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Abstract: Water majorly contributes to soil erosion. Considering Japan’s humid and rainy climate,
severe soil erosion challenges persist even though forests are the country’s dominant land type.
Although numerous studies have emphasized the impact of factors such as land use, soil type, and
slope steepness on sediment yield, the synergetic effects of slope gradient with varying land cover
and soil types are underexplored. Herein, we used the Soil and Water Assessment Tool (SWAT) on a
steep catchment to identify high sediment yield areas—as well as factors influencing high sediment
yield—and evaluate the effect of slope gradient on the sediment yield of different land cover and soil
types. The findings reveal an average annual sediment yield of 0.55 tons ha−1 yr−1 in the Takahashi
catchment, with yields tripling in some western subbasins under heavy rainfall. Furthermore, the
slope gradient effect is most considerable in bare land, agriculture, and rice land cover, with the
average sediment yield of bare land resulting in 2.2 tons ha−1 yr−1 at slope > 45%. Meanwhile,
deciduous forests on steep slopes exhibit extreme sediment yield, peaking at 7.2 tons ha−1 yr−1 at
slope > 45%. The regosol soil type has one of the highest sediment yield variations in all soil types
due to slope gradient.

Keywords: sediment yield; SWAT model; slope gradient; forest catchment; soil erosion

1. Introduction

Scouring due to precipitation is the primary cause of soil erosion [1]. Soil is a fragile
and nonrenewable resource owing to its differing rates of formation from natural geological
processes and possible deterioration [2]. The present soil erosion rates are higher in
magnitude than soil formation, and this has been a major threat to food security and
the sustainability of ecosystems [3]. Soil erosion is a major threat to the global water
environment.

Forested catchments play a vital role in high-quality water supplies and provide slope
stability and erosion control worldwide [4–6]. Forest soil erosion caused by rainwater
results in the loss of soil and its organic carbon and nutrients, further damaging the forest
ecosystem [7,8]. Moreover, because forested areas exist in regions with high precipita-
tion [9,10], this may further exacerbate the damage to ecosystems, especially concerning
climate change [11].

The study of slope effects on soil detachment and sediment yield has frequently been
investigated using field sample plots and indoor experimental studies [12,13]. Usually,
sediment yield increases congruently with the slope and rainfall intensity. However, the
actual interaction of rainfall and slope on sediment yield depends on the soil type and its
properties [13].

To plan and develop effective soil conservation measures, identification of areas at risk
of soil erosion is a prerequisite. Modeling offers a quantitative and consistent method for
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estimating soil erosion and sediment output in various contexts [14]. Numerous soil erosion
and sediment yield models have been applied to catchments of various conditions and
characteristics [15–17]. Furthermore, several modeling approaches to slope gradient effects
on sediment yield in cultivated land consider different land management practices [15,17].

The Soil and Water Assessment Tool (SWAT) can be used to identify and predict which
land is susceptible to erosion, to implement suitable management practices, especially for
assessing the effect of precipitation on material transport [18–21]. SWAT is occasionally
used to simulate streamflow and suspended sediment in small, forested catchments, mostly
less than 100 km2, for different temporal scales [22–24]. SWAT is applied to large conti-
nental scales by incorporating agricultural management and point sources and nonpoint
sources to examine the water and material cycle and show the spatial and temporal dif-
ferences in water availability [25,26]. Many SWAT studies have evaluated sediment yield
variations based on land use and cover, as well as the slope effects [19,27–29]. However, an
investigation of the latter that also considers land cover and soil type remains a research
gap. Therefore, we explored the relationship between sediment yield and slope gradient
for different land cover and soil types based on the SWAT model.

Compared with other countries, Japan’s topography, geology, and fast-flowing rivers,
coupled with a rainy climate, result in high sediment transport. Torrential rainfall in July
2018 caused severe water-related disasters, particularly in the Hiroshima and Okayama
river basins [30–36]. This study identified the critical areas for sediment yield in the steep
forested catchment, investigated the main factors that influence high sediment yield, and
evaluated the slope gradient effect on sediment yield of different land cover and soil types.

2. Materials and Methods
2.1. Study Area

The Takahashi River catchment, with an area of 2670 km2, is located in the Okayama
Prefecture of Western Japan (Figure 1). The main river’s total length is 111 km. The
major tributaries of the Takahashi River are the Takahashi, Nariwa, and Oda Rivers. The
catchment elevation ranges from 0 to 1264 m above sea level. Takahashi River originates
from the forested steep slopes of mountainous areas and finally enters the Seto Inland Sea
at Kurashiki City.
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The Takahashi catchment is a forested catchment with 84% forest cover, which is
43.74% deciduous forest and 41.05% evergreen (Figure S1). As the hydrological processes of
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different types of forests differ significantly, the study area had to be divided according to
land use in various stages of modeling work [37]. The catchment’s mean slope is 30% and is
characterized by a steep slope of greater than 15% occupying 79.15% of the catchment area.
The dominant soil type is cambisols, representing 67.25% of the catchment area (Figure S2).
The other soil types are regosols (12.06%), andosols (10.52%), gleysols (8.83%), acrisols
(1%), and leptosols (0.23%). The andosol and most of the cambisol soil areas are found
in the Takahashi and Nariwa tributaries, whereas the Oda tributary mainly comprises
gleysols and regosols. The mean annual precipitation across the catchment from 1990 to
2022 was 1328 mm. The geological setting of the Takahashi catchment is 58.3% igneous
rock, 36.5% sedimentary rock, and 5.2% metamorphic rock. Based on Ministry of Land,
Infrastructure, Transport and Tourism (MLIT) classification, the Takahashi catchment’s
geology has 13 subcategories, with granite and rhyolite comprising 44% of the catchment
area (Figure 2). The studied catchment has limestone areas, mainly in parts of the Takahashi
and Nariwa tributaries.
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The studied catchment experienced a devastating flood disaster in 2018 due to a great
amount of cumulative precipitation over 48 h (262 mm) rather than the rainfall intensity
per hour [34]. Shakti et al. [33] have proved that the Rainfall–Runoff–Inundation (RRI)
model is suitable for evaluating the flood inundation analysis of flood-prone river basins,
including the Oda tributary of the Takahashi River system. Meanwhile, Nihei et al. [32]
have compared the flooding situation of the Oda River in Okayama Prefecture in 2018 and
the Kinugawa River in the Ibaraki Prefecture in 2015. Although the Kinugawa River’s
inundation area was four times that of the Oda River, the inundation volume was similar
because the inundation depth of the Oda River was 5.38 m, which was greater than that of
the Kinugawa River at 3.01 m. Along with heavy rainfall and flooding, major rivers in the
Okayama Prefecture experienced high sediment transport [34].

2.2. SWAT Model Description

SWAT is a semi-distributed, continuous time-scale model developed by the United
States Department of Agriculture (USDA) Agricultural Research Service. The model is used



Water 2024, 16, 1419 4 of 14

for assessing the impacts of land management practices on hydrological components and
water quality and has been successfully applied at scales ranging from small to continental.
It is widely used in large, complex watersheds to simulate long-term impacts therein [38].
SWAT requires topography, soil property, land use, and meteorological data—such as
precipitation, maximum and minimum air temperature, relative humidity, wind speed, and
solar radiation—as input data for the simulation of hydrological components at different
time steps. SWAT detaches catchments into subbasins. Subbasins are then dissociated into
hydrological response units (HRUs). An HRU is a unit formed by homogeneous land use,
soil, and topography [39].

SWAT divides the hydrological cycle into a land phase and a routing phase. The land
phase computes the hydrological balance and sediment yields on a daily scale. The land
phase of the hydrologic cycle of the SWAT model is based on the water balance equation
described in Equation (1):

SWt = SW0 +
t

∑
i=1

(
Rday − Qsur f − Ea − wseep − Qgw

)
(1)

where SWt is the final soil water content (mmH2O), SW0 is the initial soil water content
(mmH2O), t stands for time (days), Rday is the amount of precipitation on day i (mmH2O),
Qsur f is the amount of surface runoff on day i (mmH2O), wseep is the amount of percolation
and bypass flow exiting the soil profile bottom on day i (mmH2O), and Qgw is the amount
of return flow on day i (mmH2O).

SWAT has two options for rainfall–runoff interaction: the SCS curve number method
developed by USDA, and the Green and Ampt Mein–Larson (GAML) method. The SCS
curve number method is used for simulating runoff in daily time steps, whereas GAML is
used for sub-daily time steps.

The sediment yield was calculated using the Modified Universal Soil Loss Equation,
as shown in Equation (2) [40]:

sed = 11.8 ×
(

Qsur f × qpeak × areahru

)0.56
× KUSLE × CUSLE × PUSLE × LSUSLE × CFRG (2)

where sed is the sediment yield, Qsur f is the surface runoff, qpeak is the peak discharge,
areahru is the HRU area, KUSLE is the soil erodibility factor, CUSLE is the cover management
factor, PUSLE is the support practice factor, LSUSLE is the topographic factor, and CFRG is
the coarse fragment factor. The specific equations for Equation (2) are described in detail in
the SWAT model theoretical documentation [39].

2.3. SWAT Model Implementation

In this study, SWAT 2012 (Rev. 685) along with a QGIS interface simulated the daily
streamflow and sediment load from 2002 to 2007. The basic data input for topography
was derived from the National Aeronautics and Space Administration’s 30 m Shutter
Radar Topography Mission Digital Elevation Model (DEM). DEM was used to delineate
the stream network and the catchment and derive the slope of the terrain. High-resolution
with 10 m land use data for 2006 from the Japan Aerospace Exploration Agency were used
for land use input. Soil data were obtained from MLIT. The daily meteorological data
from 11 weather stations (11 stations for precipitation, 6 stations for temperature, relative
humidity, solar radiation, and wind speed) surrounding the catchment obtained from the
Japan Meteorological Agency and the National Agriculture and Food Research Organi-
zation were input into the model. Moreover, water management policies in watersheds,
including reservoirs, are important for model accuracy [41]. Although several reservoirs
stand on the branches of the Takahashi and Nariwa tributaries, the Chiya (2.62 × 107 m3)
and Koumoto (1.11 × 107 m3) reservoirs on the upstream of the Takahashi tributary and
the Shin-nariwa reservoir (8.05 × 107 m3) on the Nariwa tributary were considered because
of their locations, water storage capacity, and data availability.
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The study area was divided into 27 subbasins and 2689 HRUs. In creating HRUs,
four slope bands were set (<15%, 15–30%, 30–45%, and >45%). The model had a three-
year warm-up period, and the simulated model was calibrated from 2002 to 2004 and
validated from 2005 to 2007. The model simulation years could be categorized into dry
years (2002, 2005, and 2007) and wet years (2003, 2004, and 2006) based on the long-term
mean precipitation data. Leta et al. [42] have suggested that, in catchments with large spatial
variations of soils, land uses, and geology, which consequently have spatial differences in
streamflow-generating processes, simultaneous multisite calibration is preferable. Because
Takahashi is a catchment with high spatial heterogeneities, the daily observed streamflow
data from three hydrological stations (Sakazu, Yagata, and Hiwa) and daily observed
sediment data from the Sakazu station were used for calibration and validation, as Yagata
and Hiwa stations do not have the observed sediment data. The streamflow observed
data were acquired from MLIT, and the sediment data were obtained from the Okayama
River Management Office. Potential evapotranspiration was applied using the Penman–
Monteith method, and stream channel sediment routing was performed using the simplified
Bagnold equation in this study. The model was calibrated and validated using the auto
calibration SWAT-CUP SPE program considering the sensible water balance components of
the catchment and the observed data.

2.4. Assessment of Model Accuracy

The coefficient of determination (R2) and Nash–Sutcliffe efficiency (NSE) are widely
used statistical indexes for assessing the accuracy of model simulations [19,29,43–48]. R2

shows the coefficient of linear correlation between observed and simulated data and ranges
from 0 to 1. If its value is closer to 1, the simulated data have good agreement with
the observed data. Meanwhile, NSE is a normalized statistic that assesses the relative
amount of residual variance in comparison with the measured data variance. NSE can
take measurement uncertainty into account and is good for use with continuous long-term
simulations and can be used to assess how well a model simulates trends for the output
response of concern. Furthermore, percent bias (PBIAS) is used to determine the average
model simulation bias. Positive PBIAS values indicate underestimation, whereas negative
values indicate overestimation. PBIAS is recommended for use with other statistical
indicators to determine a model’s performance [49]. The equations for R2, NSE, and PBIAS
are expressed in Equations (3)–(5), respectively:

R2 =

[
∑n

i=1(Oi − O
)(

Pi − P
)
]
2

∑n
i=1 (O i − O

)2
∑n

i=1
(

Pi − P
)2 (3)

NSE = 1 − ∑n
i=1(Oi − Pi)

2

∑n
i=1

(
Oi − O

)2 (4)

PBIAS = 100 × ∑n
i=1 Oi − Pi

∑n
i=1 Oi

(5)

where Oi represents the observed data, Pi represents the simulated data, O is the mean of
the observed data, and P is the mean of the simulated data.

2.5. Identifying the Principal Factor for Sediment Yield and Slope Gradient Effects

We conducted principal component analysis (PCA) on sediment yield at the HRU
scale to understand the correlations between different components and identify the factors
that influence sediment yield. In PCA, we considered land attribute variables related to
soil erosion, including topography, soil, and land use. The components analyzed include
CN (daily average curve number), Slope (slope percentage rise of HRUs), USLE_K (soil
erodibility factor), Sol_AWC (available water capacity of the soil layer), Sol_BD (soil moist
bulk density), Sol_K (saturated hydraulic conductivity of soil) and SYLD (sediment yield).
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To evaluate slope gradient effects, sediment yields from the HRU outputs were catego-
rized based on land cover and soil type. Next, for each land cover and soil type, sediment
yield was classified into four slope gradients (0–15%, 15–30%, 30–45%, and >45%). The
leptosol soil type—which represents only 0.23% of the studied catchment—was omitted
when considering the relation of soil types and slope gradient on sediment yield variations
owing to its limited number of HRU sediment yield results.

3. Results
3.1. Parameterization and Model Performance Assessment

According to the literature and calibration manual, eleven parameters for streamflow
and seven parameters for sediment were selected for calibration, as shown in
Table S1 [25,38,50]. During the calibration stage, Manning’s “n” roughness of the main
channel (CH_N2) and threshold depth of water in the shallow aquifer required for the
return flow to occur (GWQMN) variably depending on the tributary, and the SCS runoff
curve number (CN2) and soil evaporation compensation factor (ESCO) showed variations
between different types of land cover. Groundwater flow from the shallow aquifer to the
river occurred when the GWQMN values were lower than or equal to the water depth in
the shallow aquifer. The Takahashi and Nariwa tributaries were limestone-influenced areas.
According to the observed data from Hiwa station, the model was calibrated to have an
increased shallow aquifer flowing into the Takahashi and Nariwa tributaries by setting a
low GWQMN value of 200. The Oda tributary and subbasins 22 and 23, which are close to
the outlet of the Takahashi River into the Seto Inland Sea, showed the highest GWQMN
values (2000 and 3000, respectively). Wang et al. [51] have stated that the karst structures
in limestone areas have great permeability and make underground runoff more prevalent
than surface runoff. Consequently, the water cycle in limestone environments differs from
that in non-limestone areas.

The statistical indexes for the model calibration and validation years as shown in
Table 1 were satisfactory according to Moriasi et al. [49]. The NSE values of streamflow
calibration were 0.61, 0.68, and 0.7 while validation values were 0.56, 0.7, and 0.65 for the
Yagata, Hiwa, and Sakazu stations, respectively. Sediment calibration and NSE validation
values at Sakazu station were 0.49 and 0.46, respectively. According to the PBIAS values,
the model underestimated the streamflow of Yagata and Hiwa and overestimated that for
Sakazu. The sediment PBIAS showed that the model underestimated the sediment yield
for the calibration years, and overestimated it for the validation years. Figure 3 shows the
goodness of fit between the observed and simulated streamflow and sediment yield. The
year 2004 had a unique precipitation period among all the simulated years. Generally, the
studied area receives heavy rain in summer, when typhoons occur. However, 2004 had
a prolonged rainy period, which ran from the end of spring to early autumn. The model
underestimated the sediment in calibration years, which could be due to the prolonged
rainy period. Some of the peaks in the figure did not completely match. This part of the
flow can be considered as the water discharged into the river through the drainage system
during the period. As the drainage system usually responds very quickly, this leads to a
higher peak value [52]. Overall, the results of the model are credible.

Table 1. Statistical performance of the SWAT model for calibration (2002–2004) and validation
(2005–2007).

Stations Hiwa (Streamflow) Yagata (Streamflow) Sakazu (Streamflow) Sakazu (Sediment)

Index Calibration Validation Calibration Validation Calibration Validation Calibration Validation

NSE 0.68 0.7 0.61 0.56 0.7 0.65 0.49 0.46
R2 0.75 0.73 0.66 0.66 0.73 0.68 0.5 0.46
PBIAS 14.7 9.2 14.8 9 −8 −14.8 13.3 −2.8
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3.2. Annual Variations in Sediment Output

Figure 4 shows sediment output variations by subbasin. Among the 27 subbasins,
10 exhibited slight changes in sediment output over the years, and 17 (particularly subbasins
20, 21, 22, and 27) showed pronounced fluctuations. Although subbasins 16 and 18 showed
a high sediment output throughout the years, subbasins 20, 21, 22, and 27 showed the
highest sediment output in wet years. The subbasins with consistently low sediment output
are located in the Takahashi tributary headwater regions, whereas those with the highest
fluctuations are located in the Nariwa tributary.

The annual average observed sediment output was 19,518.6 tons yr−1, while the
simulated value was 17,974.5 tons yr−1, reflecting an 8% underestimation by the model.
However, the observed and modeled sediment outputs were comparable regardless of this
difference. The sediment load showed a high correlation with total precipitation and the
precipitation pattern and intensity. Sediment transport peaked between late spring and mid-
autumn (May–September). Among the wet years, 2004 was unique with a prolonged rainy
period (Figure S3), having the highest sediment output (38,705.5 tons) and precipitation
(1755 mm). High precipitation was also recorded in 2006 (1652 mm) and 2003 (1503 mm),
and the simulated sediment outputs were 22,665.7 and 21,781.5 tons, respectively, which
are considerably lower than that recorded in 2004 and imply that sediment production is
influenced by precipitation patterns and intensities, leading to variations even in years
with comparable total precipitation.



Water 2024, 16, 1419 8 of 14

Water 2024, 16, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 3. Calibrated and simulated streamflow and sediment. 

3.2. Annual Variations in Sediment Output 
Figure 4 shows sediment output variations by subbasin. Among the 27 subbasins, 10 

exhibited slight changes in sediment output over the years, and 17 (particularly subbasins 
20, 21, 22, and 27) showed pronounced fluctuations. Although subbasins 16 and 18 
showed a high sediment output throughout the years, subbasins 20, 21, 22, and 27 showed 
the highest sediment output in wet years. The subbasins with consistently low sediment 
output are located in the Takahashi tributary headwater regions, whereas those with the 
highest fluctuations are located in the Nariwa tributary. 

 
Figure 4. Annual sediment output variations across subbasins.

3.3. Spatial Variations of Sediment Yield

The simulated average annual sediment yield of the catchment was
0.55 tons ha−1 yr−1. The average annual spatial variation of the sediment yield per sub-
basin is shown in Figure 5a. The Takahashi tributary subbasins showed the most neg-
ligible sediment yield among the three main tributaries. Except for subbasins 1 and 5,
Takahashi tributary subbasins had sediment yields <0.25 tons ha−1 yr−1. Meanwhile, the
Nariwa and Oda tributary subbasins had moderate to the highest sediment yield, rang-
ing 0.75–2 tons ha−1 yr−1, except for subbasins 7 and 15, with sediment yield values of
<0.25 tons ha−1 yr−1. In subbasins with high sediment yield, the hotspot areas mainly
included HRUs located along the river channel (Figure 5b). It turned out that the steep
slopes (>45%) along the river channel, particularly in the Nariwa tributary, were these
high-sediment-yield areas (Figure 5c).

The average annual sediment yield variation between dry and wet years was signif-
icant, with 0.24 tons ha−1 yr−1 in dry years and 0.9 tons ha−1 yr−1 in wet years. In dry
years, the studied catchment’s sediment yield was <1 ton ha−1 yr−1, while it increased
substantially in wet years, reaching up to 3 tons ha−1 yr−1 in subbasins 6 and 19. The
Takahashi tributary exhibited less variation compared to the Oda and Nariwa tributaries.
The sediment yield in the Nariwa and Oda tributary subbasins increased drastically to
1.1–3 tons ha−1 yr−1 in wet years, from 0.25 and 1 ton ha−1 yr−1 in dry years. Subbasins 6
and 19 were the most critical subbasins in high precipitation as their sediment yield in wet
years was nearly threefold that in the dry years (Figure S4).
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Figure 5. (a) Spatial distribution of average annual sediment yield at subbasin scale, (b) Spatial
distribution of average annual sediment yield at HRU scale, (c) Slope gradient distribution of the
Takahashi catchment.

3.4. Impact of Slope, Soil Type, and Land Cover on Sediment Yield Variations

The PCA results (Figure 6) indicated that PC1 and PC2 could explain 44% and 21%
of the variables. PC1 showed strong positive correlations between soil properties and
CN but a weak correlation with SYLD. PC2 showed a strong positive correlation between
Slope and SYLD, indicating that, as the slope increases, the sediment yield increases. PC3
explained the correlations between Sol_AWC and Slope, but this combination showed the
weakest correlation with SYLD among all PCs. PC4 showed the second-strongest positive
correlation between CN and SYLD after PC2. Therefore, Slope and CN influence sediment
yield the most.
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The variations in slope gradient effects on sediment yield are illustrated in Figure 7,
where the average sediment yield of the slope gradients 0–15%, 15–30%, 30–45%, and
>45% were 0.15, 0.42, 0.6, and 1.25 tons ha−1 yr−1, respectively (Figure 7a). Overall, sedi-
ment yields were noticeably higher in the steeper slope classes for all types of land cover
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(Figure 7b). Among all the types of land cover, bare land at a slope of >45% indicated the
highest average sediment yield at 2.2 tons ha−1 yr−1. Rice, agricultural, and bare land had
the highest sediment yield variations against the slope gradient increase. In contrast to bare
and agricultural lands, urban areas showed the fewest sediment yield variations against the
slope gradient, which is potentially due to infrastructure that can reduce erosion, such as
stormwater management systems. Deciduous forests, evergreen forests, and grasslands had
comparatively modest sediment yield. Between the major land cover types—deciduous
and evergreen forests—of the studied catchment, the difference in sediment yield was
significant. Evergreen forests had a higher sediment yield than deciduous forests, with
an increase in slope gradient. However, deciduous forests revealed a notably large range
of sediment yield as they became steeper, with the sediment yield reaching as high as
7.2 tons ha−1 yr−1.
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The sediment yield variations by slope gradients at different soil types are shown in
Figure 7c. Acrisols, cambisols, and gleysols showed a steady increase in sediment yield
with an increasing slope gradient. The sediment yield in andosols increases slowly with
increasing slope gradient. Regosols showed a drastic increase in sediment yield with slope
steepness, with an average sediment yield of 0.23, 0.66, 1, and 2.1 tons ha−1 yr−1 with slope
0–15%, 15–30%, 30–45%, and >45%, respectively.

4. Discussion

High sediment yield for the steep slopes of deciduous forests can be influenced,
notwithstanding the fact that 31% of this land area type is within the slope gradient of
>45%, whereas that of evergreen forests is 23% (Figure 8a). Moreover, deciduous forests
showed a broad range in sediment yield with increasing slope (Figure 7b), indicating that
for steeper slopes, although most of the deciduous forest has low sediment yield, extreme
sediment yield occurs in some parts. Therefore, the deciduous forest steep slope gradient
(>45%) in the studied catchment should be prioritized for implementing soil conservation
measures. Besides the slope gradient, the high variation in sediment yield of the deciduous
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forest could be due to external factors arising from forest management activities. Forest
management operations like fewer or no thinning operations result in higher soil loss [53].
The forest environmental conditions related to forest management (stand height, species
composition and density, root density, litter, and understory vegetation) have a strong
influence on sediment yield [54,55]. According to Miyata et al. [56], forest floor coverage
can significantly reduce 95% of soil erosion compared to an uncovered forest. The external
factors discussed in this section could not be modeled because of the unavailability of
detailed data for such a large-scale catchment.
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Besides the slope gradient, the erosion potential of different soil types is closely related
to soil properties and external conditions like climate and land use. Regosols showed the
highest sediment yield with slope increase (Figure 7c), as a soil’s aggregate stability is
positively correlated with its organic matter, and regosols are the soil type with the least
organic matter [13,57]. Apart from their soil properties, the high sediment yield of regosols
can be closely related to land cover, as regosols are primarily found in agricultural and bare
lands showing higher sediment yield against the slope (Figure 8c). Meanwhile, andosols
have the lowest sediment yield, although 48% of these are found within the slope gradient
>30% (Figure 8b), primarily because andosols are derived from volcanic materials and have
high porosity and water infiltration capacity.

The SWAT model uses meteorological data, soil type, land cover, and topography as
primary input. Therefore, geological and rock types were not considered in the model.
However, based on our field observation, geological influence on the hydrological system
of the studied catchment can be observed (Figure 2). Therefore, the parameters influencing
groundwater flow, specifically for the limestone-dominated regions, were calibrated. If
information on geological and rock types can be integrated into the model simulation
of a future study, it may improve the model accuracy. Furthermore, we investigated the
sediment yield variations using slope gradient classes for different land cover and soil
types. However, the synergistic effect of land cover and soil type on sediment variation
by different slopes was not considered in the scope of this study. Moreover, extreme
precipitation events, where the slope effects can become severe to trigger landslides, gullies,
and streambank erosion, cannot be simulated by the standard SWAT used in this study.

5. Conclusions

The SWAT model was used to simulate the spatial distribution of high sediment yield
areas and evaluate slope gradient effects for different land cover and soil types in a steep
mountainous catchment. The model was calibrated and validated in daily time steps
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with the observed data and identified the high-sediment-yield areas. The SWAT model
simulated the streamflow and sediment yield satisfactorily.

Annual precipitation variation substantially influenced annual sediment yield, es-
pecially in the western parts of the catchment. Dry years reduced the sediment yield to
<1 ton ha−1 yr−1. However, it increased considerably with high precipitation, causing
a threefold increase in the sediment yield in high-sediment-yield subbasins during wet
years. PCA on land use, slope, and soil components showed that high sediment yield is
strongly correlated with the steepness of the slope in the studied catchment. The effects
of slope gradient on sediment yield are significant in areas with non-forested land cover.
Meanwhile, extreme sediment yield values are found in steeply sloped areas of deciduous
forests, indicating that these are priority areas for planning and developing soil conserva-
tion measures. The sediment yield variation by slope gradient results revealed that the
regosol soil type exhibited the highest sediment yield with slope steepness.

This research represents a detailed analysis of sediment yield and slope gradient for
different land cover and soil types in a steep mountainous catchment. Further in-depth
studies considering detailed soil detachment processes and particle size distribution for
different slope gradients of each land cover and soil type will potentially be useful. The
findings of this study can help plan and prepare for the prevention of high sediment yields
in steep catchments.
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Figure S6. Correlation matrix of the identified components; Table S1: Calibrated parameters for
streamflow and sediment.
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