of the landmass, primarily steep, disturbed slopes, dominates the total sedi-
ment budget (Rahman et al. 2022). For instance, the high rainfall erosivity
(R=1,378.61) and steep topography (LS up to 9.5) found in this study align
with findings from the tropical Andes and the Congo Basin, where synergis-
tic biophysical drivers trigger rapid land degradation once the protective
forest canopy is removed (Abebe et al. 2023, Useni Sikuzani, Bogaert 2025).
However, the Wimbi sub-watershed presents a unique challenge due to its
direct hydrological link to Lake Poso, an ancient tectonic lake system.
While erosion in the Amazon primarily affects large-scale river morpho-
logy (Zema et al. 2023, Cruz et al. 2025, Ribas et al. 2025), the localized sed-
iment delivery in Wimbi poses an immediate threat to endemic lacustrine
biodiversity and regional water security, highlighting the global significance
of site-specific rehabilitation in island-based tropical watersheds (Phinzi,
Ngetar 2021).

CONCLUSIONS

This study provides robust empirical evidence that soil vulnerability
within the Wimbi Sub-watershed is a synergistic consequence of aggressive
hydro-climatic drivers and inherent chemical instability. Integration
of RUSLE modeling and GIS-based spatial analysis across the 18,025-hec-
tare landscape reveals a distinct vulnerability gradient. While 57%
of the area remains relatively stable due to the protective buffering capacity
of intact forest cover, 43% of the watershed is under significant degradation
risk. These dynamics are fundamentally driven by high rainfall erosivity
(R=1,378.61) and steep topographic factors (LS values up to 9.5), which over-
whelm the natural resilience of the landscape when vegetation is disturbed.

A critical pedological finding of this research is that high erodibility is
intrinsically linked to the depletion of soil organic carbon and poor chemical
buffering capacity. In the identified 1,417 hectares (7.5%) of Critical Source
Areas (CSAs), the “very high” erosion hazard is exacerbated by low organic
matter status, which compromises soil structural integrity and facilitates
rapid particle detachment. These hotspots are not merely physical sediment
sources but are primary zones of elemental export that threaten the nutrient
balance and endemic biodiversity of Lake Poso.

The practical implications of this study necessitate a paradigm shift
from generalized conservation to spatially targeted, hydro-chemical rehabili-
tation. Priority interventions must be directed toward the CSAs, where bio-
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technical slope stabilization should be integrated with chemical soil amend-
ments. Restoring soil organic carbon and balancing the elemental
composition is essential to improve the physical resilience of the soil against
erosive forces. Ultimately, this integrated approach provides a vital founda-
tion for adaptive land management and the long-term preservation of the
hydrological and geochemical stability of the Poso Watershed ecosystem.
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