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ABSTRACT

Soil erosion poses a serious threat to agricultural productivity in tropical hilly areas, particularly in the Juwet Sub-
Watershed with its steep slopes and intensive agricultural activities. This study aims to estimate erosion potential
using USLE modeling and identify dominant factors through sensitivity analysis as a basis for conservation plan-
ning. The five USLE factors were mapped through the collection of primary and secondary data. Primary data con-
sisted of soil samples from 19 observation points, while secondary data included rainfall data for the 2014-2023
period, SRTM 30 m, and remote sensing imagery. The one-at-a-time (OAT) method was used for sensitivity
analysis to determine the contribution of each parameter to the erosion rate. The results showed that the total ero-
sion potential reached 1,775,552 tons/year, concentrated in the middle and upper parts of the sub-watershed with
a slope of 25-40%. The sensitivity results revealed that topography (LS) was the most dominant factor with a
contribution of 56.71%, followed by land cover (C) at 34.66%, and conservation practices (P) at 8.33%. Temporal
variation shows a pattern consistent with monthly rainfall erosivity, where the highest erosion potential occurs
from November to March, peaking in November at 392,324.37 tons/month. More than 60% of the land has not
implemented adequate conservation techniques. This quantitative dominance indicates the relative importance
of topographic control on erosion dynamics in the study area. The present study enabled the identification of the
dominant influence of topography on erosion processes and supports the application of sensitivity analysis as a
basis for prioritizing conservation planning.

Keywords: soil erosion, tropical watershed, USLE model.

INTRODUCTION

Soil is one of the natural resources that is
essential for life on Earth (Clunes et al., 2022).
Its existence not only serves as medium for
plant growth but also plays an important role in
maintaining biodiversity, reducing the impact
of climate change, protecting public health, and
ensuring global food security (Hoffland et al.,
2020; Keesstra et al., 2016; Or et al., 2021). Ap-
proximately 96% of the world’s food needs are
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produced from vulnerable topsoil (Medjani et al.,
2023). This condition highlights the vital role of
soil for human survival and ecological systems.
However, soil erosion has become one of the
most serious global environmental problems, sig-
nificantly impacting the decline in topsoil fertil-
ity and agricultural productivity (Bahddou et al.,
2023; Turner etal., 2018). This issue is of particu-
lar concern in watershed management (Mazigh et
al., 2022; Shekar and Mathew, 2025). In moun-
tainous areas, soil erosion is often a major threat
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that has the potential to reduce land productiv-
ity, accelerate environmental degradation, and
increase the risk of landslides (Teku and Der-
bib, 2024). Given the continuing growth of the
world’s population, it is crucial to understand and
address the hazards associated with soil erosion.
This urgency stems from the need to maintain
food security, conserve water resources, and man-
age landscapes sustainably (Sestras et al., 2023).

Geographic information systems (GIS) can be
used as an approach to analyze and map the dis-
tribution of erosion rates by integrating various
spatial parameters (Javed et al., 2009; Pham et al.,
2018). The use of GIS-based empirical models al-
lows for quantitative assessment of soil loss oc-
curring in a region. One of the most widely used
models globally is the universal soil loss equation
(USLE). This model is considered effective be-
cause it can estimate long-term average soil loss
based on factors that cause erosion, namely rain-
fall erosivity (R), soil erodibility (K), slope length
and steepness (LS), land cover (C), and conser-
vation practices (P) (Ganasri and Ramesh, 2016;
Mabhleb et al., 2022).

This model has proven to be a practical tool
for evaluating risks related to land loss and direct-
ing conservation efforts in various geographical
conditions (Devatha et al., 2015; Girmay et al.,
2020; Mazigh et al., 2022). As land use changes
become more complex, climate patterns fluctu-
ate, and global environmental concerns grow, the
USLE model is useful in current soil conservation
and land management efforts. Compared to other
more complex models that require more data,
USLE is commonly applied due to its simplicity,
ease of implementation, and relatively easy avail-
ability of supporting data (Yadav et al., 2024). In
the Indonesian context, the application of GIS-
based USLE models is particularly relevant for
regions with complex geographical characteris-
tics, especially in watersheds facing high ecologi-
cal pressure due to land use changes and varying
rainfall intensity. This study focuses on the Juwet
Sub-Watershed located in the Special Region of
Yogyakarta, Indonesia.

This area has structural-denudational hills
with steep slopes, making it highly susceptible
to erosion and landslides (Shariffuddin and Udin,
2020). On the other hand, intensive agricultural
activities are the main form of land use in this
region, which has the potential to accelerate soil
degradation if not balanced with the application of
appropriate conservation techniques. A previous

study conducted by Arsy (2008) reported that
the Juwet sub-watershed has the highest erosion
rate in the Oyo watershed, reaching 15.2 mm
per year. Furthermore, research by Cahyadi et al.
(2011) complemented these findings, estimating
dissolved sediment loads of 102,079.5 tons per
year and soil organic matter loss of 253.45 tons
per year. These data indicate that the Juwet sub-
watershed faces high erosion pressure, which has
the potential to impact land quality decline, agri-
cultural productivity decline, and increased risk
of landslides and water quality degradation.

In accordance with national policy on wa-
tershed management as stipulated in Indonesia
Government Regulation No. 37 of 2012, erosion
control is one of the main components in main-
taining the sustainability of watershed ecological
functions. The selection of watershed manage-
ment strategies needs to consider the achieve-
ment of land conservation targets based on actual
problems in the field. Quantitative evaluation of
soil erosion that focuses on identifying the con-
tributing factors has been carried out by several
researchers. Given that USLE is a simple math-
ematical model, sensitivity analysis can be per-
formed through a simple approach such as OAT
(one-at-a-time). This method can determine the
percentage contribution of the most dominant
factor as a conservation guideline. However, this
method does not consider the synergistic effects
of multiple factors on soil erosion. As is known,
soil erosion occurs due to a combination of vari-
ous factors, and this method is still insufficient to
explain the complex multi-factor process of soil
erosion (Ge et al., 2023). Nevertheless, the results
of identifying dominant factors through OAT can
serve as a basis for further research exploring in-
teractions between factors using global sensitivity
methods or machine learning-based approaches.
Therefore, the scheme for determining conserva-
tion techniques is based on erosion determinants
identified through this analysis (Fahmuddin and
Widianto, 2004).

Against this background, this study aims to
analyze erosion potential using the USLE model-
ing approach and analyze the sensitivity of USLE
factors to facilitate spatially conservation plan-
ning in the Juwet sub-watershed. This objective
can be achieved through: (1) mapping erosion
factors including rainfall erosivity, soil erodibility,
topography, land cover, and conservation prac-
tices, (2) analyzing model sensitivity to determine
the dominant factors affecting erosion rates at the
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watershed scale, and (3) designing conservation
guidelines based on erosion determinants. Accord-
ingly, this study aims to estimate soil erosion po-
tential and to analyze the sensitivity of USLE pa-
rameters in the Juwet sub-watershed. The results
are expected to clarify the relative contribution of
major erosion-driving factors, which may support
sensitivity-based erosion assessment and conser-
vation prioritization in tropical hilly watersheds.

METHODOLOGY

Erosion potential analysis was conducted us-
ing the USLE model developed by Wischmeier
and Smith (1978). This method is widely rec-
ognized for its usefulness when data availabil-
ity is limited. This model estimates soil loss by
integrating five key parameters shown in Figure
1. These five factors include rainfall erosivity
(R), soil erodibility (K), slope length and steep-
ness (LS), land cover and crop management (C),
and soil conservation practices (P), according to
Equation 1. Spatial analysis in this study used
ArcMap to process the erosion data from USLE
and generate a spatial distribution map of ero-
sion risk. Sensitivity analysis was then performed
using the one-at-a-time method to determine the

most dominant factors contributing to erosion.
Conservation guidance can be provided based on
this sensitivity analysis for targeted management.

A=R X K XLS X C X P @

where: A —erosion potential (tons/year); R —rain-
fall erosivity factor (MJ mm ha™ hour™
year'); K — soil erodibility factor (tons
ha hour MJ™' mm™); LS — slope length
and gradient factors (dimensionless); and
CP - land cover and conservation factor
(dimensionless).

Study area

The Juwet Sub-Watershed is part of the Oyo
Watershed located in Gunungkidul Regency,
Yogyakarta. The Juwet Sub-Watershed is locat-
ed north of the Baturagung Hill area. It covers
an area of approximately 32.8 km2 and includes
three main geomorphological zones based on top-
ographical characteristics (Figure 2). The upper
zone is located on the upper slopes of the ancient
Nglanggeran volcano, the middle zone is located
in the valley between structural ridges, and the
lower zone occupies an alluvial plain with rela-
tively gentle slopes. Topographically, the Juwet
sub-watershed is located at an altitude of 118-807
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Figure 1. Research framework for soil erosion assessment and conservation planning:
(a) erosion modeling using USLE, (b) sensitivity analysis using the OAT method,
(c) soil conservation guidelines based on dominant factors

392



Ecological Engineering & Environmental Technology 2026, 27(2), 390-416

110°0'0"E 110°30'0"E 111°0'0"E

110°34'54"E 110°36'54"E

Jawa Tengah

7°49'35"S

terbah

/\%

Daerah Istimewa Yogyakarta

2 i —=
. \\ I | PaTUK SUBDISTRICTH y 3 =
; ] 1y T e
o 4 X #
o Indian Ocean & Jawa Timur "glans\fvan 4 \L pilang rejo
0 25 50 100 / 3 2N
KMs = =
e {
T r - Katongan
110°0'0"E 110°300"E 111°0'0"E o \ ®
3 \-\ e ¥ 3
B L& % 5
~ ~

7°53'35"S

)
i

: sonn /= J(
= N

{
\
==

t h \\
watu gaje

/ tegalrejo

T

GEDANGSARI UBDISTRICT/ P

1 o

Y

7°49'35"S

Elevation

Value
High - 807

—

Low: 118

5 nglipar

e*/ P s (
/1/\1 /

gading

kedung keris

O @B 1
[ .|

7°53'35"S

4
1KMs
¥

128°00"E

100°00'E 114°0'0'E

110°34'54"E 110°36'54"E

Figure 2. (A) Location of the study area in Indonesia; (B) location of the Juwet sub-watershed
in the Special Region of Yogyakarta; (C) a detailed topographic map of the Juwet Sub-Watershed
shows the distribution of elevation, river networks, and administrative boundaries covering
three sub-districts: Gedangsari, Patuk, and Nglipar

meters above sea level (masl) with mountainous
and structural-denudational hills, making it prone
to erosion and mass land movement.

Geologically, this area consists of relative-
ly impermeable volcanic and ancient marine
sedimentary rocks, which affect soil infiltration
capacity. Ongoing tectonic activity in this area
can accelerate the rate of erosion, as the Juwet
sub-watershed is located in a fault lithology con-
tact zone (Saenkang et al., 2024). The combina-
tion of unstable lithological conditions, steep
slopes, and high rainfall intensity creates condi-
tions that are highly conducive to surface erosion.

The climate in this region is classified as
a tropical monsoon climate, with the rainy sea-
son lasting from September to February. Annual
rainfall is relatively high, but low soil absorption
capacity causes most of the rainwater to become
surface runoff. These conditions have the poten-
tial to cause flooding during the rainy season.
Conversely, during the dry season, this region
often experiences drought, characterized by a de-
crease in river flow to zero.

Morphologically, the Juwet sub-watershed
area is dominated by hills with steep to very
steep slopes, which occupy about 48.7% of the
total area. Meanwhile, areas with flat to gentle
topography have limited distribution, occupying

about 1.6% and 9.1% of the total area, respective-
ly. The central part of the sub-watershed forms
a deep river valley with steep slopes, while the
downstream part is dominated by relatively flat
alluvial plains associated with the Oyo River. The
dominance of steep topography is one of the main
factors that increases the potential for erosion and
highlights the urgency of implementing soil con-
servation measures in this area.

From a socio-economic perspective, the live-
lihood structure of communities around the Juwet
sub-watershed is dominated by the agricultural
sector, with more than half of the population de-
pending on agricultural activities for their live-
lihoods. Intensive land use, especially on steep
slopes, has increased the risk of erosion and ac-
celerated soil fertility degradation, particularly in
areas with low vegetation cover. These conditions
demonstrate the close relationship between bio-
physical and social aspects of land management,
making the implementation of community-based
conservation practices key to maintaining ecosys-
tem sustainability in the Juwet sub-watershed.

Data and sources

This study uses a combination of primary
and secondary data. Primary data was obtained
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through soil sampling in the field using a pedogeo-
morphological approach, specifically based on
the geomorphological classification of landforms
(Christanto et al., 2019). It is important to deter-
mine the landform first as a basis for determining
the location of soil sampling. A landform map
was created by combining geological and slope
maps. Geological maps were sourced from the
Ministry of Energy and Mineral Resources with
a scale of 1:50,000 and were used to identify rock
formations and lithological characteristics. In ad-
dition, a digital topographic map with a scale of
1:25,000 from the Geospatial Information Agen-
cy was used as a reference for administrative
boundaries, river networks, and thematic map
creation. The mapping resulted in 20 landform
morphological units. One of these landform units
was a outcrop without soil, so its value was 0,
bringing the total number of samples to 19 units.
Soil data collection was carried out by first de-
termining the sampling points. The method used
to determine the sampling points was purposive
sampling. The location of soil sampling was de-
termined by selecting one point in each landform
classification. The determination of soil sampling
locations was prioritized on undisturbed land, i.e.,
land that was considered to still have native soil.
These locations were in forests, mixed gardens,
and shrubbery. In addition, the determination of
soil sampling locations was also based on con-
siderations of location accessibility. The coordi-
nates of each sample point were recorded using
the Avenza Maps 5.5 application.

Field observations and soil sample observa-
tions were conducted in the field. Observations
were made by observing the soil horizon, texture,
root depth, and land use around the sampling site.
Soil samples were taken by digging mini pits
(25-30 cm deep) from the soil surface. The soil
surface needed to be cleared of vegetation cover-
ing it. Soil samples were taken in disturbed and
undisturbed conditions. Undisturbed soil samples
were taken using a permeability ring, while dis-
turbed soil samples were taken using a soil scoop.
Approximately 1 kg of composite soil was col-
lected per point. Soil samples were then tested in
the laboratory to determine soil physical proper-
ties, including texture, structure, organic matter,
and permeability, which formed the basis for de-
termining the erodibility factor (K).

This approach assumes that soil formation dif-
fers under slope or flat conditions (Bao et al., 2025;
Ewunetu et al., 2025). This approach was chosen
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because landform has low temporal variation,
making it a potentially stable separation boundary
(Keshavarzi et al., 2019). The relationship between
landform and soil characteristics is very strong
(Reddy et al., 2003), making landform the best in-
dicator (Park and Burt, 2002) (Figure 3).

Secondary data includes various thematic
maps and hydrometeorological data. Topographic
data were obtained from the Shuttle Radar To-
pography Mission (SRTM) 1 Arc-Second Global
dataset with 30-meter spatial resolution, which
was downloaded from the United States Geo-
logical Survey (USGS) EarthExplorer platform
(https://earthexplorer.usgs.gov/). Figure 4 illus-
trates the selection interface and spatial coverage
of downloaded tiles compared to Juwet Sub-Wa-
tershed AOI (red polygon) confirms comprehen-
sive coverage and no data gaps. The SRTM data
acquisition process was methodical, including
AOI delineation, dataset selection (SRTM), tile
identification, and download in GeoTIFF format.
Detailed processing steps are provided in Supple-
mentary Material S2.

DEM acquisition was conducted through the
USGS EarthExplorer platform following user au-
thentication. The study area was defined by en-
tering Gedangsari District as the geographic ref-
erence and manually defining an area of interest
(AOI) polygon using sequential point marking.
Each marked location generated geographic coor-
dinates, which together created a closed polygon
that defined the Juwet Sub-Watershed’s extent.

The SRTM 1 Arc-Second Global dataset was
chosen from the Digital Elevation catalog, with
search results restricted to ensure comprehensive
AOI coverage. Following metadata verification
for spatial resolution (30 meters) and acquisi-
tion settings, the DEM tile (Entity ID: SRTM-
1S08E110V3) was downloaded in GeoTIFF for-
mat to retain geographical referencing. Before
processing, the file’s integrity was verified.

The GeoTIFF file was imported into ArcMap
10.8 and reprojected using the WGS 1984 coordi-
nate system. Following validation of spatial align-
ment with the watershed boundary shapefile, the
DEM was clipped to the study area extent with
the Extract by Mask tool, resulting in a spatially
limited elevation dataset for subsequent terrain
analysis. The Slope tool was then used to perform
slope analysis, and the resulting slope raster was
classed into six classes based on classification
standards established by the Indonesian Ministry
of Forestry. This classified slope map served as the
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Figure 3. Field documentation and soil sample management: (a) mini pit preparation,
(b) undisturbed soil samples were collected using a bulk density (BV) ring sampler,
(c) disturbed soil sample collection and labeling, (d) air-dried soil samples prepared for laboratory testing,
(e) soil sampling point locations displayed in Avenza Maps application,
(f) undisturbed soil samples collected using bulk density rings, (g) field site conditions

foundation for assessing LS factors and evaluating High-resolution aerial imagery was obtained
erosion susceptibility inside the USLE modeling  from Bing Maps through SAS Planet software
framework. Figure 4 and 5 illustrates the DEM for land cover analysis. The imagery was ac-
acquisition and processing procedure in detail, in-  quired in September 2024, coinciding with
cluding AOI delineation, dataset selection, prepro-  the early rainy season when cloud cover was
cessing, and slope classification. minimal, to ensure optimal image quality. The
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Figure 4. Step-by-step workflow of DEM acquisition using the USGS EarthExplorer platform:
(a) access and login to EarthExplorer; (b) manual delineation of the Area of Interest (AOI);
(c) selection of the SRTM 1 Arc-Second Global DEM (30 m resolution);

(d) verification and selection of DEM tiles fully covering the study area
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Figure 5. Step-by-step DEM processing for LS factor derivation: (e) DEM import and visualization
in ArcMap 10.8; (f) clipping of the DEM to the Juwet sub-watershed boundary; (g) slope classification
based on national standards; and (h) final slope class map used as input for LS factor estimation

downloaded imagery had a spatial resolution of
1.5 meters per pixel and covered the entire Juwet
sub-watershed extent. This imagery served as
the primary data source for visual interpretation
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and digitization of land cover types required
for determining the cover management factor
(C) in the USLE model. Land cover classifica-
tion followed the Indonesian National Standard
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(SNI 7645-1:2014) for land cover classifica-
tion system.Ten years of rainfall data (2014-
2023) from two rain stations (Kedungkeris and
Beji Ngawen) were obtained from the Serayu
Opak River Basir Basin Management Agency
(BBWS) to calculate the rainfall erosivity fac-
tor (R) (Table 1).

Rain erosivity factor

The rainfall erosivity factor (R) describes
the ability of rainfall to cause erosion through
the kinetic energy it generates. Conceptually, the
erosivity value is determined by a combination
of rainfall kinetic energy and maximum rainfall
intensity over 30 minutes (Benzougagh et al.,
2022). This energy plays a role in releasing soil
particles from their aggregates, thereby accel-
erating the process of soil release and transport
(Lal, 1990). In practice, direct calculation of the
R factor is often limited by the scarcity of rain-
fall intensity data at most observation stations.
Therefore, a number of studies have developed
empirical approaches based on monthly or an-
nual rainfall data to estimate the R value (Ferro
etal., 1991; Renard and Freimund, 1994).

The R factor was calculated using the conven-
tional method proposed by Bols (1978) based on
the average monthly rainfall function, the num-
ber of rainy days, and the maximum rainfall in a
month (Equation 2). Rainfall data were obtained
from the Kedungkeris and Beji Ngawen stations
for the period 2014-2023. The data were pro-
cessed into regional rainfall values to describe the
distribution of rainfall in the Juwet Sub-Water-
shed area using GIS analysis with ArcGIS (Ulu-
mia et al., 2025). This formula is recommended
by the Indonesian Kementerian Kehutanan (2009)
as a method suitable for the wet tropical climate
conditions on the island of Java, as it is able to
provide a fairly representative estimate of actual
erosion potential.

Table 1. Data and data sources

6.199 x P1-211 » MaxP0-526
R = DO-A474

(2)

where: R — monthly rainfall erosivity factor (MJ
mm ha' h™' year'); P average monthly
rainfall (cm); D — number of rainy days
in a month (without units); MaxP — maxi-
mum rainfall in one month (cm).

Official data was acquired from the BBWS
Serayu Opak web platform (https://sda.pu.go.id/
balai/bbwsserayuopak/). The data was provided
in tabulated format (.xlsx) and included daily and
monthly rainfall quantities (mm), monthly totals,
and maximum daily rainfall each month. Both
stations provided continuous data coverage over
a 10-year period (2014-2023). The 10-year pe-
riod (2014-2023) was selected for three primary
reasons: (1) The length is long enough to capture
inter-annual rainfall variability and exceptional
occurrences, resulting in accurate erosivity esti-
mates (Renard and Freimund, 1994), (2) The data
is up to date and relevant to the watershed’s pres-
ent climate and land use patterns, (3) Indonesian
soil scientists recommend a minimum of 5-10
years for reliable erosivity estimate (Arsyad,
2010; Kehutanan, 2009).

Soil erodibility factor

Soil erodibility factor (K) is a function of sev-
eral physical characteristics of soil, namely the
percentage of silt and sand, organic matter con-
tent, soil texture, soil structure, and water infiltra-
tion capacity (Farhan and Nawaiseh, 2015). This
parameter describes the strength of soil against
the destructive power of rainwater Kinetic energy
and surface runoff, and reflects the average soil
loss per unit of rainfall erosivity index (Parveen et
al., 2012). The K value ranges from 0 to 1, indicat-
ing variations in soil sensitivity. A value close to 0
indicates high resistance to erosion, while a value

No. Data Data source
1 Rainfall data at Kedungkeris and Beji Ngawen Stations Serayu Opak Rlve%ziﬂgfasm Management
2 Soil structure, permeability, organic C content percentage, and Field survey and laboratory-tested

soil particle size fraction percentage at Juwet Sub-Watershed

Shuttle Radar Topography Mission

United States Geological Survey (USGS)

4 Land use data

Bing aerial imagery and field-survey

Conservation practices

Bing aerial imagery and field-survey
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close to 1 indicates low resistance (Cheikha et al.,
2021). The soil erodibility value (K) is calculated
using an equation developed by Yang et al. (2023)
which is a modification of the Wischmeier and
Smith (1978) formula with a conversion factor
metric units (tons/ha) shown in equations 3 and
4. The erodibility value is calculated using the
soil structure function, permeability, percentage
of organic carbon content, and percentage of soil
particle size fraction.

1.292 [2.1 M14(1074)(12 — @) +
+325(b—2)+25(c—3) (3

K =
100

__ (percentage of very fine
M = X
( sand and silt )

(4)
X (100% — percentage of clay)

where: K — erodibility factor (tons ha hour MJ™!
mm™'); M — percentage of very fine sand
and dust x (100% — percentage of clay);
a — percentage of organic matter (%); b —
soil structure codes used in soil classifica-
tion (see Table 2); ¢ — soil profile perme-
ability code (see Table 3).

All input parameters (M, a, b, and c) were
determined through laboratory examination of
19 soil samples taken across the Juwet sub-wa-
tershed. Laboratory studies were performed at
two ISO/IEC17025:2017 recognized facilities:
Balai Penerapan Standar Instrumen Pertanian
(BPSIP) Yogyakarta and Laboratorium Lapitaya
Jasa Uji Lingkungan dan Pelatihan Lingkungan.
Official certificates are CE.1/06.25/206 and 207/
SPA/LTY/VII/2025. Soil texture with three frac-
tions (sand, silt, and clay) reflecting the M param-
eter was obtained using the Hydrometer method
as described in SNI 13-4691-1998. The organic
carbon content (parameter a) was determined us-
ing the Walkley and Black method and laboratory
code 1K.5.4.d. The soil structure classification
(parameter b) was derived using Balittan’s (2023)

Table 2. Soil structure code

No. Soil structure class (Diameter size) Code (b)
Granules are very fine (< 1 mm) 1
2 Fine granules (1-2 mm) 2
3 Granules are medium to coarse 3
(2-10 mm)
4 Block-shaped, blocky, flat, solid 4
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classification, adapted from the USDA Soil Sur-
vey Manual. The soil permeability (parameter c)
was measured using the De Boodt method.

Slope length and steepness factor

The slope length and steepness factor (LS) re-
flects the influence of topography on erosion po-
tential. This factor is a combination of two main
components, namely slope length (L) and slope
steepness (S), which together affect the amount of
surface flow energy and its ability to transport soil
particles (Jemai et al., 2021). In general, the longer
the slope, the greater the volume of surface runoff
produced, thereby increasing soil loss (Ganasri and
Ramesh, 2016; Luvai et al., 2022). However, an
increase in slope has been shown to have a more
significant impact on accelerating erosion than an
increase in slope length (Koirala et al., 2019).

The topographic factor was calculated using
a digital elevation model (DEM) derived from
SRTM. SRTM DEM data with a 30 meter spatial
resolution were obtained from the USGS Earth-
Explorer platform (https://earthexplorer.usgs.
gov/). The study area was defined by manually
drawing an area of interest (AOI) polygon that
encompassed the Juwet Sub-Watershed in Ge-
dangsari District. The DEM was downloaded in
GeoTIFF format and then imported into ArcMap
10.8 with the coordinate system set to WGS 1984,
The SRTM raster was trimmed to the sub-water-
shed boundary to keep the analysis within the re-
search region. Slope study was carried out using
Spatial Analyst’s Slope tool, with calculations
expressed as percent rise and elevation units in
meters. Using the Reclassify tool, the generated
slope raster was categorized into six groups in
accordance with the categorization guidelines es-
tablished by the Indonesian Ministry of Forestry
in 2009. The classified raster was converted to
vector format using Raster to Polygon, followed
by the Dissolve tool to merge polygons of the
same slope class. The finished map was shown
with a green-to-red color gradient that represent-
ed gentle to steep slopes. The LS factor values
were then assigned to each slope class based on
the classification criteria presented in Table 4.

Land cover factor

The land cover factor (C) reflects the influ-
ence of land management activities, agricultural
practices, and vegetation on the amount of soil
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Table 3. Soil profile permeability code

No. | % Ciameter sve) | (omihoun) | ©% ©
1 Very slow <0.5 6
2 Slow 0.5-2.0 5
3 Slow to moderate 2.0-6.3 4
4 Moderate 6.2-12.7 3
5 Moderate to quick 12.7-25.4 2
6 Quick >25.4 1

loss due to erosion (Almagro et al., 2019; Saoud
and Meddi, 2023). The crop management factor
refers to the combined influence of vegetation, lit-
ter, soil surface conditions, and land management
on the amount of soil lost due to erosion (Assaoui
et al., 2023). The C factor value ranges from 0 to
1, where a value of 1.0 indicates open land with-
out vegetation cover (Table 5). Spatial and tem-
poral variations in land cover can be identified
through the use of remote sensing data, which al-
lows for more accurate estimates of the C value
(Meliho et al., 2020). Various studies have devel-
oped approaches to calculate the C value using
different methods (Durigon et al., 2014). In this
study, the classification of the C value was deter-
mined based on the criteria proposed by Arsyad
(2010), which was considered most appropriate
for the biophysical conditions of the study area.

Land cover mapping was done using ArcGIS
software and on-screen digitization of high-res-
olution Bing Aerial Map imagery. To accurately
designate land cover borders, the visual interpre-
tation method included a variety of picture inter-
pretation elements such as tone or color, form,
size, texture, shadow, location (site), pattern,
association, and evidence convergence. The clas-
sification structure was based on the Indonesian
National Standard (SNI 7645-1:2014), which en-
sures uniformity and standardization.

Table 4. The value of the LS factor

Slope class Slope(gg ;i dient Classification | LS value
| 0-3 Flat 0.1
Very gentle
Il 3-8 slope 0.5
I 8-15 Gentle slope 1.4
[\ 15-25 Slightly steep 3.1
\% 25-40 Steep 6.1
\Y| > 40 Very steep 11.9

The digitization procedure produced 6 vari-
ous land cover types across the Juwet Sub-Water-
shed, such as mixed garden, paddy field, shrub-
land, settlement, natural forest, and production
forest. Each polygon was manually outlined and
given a land cover type code in the attribute table.
The classification was confirmed and modified
using field surveys, with ground truthing done at
representative sampling locations to ensure the
accuracy of the interpreted land cover classes.

Factor for erosion prevention/conservation
efforts

The erosion prevention (P) factor describes
the effectiveness of soil conservation efforts in
reducing the rate of erosion. This factor ranges
from O to 1, where a lower value indicates that
conservation practices are being implemented ef-
fectively. Meanwhile, a value of 1 indicates that
no conservation efforts have been made. The P
classification in this study was conducted through
direct field observations and image interpretation.
The P factor refers to the criteria formulated by
Arsyad (2010) listed in Table 6. This classification
is used in research because it was specifically de-
signed for soil conditions and conservation prac-
tices in Indonesia, taking into account the interac-
tion between slope gradient and type of conserva-
tion practice, and it has been validated in multiple
watersheds in Java with similar topographic and
land use characteristics.

P factor assessment was conducted using a
two-stage hierarchical approach. First, land cover
classification from the previous stage (C factor
analysis) provided a basic spatial consisting of six
land cover types: mixed gardens, rice fields, shru-
bland, settlements, natural forests, and production
forests. Second, within each land cover polygon,
the presence or absence of specific conservation
practices is determined through a combination of
field observations and image interpretation. High-
resolution aerial images were analyzed simulta-
neously to identify visible conservation patterns,
such as terraced systems (stepped patterns on hill-
sides), contour planting (curved lines following
elevation), and strip planting (alternating bands
of crops across slopes).

Sensitivity of the USLE

Soil erosion is influenced by various factors
including rainfall erosivity, soil erodibility, slope
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Table 5. The value of factor C

No. Land use C value
1 Settlement/open I_and/wit— 10
hout vegetation

2 Paddy field 0.01

3 Natural forest 0.001-0.005
4 Production forest 0.20-0.50
5 Mixed garden 0.10-0.50
6 Shrubland 0.30

Note: This table presents the C values for the main
land use categories found in the Juwet sub-watershed.
The complete classification for various types of crops
and farming systems refers to Arsyad (2010).

length and steepness, as well as crop management
and conservation practices. Each factor contrib-
utes differently to the amount of erosion. To iden-
tify the most influential factors as a basis for pri-
oritizing conservation interventions, a sensitivity
analysis was performed on the USLE model.

The OAT sensitivity analysis method was ap-
plied to measure the individual contribution of
each input factor to the erosion rate. This method
is used to identify dominant parameters that serve
as priorities for conservation actions within the
context of watershed management. In the OAT
approach, one factor is systematically changed
while all other factors are kept at their baseline
values, allowing for the direct attribution of out-
put changes to the modified parameter.

The sensitivity index (SI) for each factor is
calculated using the following Equation 5. First,
we identified erosion rate E as the response vari-
able, which is derivedas E=R x K x LS x C x P,
with each USLE parameter (R, K, LS, C, and P)
acting as an independent variable. We calculated
baseline values for each metric using geograph-
ic averages over the Juwet sub-watershed. We

Table 6. Value of factor P

obtained the minimum and maximum values for
each parameter from the spatial mapping find-
ings. Second, we tested three scenarios for each
parameter. The baseline scenario computed ero-
sion based on average values for all parameters.
E, is calculated by multiplying R, x K x LS x
C,* P,. The minimum scenario calculated ero-
sion with one parameter at its minimum value
while others remained at baseline. For example,
testing parameter R: E-min(R) = R_min K  x
LS,x C,x P,. We repeated the process for each
parameter, returning to baseline circumstances
in between tests. Third, we examined the data to
determine the major factor. We determined dom-
inance by examining which parameter generated
the greatest change in erosion relative to its in-
put change. We derived three metrics for each
parameter: absolute erosion change (AE = E__
- E,; ), relative input change (AX/X, = (X —

X . )/X,, and sensitivity index (SI = ((AE/E)) /
(AE/E, / (AX/X,)) % 100%). A higher SI value
indicates greater sensitivity of the erosion model
to specific factors, thus identifying priority areas

for conservation intervention.

X 100% (6)

where: S| — sensitivity index, represents the per-
centage change in erosion output per unit
percentage change in the input parameter;
AE - absolute change in soil loss from
baseline (ton/halyear); E, — baseline soil
loss (ton/ha/year); AX — change in input
parameter value; and X, — baseline value
of input parameter.

No. Forms of conservation Code (c)
1 Bench terrace — good condition 0.04
2 Bench terrace — moderate condition 0.15
3 Bench terrace — poor condition 0.40
4 Traditional terrace 0.35
5 Contour ridges — good condition 0.15
6 Permanent grass strips — good condition, dense, and well-aligned 0.04
7 Permanent grass strips — poor condition 0.40
8 No conservation measures 1.00
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Land conservation planning

Land conservation planning was created to
integrate sensitivity analysis results into spatial-
ly explicit and conservation initiatives. Erosion
in watersheds is caused by multiple interacting
factors. While sensitivity analysis can identify the
most influential factors, field implementation re-
quires spatial delineation of these factors across
the landscape. The goals of this conservation plan-
ning framework are to: (1) identify and demarcate
priority zones based on the spatial distribution and
combined severity of dominant erosion factors
identified through sensitivity analysis; (2) assign
specific conservation techniques to each zone
based on dominant factor characteristics; and (3)
develop an implementation framework prioritized
by erosion severity and intervention urgency. This
method ensures that conservation initiatives are
systematically matched to site-specific erosion
drivers, resulting in efficient resource allocation
and maximum erosion control effectiveness.

To facilitate spatially explicit conservation
planning, continuous erosion factor from USLE
modeling were grouped into management-rel-
evant groups. The reclassification focused on
dominant characteristics revealed by sensitivity
analysis, which are the major leverage points for
erosion control actions. The erosion factor layers
(R, K, LS, C, and P) derived from USLE mod-
eling were reclassified into categories relevant
to management. Factors identified as dominant
through sensitivity analysis were then spatially
stratified to capture the range of conditions across
the watershed. Cross-tabulation of these stratified
factors enables the identification of zones with
different combinations of factor severity levels.

Each spatial zone is assigned a priority level
based on the combined severity of the dominant
erosion factors. The priority classification is val-
idated by testing the correlation between the as-
signed priority levels and the actual erosion rates
calculated from USLE modeling, using Spear-
man’s rank correlation to assess the discriminato-
ry power of the classification system. Conserva-
tion techniques are matched to each priority zone
following the decision framework in Figure 5,
which links dominant erosion factors to appropri-
ate control measures. The selection of techniques
considers: (a) specific factors requiring control
based on sensitivity analysis, (b) local biophysi-
cal conditions (slope, soil type, land use), and (c)
feasibility of implementation.

The determination of the type of conservation
technique refers to the classification by Fahmud-
din and Widianto (2004), which categorizes con-
servation methods based on the dominant factor
causing erosion. This framework connects each
USLE factor with specific conservation tech-
niques as presented in Figure 5. Although each
factor has a specific handling path, it is important
to understand that the determinants of erosion are
closely interconnected in the soil erosion process.
The recommended conservation techniques are
not limited to addressing only the dominant fac-
tors, but can include approaches that have a syn-
ergistic effect on other factors.

The implementation of conservation guide-
lines is carried out by identifying dominant fac-
tors based on the highest Sl obtained from sensi-
tivity analysis. Next, the conservation technique
is selected based on the dominant factor using
the decision matrix in Figure 6. The selection of
techniques is contextually adapted, considering
local biophysical and socioeconomic conditions
to ensure the suitability and sustainability of im-
plementation. This approach aligns with modern
conservation principles that emphasize investment
efficiency through targeted interventions (Srivas-
tava et al., 2024). By identifying and targeting the
drivers of erosion, the impact of erosion reduction
can be maximized with limited resources.

RESULTS AND DISCUSSION

Rainfall erosivity factor

The analysis of rainfall erosivity factor (R)
in the Juwet sub-watershed is based on annual
temporal rainfall data from 2014-2023 obtained
from the two nearest rain stations, namely Ke-
dungkeris and Beji Ngawen. The spatial distribu-
tion of rainfall was calculated using the Thiessen
Polygon method to determine the coverage area
of each station based on monthly recorded data.
Some parameters used in calculating rainfall ero-
sivity include average monthly rainfall (cm), the
number of rainy days in a month (unitless), and
maximum rainfall in a month (cm). The rainfall
erosivity factor at each station is calculated based
on the average monthly erosivity value for the pe-
riod 2014-2023.

The erosivity values obtained at each station
are 1500.38 for Kedungkeris and 1232.4 for Beji
Ngawen, with units of MJ-mm-ha™'-h™!-year™
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Figure 7. Spatial distribution of USLE factors in the Juwet sub-watershed: (a) rainfall erosivity factor (R) ranges
from 1,232.4 to 1,500.38 MJ-mm-ha'-h™'-year'; b) soil erodibility factor (K) shows higher values

in the Nglanggeran and Sambipitu Formations with a range of 0.57-0.65 tons.ha.hour.MJ* mm-;

(c) topographic factor (LS) with steep slopes (25-40%) is concentrated in the central and upstream zones;
d) crop management factor (C) indicates the dominance of paddy fields (31.24%) and settlements (23.55%);

(e) conservation practice factor shows limited implementation with values of 0.15-1.0,
where most areas (>60%) have not implemented adequate conservation practices

(Table 7). The recorded rainfall erosivity value is
1487.585 MJ-mm-ha'-h'-year', with a seasonal
pattern showing peak erosivity in February—March
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and November—December, and a significant de-
crease during the dry period between May-Sep-
tember (Figure 7). This temporal variation aligns
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with the monsoon rainfall patterns in southern In-
donesia, where the rainy season is caused by the
dominance of the west monsoon winds bringing
moist air masses (Aldrian and Susanto, 2003). The
undulating topographic conditions in the Juwet
Sub-Watershed, which is part of the Baturagung
Hills, also intensify rainfall through the process of
orographic rain. As a result, this area has the po-
tential to experience higher rates of erosion com-
pared to the surrounding plains.

The erosivity value in the Juwet sub-wa-
tershed is comparable to that reported in sever-
al watersheds in Indonesia with similar mon-
soon climate characteristics. Zawiyah et al.
(2024) reported an R value of 1,362.79 MJ-m-
m-ha'-h™'-year! in Nagari Lawang, West
Sumatra, which falls within the same range.
Mechanically, increased rainfall intensity is di-
rectly proportional to the Kinetic energy of rain-
drops, which accelerates soil aggregate break-
down and particle release to the surface (Mineo
et al., 2019). This finding confirms that the wet
months in the hilly region are a critical period for
erosion risk. This aligns with research findings
Wang et al. (2024) indicating that hilly areas have
a greater potential for runoff and soil loss due to
high rainfall intensity.

Soil erodibility factor

The soil erodibility factor indicates the soil’s
susceptibility to erosion and surface runoff. The
K factor was derived from the geomorphological
landform map of the Juwet sub-watershed and
soil analysis. The physical data for estimating soil
erodibility were obtained from collected soil sam-
ples covering the study area. These samples were
analyzed to determine soil texture (sand, silt, and
clay content), permeability, structure, and organic
matter. The Juwet sub-watershed is located on
structural landforms with diverse morphologies,
inclusing crest, upper slopes, middle slopes, low-
er slopes, foothills, colluvial, and alluvial plains.
In the concept of pedogeomorphology, each

morphological unit represents a K value. Based
on 19 soil samples analyzed in the laboratory, the
K value ranged from 0.57 to 0.65, indicating a
moderate to high level of erodibility according
to the USDA classification. Table 8 and Figure 7
shows the distribution of K values in each land-
form morphology in the Juwet sub-watershed.
Meanwhile, Figure 8 depicts the regional distri-
bution of soil samples.

The spatial distribution of K values shows a
pattern related to geological formations and land-
forms. The lowest value (0.57) was found in the
Lower Kebobutak Formation Plain and the Lower
Nglanggeran Formation Slope, while the highest
value (0.65) was found in the Nglanggeran and
Sambipitu Formations. High K values are gener-
ally found in soils with high clay content. These
conditions are evident on the middle slope of the
Nglanggeran Formation and the Sambipitu Allvi-
al Plain. Soil with high clay content is highly sus-
ceptible to erosion, especially when vegetation
cover is minimal. Although the particles are dif-
ficult to dislodge, clay soil has low permeability,
resulting in high surface runoff and susceptibility
to erosion by rainwater. In contrast, sand soils ex-
hibit more stable aggregates and lower K values.

Soil structure can affect aggregate stability
and water infiltration, while soil texture affects
the soil’s ability to retain and drain water. The
coarser the soil texture, the lower the soil’s ability
to retain water. Based on the data obtain, granu-
lar structure produce low K values, while blocky
or massive structures increase susceptibility to
erosion due to poor aggregation and dense pores.
Samples from several locations show block
structures with high K values. Soil permeabil-
ity in the Juwet sub-watershed varies between
0-7.63 cm/hour, with a negative correlation to
K values. Soils with very slow permeability (<1
cm/hour), such as in the Sambipitu and Oyo For-
mations, have high K values (0.65), while soils
with moderate permeability show lower K val-
ues. Low infiltration increases surface runoff,

Table 7. Rainfall erosivity in the Juwet sub-watershed based on rainfall weighting

Rain station Rainfall erosivity (R) Area (A) (km?) RxA
Kedungkeris 1,500.38 31.31 46,976.9
Beji Ngawen 1,232.4 1.57 1,934.9
Total 32.88 48,911.8
Rainfall erosivity (R) 1,487.585
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Figure 8. Map of landforms and soil sampling points in the Juwet sub-watershed

which accelerates erosion (Hacisalihoglu et al.,
2019; Zhang and Yu, 2023).

Soil organic matter in this region is classified
as low to moderate (0.34-2.23%). Although it
plays an important role in improving soil struc-
ture and aggregation (Satriagasa and Suryatmojo,
2020), no consistent correlation was found be-
tween organic matter content and K values. This
indicates that the influence of soil texture and
structure is more dominant on the level of erod-
ibility in the Juwet sub-watershed.

Slope length and steepness factor

Slope information for the Juwet Sub-Water-
shed was obtained from processing SRTM data.
The LS value classification refers to the Regula-
tion of the Minister of Forestry of the Republic
of Indonesia (2009) concerning Procedures for
Preparing Technical Plans for Forest and Land
Rehabilitation in Watersheds (RTKRHL-DAS).
The analysis results show that the Juwet Sub-
Watershed area is dominated by a slope class of
25-40%, which indicates a hilly topography with
fairly steep morphology. This condition indicates
a high potential for erosion, as steeper slopes ac-
celerate sediment transport and increase surface
flow strength (Zhang and Yu, 2023).

Table 9 presents a detailed classification of
slope categories and corresponding LS values in
the Juwet sub-watershed. The distribution of slope
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gradients is shown in Figure 7, which illustrates
the spatial variation of LS with a color gradient
from green to red. The dominant orange to red
colors in the central and northern parts (upstream
areas, especially Gedangsari District) indicate ar-
eas with high LS indices (>3.1), which indicate
steep to very steep slopes. Increased slope incli-
nation in these areas accelerates surface runoff
and sediment transport, thereby increasing the
risk of erosion.

Land cover factor

The watershed was divided into six land use
types based on manual interpretation of satellite
imagery data and extensive field studies. The
allocated crop cover factor values were used to
construct a C-factor map for the overlay analy-
sis. Based on the land use classification, land use
in the Juwet Sub-Watershed is dominated by rice
fields covering an area of 1,027.37 ha (31.24%),
followed by production forests (24.2%), settle-
ments (23.55%), protected forests (14.90%),
mixed gardens (5.27%), and shrubs (0.2%). The
spatial pattern of land use shows zoning based on
topography and accessibility: flat and easily ac-
cessible areas are dominated by settlements and
rice fields, while steep hilly areas are covered by
forests and mixed gardens. The presence of the
Ngalang River also influences the distribution



Ecological Engineering & Environmental Technology 2026, 27(2), 390-416

Table 8. Soil erodibility (K) in the Juwet sub-watershed

Texture (%)
Landform Morphology - M a b c K
Sand Silt Clay
Crest of Kebobutak 30 40 30 4900 0.35 4 4 0.60
Formation
Upper slope of Ke-
bobutak Formation 26 44 30 4900 2 4 5 0.62
Middle slope of Ke-
bobutak Eormation 35 40 25 5625 0.34 3 5 0.62
Foothill plain of Ke-
bobutak Eormation 30 43 27 5329 1.17 3 4 0.60
Lower slope of Ke-
bobutak Eormation 34 38 28 5184 0.51 2 4 0.60
Colluvial plain of Ke- 30 32 38 3844 1.25 4 5 0.62
bobutak Formation
Alluvial plain of Ke-
bobutak Eormation 15 45 40 3600 2.23 4 5 0.62
Foothlll_plam of Semilir 30 33 37 3969 0.71 3 5 0.62
Formation
Upper slope of Semilir 61 22 17 6889 0.89 4 5 0.62
Formation
Foothill plain of Ke-
bobutak Formation 39 35 26 5476 0.47 2 3 0.57
Foothill plain of Ng-
langgeran Formation 25 35 40 3600 1.33 4 4 0.60
Lower slope of Semilir
Formation 27 35 38 3844 0.59 4 3 0.57
Colluvial plain of Semi-
lir Formation 21 33 46 2916 0.76 4 4 0.60
Lower slope of Semilir 26 46 28 5184 0.76 4 4 0.60
Formation
Middle slope of Ng- 15 33 52 2304 0.1 4 6 0.65
langgeran Formation
Crest o_f Nglanggeran 27 30 43 3249 1.4 4 6 0.65
Formation
Lower slope of Nglang- 46 30 24 5776 0.43 3 4 0.60
geran Formation
Alluvial plain of Sambi- 6 37 57 1849 1.37 4 6 0.65
pitu formation
Alluvial plain of Oyo 20 42 38 3844 1.78 4 6 0.65
formation

pattern of rice fields, especially irrigated rice
fields in the central plains.

Each type of land cover has a different level
of soil protection against erosion. Protected for-
ests have the lowest C value (0.005) due to high
vegetation density and litter layers that can absorb
the kinetic energy of rain and slow down water
flow. These biophysical conditions help reduce
direct contact between water and the surface. In
contrast, production forests and mixed plantations
show higher C values due to anthropogenic inter-
ventions such as logging or soil cultivation, which
reduce canopy density and increase erosion poten-
tial (Hacisalihoglu et al., 2019). Residential areas
and rainfed rice fields also contribute to increased

surface runoff due to limited water absorption, es-
pecially in densely populated lowlands.

The use of land for paddy fields also has a rela-
tively low C value (0.01) because the soil is gener-
ally left flooded, making it resistant to erosion and
surface runoff. Meanwhile, mixed gardens have a
moderate C value. Mixed gardens in the study area
are dominated by tree species such as banana, sen-
gon, teak, cassava, and corn. These plants protect
the soil from erosion, but canopy cover in mixed
gardens decreases during the dry season. Settle-
ments have the highest C value among other types
of land use. The high C value in settlements is due
to low or no vegetation. This condition has the po-
tential to increase surface runoff.

405



Ecological Engineering & Environmental Technology 2026, 27(2), 390-416

Table 9. LS classification in the Juwet sub-watershed

Slope (%) Slope classification Length a?lfjss)teepness Area (ha) Percentage (%)
0-3 | 0.1 51.32 1.56
3-8 I 0.5 299.4 9.10
8-15 1] 1.4 565.6 17.20
15-25 \% 3.1 769.73 23.40
25-40 \% 6.1 1,057.37 32.15
>40 \ 11.9 545.39 16.58

Factor for erosion prevention/conservation
efforts

The determination of the P factor in the Juwet
sub-watershed was carried out through field obser-
vations and interpretation of Bing aerial imagery
and Google Earth images. Soil conservation plays
an important role in controlling the erosion pro-
cess. Soil conservation is described as a practice
that can significantly prevent erosion (Blanco and
Lal, 2008). Based on the analysis results, land with
natural uses such as natural forests, production for-
ests, mixed gardens, and shrubs generally does not
yet have adequate conservation. Meanwhile, rice
fields, which dominate the Juwet sub-watershed,
have mostly implemented conservation techniques
in the form of terrace systems.

The use of paddy fields shows the applica-
tion of various soil conservation techniques. Of
the total 1,028.78 ha of rice fields, 97.8% have
implemented conservation techniques, while only
0.64% (20.98 ha) have no conservation efforts.
The most dominant conservation technique is
traditional terraces covering an area of 596.61 ha
(18.14%), followed by medium terraces covering
an area of 312.69 ha (9.51%). Paddy field man-
agement on steep and very steep land has used a
gulud terrace system that combines elephant grass
on the edge of the terrace. This grass is used by
the community as livestock feed. However, this
conservation technique is considered ineffective
when applied to land with steep and very steep
slopes. According to Satriagasa and Suryatmojo
(2020), grass cover on paddy fields with a gulud
terrace system can only reduce maximum erosion
accumulation on land with a slope of 15-25%.

The lowest value of P factor of 0.15 repre-
sents conservation in the form of well-managed
medium terraces and contour ridges. Almost all
paddy fields in the Juwet sub-watershed have
conservation features in the form of bench ter-
races and traditional terraces. Functionally, these
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terraces help reduce the amount and speed of sur-
face runoff, allowing the soil to absorb or retain
more water. Therefore, the soil structure becomes
stable because the destructive force on the soil is
reduced (Martins et al., 2025).

Paddy fields with terraces and traditional
terraces are also found on land with moderately
steep to steep topography. Meanwhile, rice fields
without conservation measures are located in ar-
eas that tend to be flat on alluvial plains on the
southern side of the sub-watershed. In flat areas,
terraces are not necessary because surface runoff
is minimal. The construction of bench terraces
is adjusted according to contour lines, which are
useful in reducing the speed of surface runoff,
and the vegetation on these lines is able to filter
and trap sediment effectively (Kuok et al., 2013).
Traditional terraces and bench terraces are con-
sidered more effective than poorly constructed
bench terraces, as indicated by lower P values
(0.35 and 0.15 compared to 0.4). This difference
indicates the importance of the quality of terrace
construction and maintenance in determining the
effectiveness of soil conservation.

The multiplication of C and P values is di-
rectly proportional to erosion potential. A low CP
index value indicates low erosion potential, and
vice versa. This means that a low CP value indi-
cates more effective land management and con-
servation efforts (Alves et al., 2022). Spatially,
the spatial distribution of C and P values in the
Juwet sub-watershed can be seen in Figure 7. The
CP value for water bodies (rivers) is set to zero
(0), assuming no erosion occurs in these places
(Table 10).

Erosion potential in the Juwet sub-watershed

The estimation of soil erosion potential in
the Juwet sub-watershed was conducted using
the USLE model. This model integrates five fac-
tors comprising rainfall erosivity, soil erodibility,
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slope length and steepness, cover management,
and conservation practices to quantify the spatial
distribution of erosion on an annual basis. Anal-
ysis and evaluation of these primary USLE pa-
rameters are essential for understanding erosion
processes and enabling the development of spa-
tially erosion susceptibility maps across the study
area. Spatial overlay analysis of all five factors
was performed using GIS-based polygon inter-
section, yielding a total annual erosion potential
of 1,775,551.95 tons/year for the entire sub-wa-
tershed. The spatial distribution of erosion rates
was classified into five categories following the
classification standards established by the Indo-
nesian Ministry of Forestry (Kementerian Ke-
hutanan, 2009) as presented in Table 11. Figure
9 illustrates the spatial distribution of erosion rate
classes and their respective areal coverage within
the Juwet sub-watershed.

According to the analysis results, erosion
rates in the Juwet sub-watershed range from very
moderate to very heavy. Figure 5 shows that the
research area is dominated by the extremely heavy
erosion rate class (=480 tons/ha/year). The spatial
distribution of erosion classes exhibits diverse
patterns throughout the sub-watershed. The very
heavy erosion class (>480 tons/ha/year) accounts
for 1,390.00 km2 or 42.26% of the total area,
mostly concentrated in settlement complexes
and mixed plantation zones. The extremely light
class comes in second with an area of 25.43%,
while the middle class (60-180 tons/ha/year) has
the smallest percentage, at only 3.16% of the en-
tire area. The domination of the extremely heavy

Table 10. CP in the Juwet sub-watershed

class highlights the importance of serious soil and
water conservation initiatives in the area.

The estimated erosion results are compared to
those of prior studies. According to Arsy (2008),
the Juwet sub-watershed has the highest erosion
rate in the Oyo watershed, reaching 15.2 mm per
year, which equates to around 190-228 tons/ha/
year (assuming a soil bulk density of 1.25-1.5 g/
cm?®). Meanwhile, Cahyadi et al. (2011) estimated
suspended sediment at 102,079.5 tons per year, re-
vealing the true erosion rate in this area. This quan-
titative comparison gives a reference range for de-
termining the validity of the USLE model’s results.

The average erosion rate in the Juwet sub-wa-
tershed is 54.03 tons/halyear, indicating severe
land degradation that substantially exceeds In-
donesia’s soil erosion tolerance threshold of 12
to 25 tons/halyear (Arsyad, 2010). Zawiyah et al.
(2024) reported an average erosion rate of 3.32
tons/halyear, which is approximately 16 times
lower than in the Juwet sub-watershed. Although
both regions have hilly terrain, Nagari Lawang’s
land use is dominated by woods and natural
plants, providing better erosion protection. Mean-
while, agricultural land intensification in the Ju-
wet sub-watershed occurs in the absence of prop-
er conservation methods.

USLE sensitivity analysis

The analysis results show that the erosion rate
in the Juwet sub-watershed is highly influenced by
two main factors: slope length and steepness and
land cover, as presented in Table 12. The LS fac-
tor is the most sensitive parameter with the highest

Land use C Conservation management P CP Area (ha) | Percentage (%)
Waterbody 21.28 0.65
Natural forest 0.005 No conservation 1 0.005 489.99 14.90
Production Traditional terraces 0.35 0.07 77.73 2.36
forest 02 No conservation 1 0.2 718.01 21.83
Mixed garden 0s Traditional terréces 0.35 0.175 161.49 491

No conservation 1 0.5 11.69 0.36

Settlement 1 No conservation 1 1 774.63 23.55
Bench terrace, moderate 0.15 0.002 312.69 9.51

Bench terrace, poor 0.4 0.004 90.71 2.76

Paddy field 0.01 Traditional terraces 0.35 0.01 596.61 18.14
No conservation 1 1 20.98 0.64

Good contour ridges 0.15 0.002 6.38 0.19

Shrubland 0.3 Poor permanent strip cropping 0.4 0.12 6.65 0.20
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Figure 9. The spatial distribution of erosion rate classes in the Juwet sub-watershed shows that

highly heavy erosion zones are mostly found in settlement complexes and mixed garden areas,

whereas natural forest zones constantly have the lowest erosion rates. The area distribution of
erosion level classes in the Juwet sub-watershed, according to the Ministry of Forestry classification (2009)

absolute change range, which is 3253.89 tons/ha/
year. This indicates that topographic conditions
play a significant role in determining the erosion
potential at the study site. The steeper the slope, the
higher the speed and energy of the surface runoff
formed, thus increasing the potential for erosion.
The range of values for the LS factor is relatively
wide (0.1-11.9), indicating that differences in slope
are the main cause of high erosion susceptibility in
the Juwet sub-watershed.

The land cover factor is in second place with
an absolute change range of 2543.98 tons/ha/
year. The high sensitivity of the C factor indi-
cates that vegetation conditions and land cover
types play an important role in controlling ero-
sion. The C value, which varies from 0.01 (for
dense forests) to 1.0 (for open land/settlements),
illustrates the extent to which vegetation can
protect the soil from rainfall energy and surface
runoff. This means that any change in vegetation
type or density will impact the potential for ero-
sion. Efforts to increase land cover, which can
be achieved thru reforestation, agroforestry, or
multi-layered cropping systems, are a strategic
step to reduce erosion. This finding aligns with
the statements of Feyereisen et al. (2007) and
Arsyad (2010), who mentioned that the most
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sensitive factor to erosion is generally influ-
enced by the land use itself.

The soil conservation factor is in third place
with a change range of 1246.82 tons/ha/year.
Although its influence is not as significant as
LS and C, this factor is still important because
it is related to mechanical conservation prac-
tices such as contour terraces and soil retaining
walls. However, the effectiveness of P is highly
dependent on slope conditions and the presence
of vegetation. The rainfall erosivity factor shows
a relatively small range of variation in value, with
an absolute change of 191.78 tons/ha/year and a
relative contribution of 0.20%, placing it in the
fourth dominant category. This condition can be
explained by the geographical characteristics of
the Juwet sub-watershed, which is classified as a
micro-watershed with a relatively small area. As a
result, the spatial variability of rainfall within the
study area is limited, leading to a spatially homo-
geneous distribution of rainfall erosivity.

Beside the small watershed area, the rainfall
erosivity parameter with low sensitivity is also in-
fluenced by the data collection used in this study.
Rainfall data was obtained through interpolation
techniques from rainfall stations outside the study
area (ungauged stations), as there were no rainfall
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Table 11. Distribution of erosion susceptibility in the

Juwet sub-watershed

SusT:\rl)éllblllty (ItEor;)\/S};(;r/]y;aat\(:) Area (ha) Pecgz;age
Very low <15 836.24 25.43
Low 15-60 735.45 22.36
Moderate 60-180 103.85 3.16
Severe 180-480 223.28 6.79
Very severe >480 1390.00 42.26

observation stations located within the Juwet
sub-watershed. Interpolation methods such as the
Thiessen Polygon applied to data from external
stations tend to produce relatively uniform erosiv-
ity values across the entire study area, especially
when the distance between observation stations is
quite far and the number of stations is limited. The
ungauged condition of this station is a common
challenge in hydrological research in Indonesia,
particularly in small watersheds that lack adequate
monitoring infrastructure. However, the interpola-
tion approach from the nearest station remains an
acceptable method in erosion modeling, provided
that the interpolation results consider the limita-
tions of representing the actual spatial variability
of rainfall. The implication of the low sensitivity
of this rainfall erosivity parameter is that in the
context of erosion management in the Juwet sub-
watershed, intervention efforts do not need to be
directed toward the temporal and spatial variabil-
ity of rainfall, but rather toward factors that can
be managed directly, namely topography (through
mechanical conservation techniques) and land
cover (through vegetative conservation).
However, the USLE model also tends to un-
derestimate high erosion values. This resulted in
two distinct data populations in the calculation re-
sults, likely due to geographical variations and ex-
treme environmental conditions in the study area.
Similar conditions were also found by Zhang and
Yu (2023) in their study in mountainous regions,
where complex and heterogeneous topographic
characteristics led to significant differences be-
tween model values and actual field conditions.
Overall, the results of this sensitivity analysis
confirm that erosion control in the Juwet sub-wa-
tershed must be implemented through an integrat-
ed and tiered conservation strategy. Improving and
maintaining land cover needs to be a top priority
because this factor is the most easily controlled
by humans and has the greatest impact on reduc-
ing erosion. Areas with high LS values should

be designated as primary conservation zones re-
ceiving special attention through the application
of mechanical conservation techniques (P factor)
and increased protective vegetation. Thus, the
combination of managing the dominant physical
factors and optimizing human-controllable fac-
tors becomes the key to effective and sustainable
erosion control in the Juwet sub-watershed.

Furthermore, the dominance of the LS (topo-
graphic) and C (land cover) factors in this study is
not merely a local phenomenon, but also reflects
the fundamental structure of the USLE model it-
self. Each factor (R, K, LS, C, and P) is multi-
plicative, and the scale of its influence depends
heavily on the value of each input and its range of
variability. Because factors LS and C often have
a very large range of values and are physically
highly variable, they tend to be the largest con-
tributors to variance in erosion rates compared to
other factors with more limited variability (such
as K or R). For example, a systematic study by
Panagos et al. (2015) showed that LS is one of the
critical factors in determining soil loss due to the
combination of slope length and steepness, which
affects sediment transport (Gezici et al., 2025).

Additionally, other literature mentions that at
both the land and sub-watershed scales, the LS and
C factors frequently appear as dominant factors in
sensitivity analyzes. For example, in a review of
the USLE/RUSLE model factors, it is stated that
the topographic factor and the cover-management
factor are factors that significantly influence the
overall efficiency of the model (Oliveira et al.,
2013). The research findings in the Juwet Sub-
Watershed, which show the significant contribu-
tion of LS and C, can be theoretically justified.
The USLE model indeed prioritizes topographic
and land cover conditions as key variables in ero-
sion estimation, particularly in environments with
clear differences in slope and vegetation, such as
the study area. This reinforces the conclusion that
erosion management interventions need to be
more focused on these factors, as they are both
the most sensitive and have the greatest impact on
the model and on the reality in the field.

Land conservation planning

The sensitivity analysis results indicate that
the LS and C factors are parameters that influence
the rate of soil erosion in the study area. These
two factors were selected as control factors for
conservation measures. Based on the sensitivity
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analysis results, a two-factor priority matrix was
developed by overlaying the LS and C factor
maps that had been reclassified from the USLE
analysis. The LS factor was grouped into four
classes based on existing slope gradient catego-
ries, which divided the watershed into six slope
classes from flat (0-3%, LS=0.1) to very steep
(>40%, LS=11.9). These six classes were com-
bined into four groups relevant to conservation
priorities to balance geographical details and
management feasibility. The low LS group in-
cludes slope classes I-11 with a slope of 0-8% and
an LS value of 0.1-0.5, representing flat to very
gentle topography with minimal erosion risk. The
moderate LS group includes slope classes 111-1V
with a slope of 8-25% and an LS value of 1.4-3.1,
representing moderate slopes where agronomic
conservation practices are generally adequate.
The high LS group includes slope class V with a
slope of 25-40% and an LS value of 6.1, which
requires mechanical soil conservation structures.
Meanwhile, the critical LS group consists of slope
class VI with a slope of more than 40% and an LS
value of 11.9, which represents very steep slopes
where intensive mechanical intervention is neces-
sary to prevent land degradation. This grouping
technique maintains physically meaningful slope
limits defined in geomorphological literature
(e.g., 8% for contour farming feasibility, 25% for
terrace requirements, and 40% for critical slope
stability), while simplifying the classification for
conservation decision-making.

Factor C, which represents vegetation cover
and land management conditions, was reclas-
sified into five categories to reflect different
levels of soil protection. Unlike the LS factor,
which is determined by fixed topography, the
C factor is more variable due to differences in
the type and intensity of land use management.
The classification is based on empirical C val-
ues and soil conservation literature guidelines:
the Protected class (C < 0.05) includes dense

natural vegetation such as natural forests (C =
0.005) and rice fields (C = 0.01); the Good class
(C =0.05-0.20) includes production forests (C =
0.20) and well-managed annual crop systems; the
Moderate class (C = 0.20-0.50) includes mixed
gardens (C = 0.50) and shrublands (C = 0.30);
Poor class (C = 0.50-0.90) represents degraded
vegetation or intensive seasonal crop farming;
and Critical class (C > 0.90) includes residential
areas and open land (C = 1.0) with very minimal
soil protection. A sharper resolution (five classes
compared to four for LS) is needed to capture a
wider range of vegetation conditions, from vir-
gin forests to completely bare land.

Next, priority zones were determined through
spatial tabulation analysis of the reclassified and
combined LS and C factors, thereby identifying
areas where different combinations of these fac-
tors resulted in different priority areas. The LS-C
matrix was created as a guide for determining
conservation priority order and was validated us-
ing Spearman’s correlation test between soil loss
levels and the established priority rankings. The re-
sults of the analysis show a strong monotonically
positive relationship between priority ranking and
estimated soil loss (p = 0.88, p <0.001), confirming
the validity of the priority matrix. This indicates
that the priority classification system effectively
distinguishes between levels of erosion severity,
with Priority 1 locations experiencing significantly
higher soil loss than lower priority classes.

Each spatial combination was then assigned
to one of four conservation priority levels using a
decision matrix that takes into account the com-
bined severity of the two prominent causes (Table
13). Priority 1 (P1) refers to critical intervention
zones with steep topography (LS > High) and in-
adequate vegetation protection (C > Poor), result-
ing in a convergence of dominant erosion drivers
that require immediate integrated interventions
combining mechanical and vegetative measures.
Priority 2 (P2) includes high priority zones

Table 12. Results of one-at-a-time sensitivity analysis on USLE parameters

Model Parameters Value v_ariation range Range of change A Relative contribution Dominance level
(min — max) (absolute AA) percentage
Rainfall erosivity (R) 1500.38-1232.4 448.90 1.30% Fourth dominant
Soil erodibility (K) 0.57-0.65 178.75 0.52% Low
Topography factor (LS) 0,1-11,9 25,728.22 74.70% Most dominant (1st)
Land cover (C) 0.01-1.0 5,096,53 14.80% Most dominant (2nd)
Soil conservation (P) 0.15-1.0 2,993.73 8.69% Third dominant
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dominated by a single critical factor—either
steep slopes with moderate plant cover or moder-
ate slopes with poor to critical vegetation—that
necessitate immediate yet factor-specific actions
aimed at the dominating driver. Priority 3 (P3)
includes moderate risk zones with balanced fac-
tor combinations that necessitate preventive mea-
sures rather than intensive interventions, such as
steep slopes with good vegetation where forest
protection must be maintained, moderate slopes
with moderate vegetation suitable for agronom-
ic practices, and flat areas with poor vegetation
where gentle topography partially compensates
for vegetation deficiency. Priority 4 (P4) address-
es low-risk zones where erosion risk is low due to
either flat topography regardless of plant condi-
tion or any slope with protected vegetation, ne-
cessitating simply monitoring to prevent further
degradation due to land use change (Figure 10).
After the priority conservation zones have
been established, planning efforts can be carried
out in each zone using a structured decision-
making framework adapted from Fahmuddin and
Widianto (2004). This conservation technique
selection framework consists of four sequential
decision stages that consider the specific charac-
teristics of each priority zone. Stage 1 — identifi-
cation of dominant factors determines the main
erosion factors in each priority zone based on a
combination of LS and C, namely: (a) dominated
by LS (steep slopes with sufficient vegetation),
(b) dominated by C (poor vegetation on mod-
erate slopes), or (c) a combination of LS and C
(steep slopes with poor vegetation). Stage 2 — set-
ting control objectives translates dominant fac-
tors into specific targets, where LS-dominated
zones require reduction of surface flow energy
and slope steepness, C-dominated zones require
increased infiltration and soil organic matter,
while combination zones require simultaneous
treatment of both aspects. Stage 3 — approach
selection determines general conservation strate-
gies, where LS control uses land cover modifica-
tion (contour systems, intercropping) or landform

modification (terraces, contour ridges), while C
control uses organic matter addition (mulch, com-
post, cover crops) or planting of barrier vegeta-
tion and agroforestry. Stage 4 — determination of
specific techniques establishes concrete conser-
vation techniques according to local conditions,
including mulching and mixed planting for gentle
slopes to bench terraces for steep slopes, as well
as organic fertilization, crop rotation, and integra-
tion of annual crops for long-term protection.
The application of the decision framework
at each priority level results in different conser-
vation technique recommendations according to
the characteristics of each zone. Priority Zone
1 (dominated by LS and C) requires integrated
mechanical and vegetative interventions due to
the convergence of steep slopes and poor veg-
etation. The technical package depends on the
severity of the slope: bench terraces with refor-
estation or agroforestry for very steep slopes
(LS = Critical), and contour ridges with vegeta-
tion barriers and cover crops for steep slopes
(LS = High). The choice between reforestation
and agroforestry takes into account land own-
ership, community economic dependence, and
implementation feasibility. Priority Zone 2
(dominated by a single factor) follows the LS
or C control path based on the dominant fac-
tor. Zones dominated by LS receive mechani-
cal techniques in the form of contour farming
systems for moderate slopes and terrace struc-
tures for steep slopes while maintaining exist-
ing vegetation cover, while zones dominated by
C receive vegetative techniques in the form of
agroforestry, cover crops, and mulch, with tem-
porary mechanical support (contour intercrop-
ping). Priority Zone 3 varies based on specific
combinations: protected forests on steep slopes
require strict protection and community-based
management; moderate slopes with moderate
vegetation require agronomic practices such as
contour plowing and mulching; flat areas with
poor vegetation require vegetation improvement
without mechanical structures. Priority Zone 4

Table 13. Priority conservation matrix based on LS and C factor integration

L% Protected Good Moderate Poor Critical

Low P4 P4 P3 P3 P2
Medium P4 P3 P3 P2 P1

High P3 P3 P2 P1 P1
Critical P2 P2 P1 P1 P1
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Figure 10. Conservation priority map for the Juwet sub-watershed based on sensitivity analysis
of USLE parameters, with four priority classes (P1-P4)

only requires monitoring based on land use to
detect early signs of degradation.

Although the decision framework provides
a systematic selection of techniques based on
dominant factors, the final recommendations
take into account three categories of local con-
straints. First, biophysical constraints include
soil depth and texture, which influence terrace
design (shallow soil requires stone terraces
rather than bench terraces), rainfall inten-
sity patterns, which influence the dimensions
of drainage structures, and existing land use,
which determines the feasibility of changes
in management. Second, socioeconomic con-
straints include land tenure security, which
affects willingness to invest in long-term
measures such as terracing; availability of
household labor, which affects technical com-
plexity; and market access, which determines
the viability of agroforestry products. Third,
implementation constraints include the avail-
ability of materials (stones for terraces, seed-
lings for reforestation), technical capacity for
construction and maintenance, and community
acceptance of the proposed techniques. These
constraints were assessed during field valida-
tion and community consultations to refine the
framework-based recommendations into an
implementable conservation plan.
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CONCLUSIONS

The potential for erosion in the Juwet sub-
watershed shows a strong relationship with topo-
graphical characteristics. Areas with the highest
potential for erosion are located in the central
and upper parts of the sub-watershed, with steep
to very steep slopes. Conversely, areas with low
potential for erosion are generally found in the
downstream alluvial plains with relatively flat
topography. The high erosion potential concen-
trated in steep slope areas correlates with land
use in the form of mixed gardens and production
forests in these locations, where soil conservation
efforts are still minimal. Temporal variations in
erosion show a pattern that is consistent with the
pattern of rainfall erosivity. The highest erosion
potential occurs during the November-March
period, which coincides with the rainy season.
Conversely, the lowest erosion potential occurs
during the May-September period during the dry
season. The critical erosion period occurs dur-
ing the rainy season, especially in November,
which contributes the highest erosion potential of
392,324.37 tons/month.

Sensitivity analysis of the USLE model iden-
tified that topography and land cover were the
most dominant parameters, contributing 56.71%
and 34.66% respectively to the erosion rate.
Building on these findings, a sensitivity-based



Ecological Engineering & Environmental Technology 2026, 27(2), 390-416

conservation planning framework was created
by combining the reclassified LS and C factors
into a two-factor priority matrix. This approach
allows for systematic demarcation of four con-
servation priority levels (P1-P4), which were
statistically confirmed by a high positive asso-
ciation between priority ranking and estimated
soil loss (p = 0.88, p <0.001). The priority clas-
sification successfully distinguishes between
areas that require immediate integrated actions
and those that may be addressed through preven-
tive measures or monitoring.

The suggested land conservation planning
framework incorporates scientific findings into
a systematic decision-making process that con-
nects main erosion factors to appropriate con-
servation aims and techniques. While the frame-
work provides a reasonable basis for selecting
conservation actions based on biophysical con-
ditions, its implementation should take into ac-
count local biophysical, socioeconomic, and
institutional restrictions to ensure long-term via-
bility and efficacy. Overall, this study presents a
sensitivity-driven approach that can support ero-
sion assessment and conservation prioritization
in tropical hilly watersheds with comparable en-
vironmental characteristics.
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