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Abstract: Soil erosion is a major issue, causing the loss of topsoil and fertility in agricultural land in
mountainous terrain. Estimation of soil erosion in Nepal is essential because of its agriculture-dependent
economy (contributing 36% to national GDP) and for preparing erosion control plans. The present
study, for the first time, attempts to estimate the soil loss of Nepal through the application of the
Revised Universal Soil Loss Equation (RUSLE) model. In addition, it analyzes the effect of Land Use
and Land Cover (LULC) and slope () exposition on soil erosion. Nation-wide mean annual soil
loss of Nepal is estimated at 25 t ha~! yr~! with a total of 369 million tonnes (mT) of potential soil
loss. Soil erosion based on the physiographic region of the country shows that the Middle Mountains,
High Mountains, High Himal, Chure, and Terai have mean erosion rates of 38.0, 32.0, 28.0, 7.0, and
0.1tha! yr’l. The soil erosion rate by basins showed that the annual erosions of the Karnali, Gandaki,
Koshi, and Mahakali River basins are 135, 96, 79, and 15 mT, respectively. The mean soil erosion rate
was significantly high (34 t ha=! yr—!) for steep slopes ( > 26.8%) and the low (3 tha~! yr~!) for gentle
slopes (B < 5%). Based on LULC, the mean erosion rate for barren land was the highest (40 t ha=! yr—1),
followed by agricultural land (29 t ha~! yr~1), shrubland (25 tha~! yr!), grassland (23 t ha=! yr™1),
and forests (22 tha=! yr~1). The entire area had been categorized into 6 erosion classes based on the
erosion severity, and 11% of the area was found to be under a very severe erosion risk (>80 tha~! yr—1)
that urgently required reducing the risk of erosion.
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1. Introduction

Soil loss due to erosion is a global problem, especially affecting natural resources and agricultural
production [1-5]. The mean rates of soil erosion throughout the world are estimated to be between
12 and 15 t ha~! yr~! [6], meaning that every year the land surface losses are about 0.90-0.95 mm of
soil [7]. In the upland area, soil erosion is one of the most serious hazards [8,9]. Water erosion is by
far the most serious cause of land degradation, with a global estimate of about 11 million km? [10].
The loss of fertile soil in arable lands and the degradation in the quality of the soil resources are the
main on-site consequences of soil erosion [11]. Siltation of water bodies is an important off-site impact
of soil erosion [12]. One of the major factors causing destruction and sustainability of agriculture in
the upland is soil erosion [13]. Soil erosion by rainfall and surface water flow is generally affected by
five factors: Rainfall erosivity, soil erodibility, topography, surface coverage, and support practices [14].
In humid regions, soil erosion is of little concern in well-established forests and paddy fields, however
bare lands such as logging forests, construction areas, and upland crop fields on slopes are exposed to
a high risk of soil erosion. Studies have reported that soil erosion can be affected by the impact
of climate change [15]. Climate change affects the rate of soil erosion directly through the change
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in precipitation and temperature pattern and eventually altering the runoff, biomass production,
infiltration rate, soil moisture, and land use [15-17].

Soil erosion has a manifold effect on the environment and the economy [18]. Soil erosion removes
fertile topsoil and transports it into the water bodies, reducing the already limited cultivable land
and eventually causing the loss of food production. The transported sediments in water bodies will
degrade water quality and cause eutrophication of freshwater bodies [3]. Accelerated soil erosion
on one hand causes flood, drought and famine [19]. On the other hand, a large amount of sediment
discharged into the river affects reservoir and dams, increases their costs of maintenance and in long
run makes them unusable [20]. Understanding the status of soil erosion will help with the control of soil
erosion and ecological restoration. Although various researchers have undertaken studies related to
erosion issues [21-23], some attention with regards to erosion modeling is essential considering the
inaccessibility of the mountainous areas.

Several models exist to predict the extent of water-induced erosion [24]. The models range from
empirical (USLE/RUSLE,) to physical or process-based (MMEF [25], EUROSEM [26], GUEST [27,28];
LISEM [29]; WEPP [30]) and varies considerably in ramification and data input. The Universal Soil
Loss Equation (USLE) has been useful in predicting the mean rate of soil loss due to water erosion from
agricultural lands [31]. In the early 1990s, the basic USLE was updated and computerized to create
an erosion prediction tool called the Revised Universal Soil Loss Equation (RUSLE) [14]. The RUSLE
represents how climate, soil, topography, and land use affect rill and interrill soil erosion caused by
raindrop impacts. It has been extensively used to estimate soil erosion loss, to assess soil erosion
risk, and to guide development and conservation plans in order to control erosion under different
land-cover conditions, such as croplands, rangelands, and disturbed forest lands [32]. Most of the
erosion models are based on the USLE (e.g., AGNPS [33], ANSWERS [34], and SWAT [35]), on the
partition of the watershed in planes and channel elements (i.e., KINEROS [36], and EUROSEM [37])
or they are not intended for basin-scale use (i.e., CREAMS [38]). The MMF is considered to be
a process-based model, but runs at an annual time step, like (R)USLE. It simulates three soil erosion
processes, i.e., detachment by raindrop impact, detachment by runoff and immediate deposition.
The WEPP model [39] is intended to replace the USLE family models and expand the capabilities for
erosion prediction in a variety of landscapes and settings. EUROSEM [26] and GUEST [27,28] models
have been developed to describe and quantify soil erosion processes and are particularly suitable
for adaptation across a range of scales in the landscape. These models deal with the interception of
rainfall by the plant cover; the volume and kinetic energy of the rainfall reaching the ground surface
as direct throughfall and leaf drainage; the volume of streamflow; the volume of surface depression
storage; the detachment of soil particles by raindrop impact and by runoff; sediment deposition and
the transport capacity of the runoff. The LISEM model [29] is a physically based hydrological and soil
erosion model that is completely incorporated in a raster GIS. It can simulate splash erosion and rill
and inter-rill erosion. There are also other integrated models such as MODSIM, WRAP, Hydro-BEAM,
SWAT and RiverWare that integrate soil erosion process occurring within a watershed [40]. The use of
remote sensing and GIS techniques makes soil erosion estimation and its spatial distribution feasible
with reasonable costs and better accuracy in larger areas [32,41]. A combination of remote sensing,
GIS and RUSLE provides the potential to estimate soil erosion loss on a cell-by-cell basis [32].

Resource degradation in the Himalayan region is mainly caused by landslides, mudslides,
the collapse of man-made terraces, soil loss from steep slopes, and the decline of forest/pasture
areas [42]. About 45.5% of the land in Nepal suffers from water erosion, mostly through sheet and rill
erosion [43]. Various studies conducted in Nepal show that the soil loss through surface erosion from
agricultural land in the hills varies from less than 2 t ha=! yr~! to as high as 105 t ha~! yr~! [44]. Soil
erosion using field plots in Likhu Khola River Watershed in 1992 and 1993 registered the following
soil loss rates: 0.05 t ha~! yr~! under grassland and slightly degraded secondary forest, 11 t ha=! yr—!
under no cultivation, and 2.7-8.2 t ha~! yr’1 under rain-fed cultivation [45]. Other studies in the
Middle Mountain region show that the soil loss rates under conventional tillage as the following:
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14.39 tha™! yr’1 (Kavre Watershed; [46]), 3.01 tha™! yr’l (Kulekhani Watershed; [47]), 36.67 t ha—! y1"l
(Eastern Nepal; [48]), 2540 t ha—! yr~! (open degraded forest) and 3-25 t ha=! yr~! (sloping terraces;
Jhiku Khola Watershed; [43]). The most commonly used tolerable rate of soil erosion is 1 ta ha! yr_1 [49].
The mean annual erosion rate higher than this value can be considered as irreversible over 50-100
years [50].

This study uses the RUSLE model and a GIS to quantify and understand the spatial distribution
of soil erosion in Nepal, however the model is applicable only in the prediction of sheet erosion and
rill erosion. The model does not give an estimate of the rate of gully erosion. This is a first attempt in
estimating the soil erosion using the RUSLE model through a GIS application for the entire country.
For the first time, the study is producing an important result on the erosion and soil loss data by
physiographic region and river basin. The study provides a baseline for the entirety of Nepal and
contributes toward filling a data gap in a data lacking country.

2. Materials and Methods

2.1. Study Area

Nestled in central part of the Himalaya, Nepal extends from 26°22’ to 30°27” N in latitude and
80°04" to 88°12" E in longitude (Figure 1). The country is approximately 885 km from east to west,
and the north-south width varies from 130 to 260 km. Within this range, the altitudinal variation is
from approximately 60 m above mean sea level in the southern plain (called Terai) to Mount Everest
(8848 m) in the northeast. Out of 147,181 km?, the total area of the country, about 86% comprises of
hilly and mountainous regions, with the remaining 14% as flatland. The country is drained by large
rivers such as the Koshi, Gandaki, Karnali, and Mahakali, which originate in the southern Tibetan
plateau and cut across the high Himalaya, making the deepest gorges in the world.
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Figure 1. Location of the study area map: Nepal Himalaya. The inset map shows the position of Nepal
in the Himalayan range. The southern plain area (< 700 m) and the hilly region (700-1500 m) of Nepal
are commonly represented as Terai and Chure, respectively.

Rapid changes in altitude and aspect, along the latitude, have created a wide range of climatic
conditions in Nepal [51]. As a consequence, within a span of less than 200 km Nepal encounters almost
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all types of climates, from subtropical to alpine/arctic. The temperature in Nepal varies mainly with
topographic variations along south-north direction. Eighty percent of the precipitation in Nepal comes
in the form of summer monsoon rain and winter rains are more common in the western hills [52].
As the occurrence of monsoon rains being dominant in the temporal distribution of precipitation,
the season can be defined as monsoon (June to September), post-monsoon (October to November),
winter (December to February), and pre-monsoon (March to May). The climate of Nepal is mainly
characterized by altitude, topography, and seasonal atmospheric circulations [51].

2.2. Data Collection

The study used various spatial datasets acquired from different sources. The datasets and their
respective sources are shown in Table 1.

Table 1. The datasets used for the RUSLE modeling.

Datasets Data Source

ASTER GDEM! version 2 (30 m)

DEM* o L Ustems.or .
www.jspacesystems.or.jp/ersdac/ GDEM/E/4.html

A product of METIS and NASA*
Digital Soil Map of the World (2007)

Soil Map www.fao.org/geonetwork/srv/en/metadata.show?id=14116&currTab=distribution

Produced by FAO-UNESCO® (1:5,000,000 scale).
Landcover Map of Nepal (2010)
Produced by ICTIMOD
Mean Annual Precipitation of Nepal
Produced by DHM?

*DEM—Digital Elevation Model; *ASTER GDEM—Advanced Spaceborne Thermal Emission and Reflection,
Global Digital Elevation Model; SMETI—Ministry of Economy, Trade and Industry, Japan; ¥NASA—National
Aeronautics and Space Administration, US; *FAO-UNESCO-Food and Agriculture Organization, the United
Nations Educational, Scientific and Cultural Organization; QICIMOD—International Center for Integrated Mountain
Development; aDHM—Depar’cment of Hydrology and Meteorology, Government of Nepal.

Landcover Map

Rainfall Map

2.3. Methods

The RUSLE model was used in the GIS platform in this study ([14,53] Figure 2). The RUSLE was
designed to compute the mean annual soil loss for ground slopes where flow convergence/divergence
can be neglected, i.e., planar slopes, common in agricultural lands. The RUSLE is expressed by

an equation,
A = [R]*[K] + [LS] = [C] * [P], )

where, A = soil loss (t ha=! yr~1), R = rainfall erosivity factor (M] mm ha=! h~!, yr=1), K = soil
erodibility factor (t h MJ~! mm™1), LS = slope-length and slope steepness factor (dimensionless),
C =land management factor (dimensionless), and P = conservation practice factor (dimensionless).


www.jspacesystems.or.jp/ersdac/GDEM/E/4.html
www.fao.org/geonetwork/srv/en/metadata.show?id=14116&currTab=distribution
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Figure 2. The methodological framework of implementing the RUSLE model for soil erosion estimation.
2.3.1. RUSLE Parameters Computation
(a) Rainfall Erosivity Factor (R)

The rainfall erosivity factor (R) describes the erosivity of rainfall at a particular location based on
the rainfall amount and intensity, and reflects the effect of rainfall intensity on soil erosion. The rainfall
erosivity used in the RUSLE must quantify an effect of raindrop impact and explain the amount and
rate of runoff associate with rainfall [31] and its unit is expressed in M] mm ha=! h=! yr~1. In this
study, the rainfall map produced by the International Center for Integrated Mountain Development
(ICIMOD) was used to generate a rainfall erosivity factor. The rainfall map represents mean annual
precipitation over the country, produced from the ground meteorological stations. The equation
integrated to generate the R-factor is given by reference [54].

R =385+ 0.35P, @)

where, R = Rainfall Erosivity Factor, P = Mean Annual Rainfall in mm
(b) Soil Erodibility Factor (K)

The soil erodibility factor (K) is a quantitative description of the inherent erodibility of a particular
soil type; it is a measure of the susceptibility of soil particles to detachment and transport by rainfall and
runoff. The main soil properties influencing the K factor are soil texture, organic matter, soil structure
and permeability of the soil profile. For a particular soil, the soil erodibility factor is the rate of
erosion per unit erosion index from a standard unit plot of 22.13 m long slope length with 9% of slope
gradient [55]. It reflects the rate of soil loss per rainfall erosivity (R) index.

In the absence of soil structure and soil permeability value, as needed in original equation [31],
the equation provided by reference [56] was used to estimate the soil erodibility of soil.

K = Fcsand * Fsi — cl x Forgc x Fhisand * 0.1317, 3)
where,

Fcsand = [0.2 + 0.3 exp (—0.0256 SAN (1 - féé) ) I (4)
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, siL 193
Fi—cl = [cuwsﬂ / ©
0.25C
Forge = [1'0 " C+exp(372—295C) } ©)
. 0.70 SN1
Fhisand = [1'0 "~ SN+ exp(—551 +22.9 SN1) ] @

where, SAN, SIL and CLA are % sand, silt and clay, respectively; C is the organic carbon content; and
SN1 is sand content subtracted from 1 and divided by 100.

Fcsand = it gives a low soil erodibility factor for soil with coarse sand and a high value for soil with
little sand content.

Fsi-cl = it gives a low soil erodibility factor with high clay to silt ration

Forgc = it is the factor that reduces soil erodibility for soil with high organic content.

Fhisand= it is the factor that reduces soil erodibility for soil with extremely high sand content.

(c) Topographic Factor (LS)

The topographic factor or Slope Length and Steepness Factors (LS) was created from two
sub-factors: a slope gradient factor (S) and a slope-length factor (L); both of which are determined
from the Digital Elevation Model (DEM). Slope-length and gradient is the important parameter in the
soil erosion modeling [25], in calculating the transport capacity of overland flow (Surface runoff).

The L represents the effect of slope length on erosion. The soil loss per unit area increases as
the slope length increases [55]. The S represents the effect of slope steepness on erosion. Soil loss
increases more rapidly with slope steepness than it does with slope length. The relationship of soil loss
to terrain gradient is influenced by the vegetation coverage and the soil particle size. The LS factor
represents erodibility due to combinations of slope length and steepness relative to a standard unit
plot. It expresses the effect of topography, specifically hill slope length and steepness, on soil erosion.
An increase in hill slope length and steepness results in an increase in the LS factor.

The input requirement for the creation of the topographic grid is a filled DEM. Filling a DEM can
be described as identifying any sinks or cells that have a lower elevation value than the surrounding
cells and giving them a higher elevation value. When the sinks are filled, the area is given a mean
value, which is calculated using the value of the neighboring cells [57]. The slopes gradient and slope
length factors were calculated from the DEM and combined to result in the topographical factor grid

using the following relation [58]. .
A
L= (22.13) ’ ®

where, L = slope length factor, A = slope length (m), m = slope-length exponent

F
"EITE ©
Fo sz’nﬁ/008.0896 / (10)
3(sinB)"" +0.56
where, F = Ratio of rill erosion to interrill erosion, § = slope angle (°)
In ArcGIS, L was calculated as,
I — (flowgee + 625)<m+1) - fZOZUaCC(erl)/ (11)

25(m+2) 22 13m
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For slope gradient factor,

S = Con((Tan(slope * 0.01745) < 0.09),(10.8 * Sin(slope + 0.01745) + 0.03),

12
(16.8 * Sin(slope * 0.01745) — 0.5)), (12)

Final, LS=L %S, (13)

(d) Cover Management Factor (C)

The cover-management factor (C) is used to reflect the effect of cropping and other management
practices on erosion rates. Vegetation cover is the second most important factor next to topography
that controls soil erosion risk. The land cover intercepts rainfall, increases infiltration, and reduces
rainfall energy. In areas where land uses other than cropping dominate, as in the Himalaya, the C
factor is normally assigned based on a simple assessment of vegetation cover, rather than close analysis
of agricultural cropping patterns. In this study, Land Use/Land Cover (LULC) produced by the
ICIMOD was used for preparing a C-factor map. First, the raster map was converted to polygon
and the attributes with same landuse type were merged in ArcGIS. From this, eight types of landuse
were obtained (Table 2). For each landuse type, C values were assigned through reference [59]. The C
factor ranges from 0 to approximately 1, where higher values indicate no cover effect and soil loss
comparable to that from a tilled bare fallow, while lower C means a very strong cover effect resulting
in no erosion [60].

Table 2. Cover Management Factor.

Land Use C Factor
Forest 0.03
Shrubland 0.03
Grassland 0.01
Agricultural Land 0.21
Barren Land 0.45
Water Body 0.00
Snow Glacier 0.00
Built-Up 0.00

(e) Support Practice Factor (P)

Support practice factor indicates the rate of soil loss according to the various cultivated lands.
There are contours, cropping, and terrace as its methods and it is important factor that can control
the erosion [61]. The P values range from 0 to 1, where the value 0 represents a very good anthropic
erosion resistance facility and the value 1 indicates a non-anthropic resistance erosion facility (Table 3).
In Nepal, farming practices in sloppy agriculture land occur through the construction of terraces that
closely resembles the contour farmland, which is a mean of conservation farming. Thus, we consider
the contour farmland as an agricultural support practice.

Table 3. P factor values for slope as per agricultural practice [61].

Slope %  Contouring

0-7 0.55
7-11.3 0.60
11.3-17.6 0.80
17.6-26.8 0.95

>26.8 1.00
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2.3.2. Potential Erosion Map

The input data were processed in ArcGIS and five factor maps: R, K, LS, C and P, were produced
(Figure 3). These raster maps were integrated within the ArcGIS environment using the RUSLE relation
to generate composite maps of the estimated erosion loss within the study area. Using a zonal statistics
tool, we computed an area-weighted mean of the potential erosion rates for the physiographic regions
and the basins of Nepal. Similarly, the erosion rates for slopes and LULC were generated to explore
the relationship between slope and LULC on erosion. First, the slope map of Nepal was generated
from DEM in ArcGIS and then reclassified into 5 classes [61]. The erosion values for each class were
thus obtained using zonal statistics. The results are presented in the form of maps, tables and graphs.
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Figure 3. Factor maps of soil erosion modeling of Nepal (a) Map of Rainfall erosivity factor of Nepal;
(b) Soil Erodibility factor Map of Nepal (c) Topographic factor Map of Nepal (d) Cover Management
factor map of Nepal (e) Support Practice factor Map of Nepal.
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3. Results

3.1. Factor Maps

The results showed that the Rainfall Erosivity Factor (R) value ranges between 157 and
1981 MJ mm ha~! h~! yr~! with the highest values being in the eastern part of the country and
the lower values in the North-western part of the country (Figure 3a). Soil Erodibility Factor (K) value
ranged from 0.014 to 0.023 (Figure 3b). The topographic Factor (LS) value for the entire area ranged
from 2.5 to 59.5 (Figure 3c). The value of the Cover Management Factor (C) ranged between 0 and 0.45.
The value indicates the percentage erosive capacity in comparison with bare fallow area. The highest
value of 0.45 indicates that 45% of erosion occurs in the area in comparison with the bare fallow land
(Figure 3d). The Support Practice Factor (P) value ranged from 0.55 to 1 where a higher value indicates
there is no any support practice such that erosion is at its maximum due to the absence of any practice
(Figure 3e).

3.2. Potential Soil Erosion Rates of Nepal

The potential soil erosion map of Nepal has been produced in ArcGIS by multiplying the factor
maps (Figure 4; Table 4). It has been found that the erosion ranges from 0 to 273 t ha=! yr~! for the
entire study area. The total annual mean soil loss has been estimated to be 369 mT for all of Nepal.

80°E 82°F 84°F 86°F 88°F
N
=
z £
8
=
z &
= Erosion (t ha'yr)
0-5
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10-20
20-40
40-80 z
0 50 100km 2
g 80 < r:_,‘_-l Country Boundary l &
LA T T T T T L\
80°E 82°E 84°E 86°E 88°E

Figure 4. Map of Nepal showing Potential Soil Erosion Rate (t ha~! yr~!) of Nepal.

Table 4. Potential soil erosion rate of Nepal.

Erosion Class Mean Erosion Rate Total Erosion

Area (km?) Min Max

(tha=lyr 1) (tha=lyr1) (mT yr— 1)
0-25 110,741 0 21 5.22 57.80
25-50 12,965 28 49 34.96 45.33
50-100 9422 56 98 75.84 71.46
100-150 6495 105 147 123.91 80.48
150-200 3454 154 196 172.06 59.42
200-250 1742 203 245 221.63 38.61

250-273 632 252 273 261.89 16.55
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3.3. Soil Erosion by Physiographic Region

Nepal is divided into five regions on the basis of physiography, i.e., Terai, Chure, the Middle
Mountains, the High Mountains and High Himal. The potential soil erosion rates for each region have
been disaggregated by physiographic region and basin. Similarly, the highest rate of soil erosion is at
the Middle Mountains with mean rate of 38.39 t ha—! yr~! followed by the High Mountains and High
Himal. Terai has the lowest erosion rate (Figure 5a; Table 5).

(a) ,t
High M°""atai'\‘§“K‘High Himal

Jerai

Middle Mountains

Terai

__ Terai

Mahakali’/]

Soil Loss
- Mean Erosion Rate (t ha-1yr-1)
- Soil Loss (mT yr-1)

Figure 5. Mean soil erosion rate and total soil loss by (a) physiographic region and (b) major river basin.

Table 5. Soil erosion rate by physiographic region.

Phys1osraph1c Area (km?) Min Max Mean Ei(islmllR ate Soil Loss (mT yr~1)
Region (tha=" yr=)
Terai 20,077 0 154 0.1 0.1
Chure 18,923 0 273 6.9 13.0
Middle 43,065 7 273 38.4 165.3
Mountain
High Mountain 29,826 7 273 32.5 96.8
High Himal 33,543 0 273 28.1 94.4

3.4. Soil Erosion by the Major River Basins

Four major river basins (Koshi, Gandaki, Karnali, and Mahakali) drain across Nepal from North
to South, originating from High Himalaya and draining out to the Ganges. Other basins originate
in the Mahabharat and Chure mountain ranges. The erosion rates were disaggregated by the basins
(Figure 5b; Table 6). The Mahakali River basin has the highest mean erosion rate followed by the
Karnali, Koshi, and Gandaki River basins while the highest total soil erosion is observed in the Karnali
River basin because of its large basin areas.
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Table 6. Soil erosion rate by basin.

SN Basin Name  Area of the Basin (km?) Mean Erosion Rate (tha=1yr~!)  Soil Loss (mT yr—!)

1 Mahakali 4995 329 15.6
2 Churiya 6204 * 3.3 2.2
3 Karnali 43,010 32.2 135.8
4 Babai 3335 15.8 5.3
5 Rapti 6368 28.4 18.0
6 Gandaki 31,897 30.7 96.1
7 Bagmati 3421 14.8 5.1
8 Kamala 2381 79 1.9
9 Koshi 26,218 31.0 79.7
10 Mechi 493 25.8 3.3

*sum of all Churiya basins.

3.5. Classification by Severity and Conservation Priority

The soil erosion rate of Nepal classified into 6 erosion classes, indicating the conservation priority
regions (Table 7) based on the erosion severity as classified by reference [62]. The areas with very
severe erosion values have been recognized as 1t priority and so on. From the study, 11% of the areas
need conservation strategies as they have very severe erosion rates.

Table 7. Soil erosion classes by severity and conservation priority.

Erosion Rate (tha—1yr—1) Class Area (km?) Area %  Conservation Priority
0-5 Slight 64,224 441 6
5-10 Moderate 20,756 14.2 5
10-20 High 15,462 10.6 4
20-40 Very High 19,337 13.3 3
40-80 Severe 9885 6.8 2
80 < Very 16,087 11.0 1
Severe

3.6. Soil Erosion by Slope

The soil erosion rates were about 34 t ha~! yr~! for steep slopes (B > 26.8%) and about
3tha~!yr~! for gentle slopes (B < 5%). A total of 328 mT yr~! soil loss is estimated from the
areas having slopes greater than 26.8% (Figure 6a).
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Figure 6. Bar diagram showing soil erosion rate of Nepal by (a) Slope (b) LULC.
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3.7. Soil Erosion by Land Use and Land Cover

Soil erosion rate has been studied for eight types of land cover. The mean erosion rate for barren
land was the highest followed by agriculture, shrubland, grassland and forests (Figure 6b).

4. Discussion

This study used a modeling approach—the RUSLE based method-to develop a detailed spatial
assessment of the distribution of erosion risk across the entire country using remotely-sensed data
and automated analysis of land cover and slope gradient. Though studies have been performed at
watershed and regional scales in the past, this is the first time that such an approach has been used to
assess erosion risk across an entire central Himalayan region, and the methodology still has certain
limitations, but it provides a useful means of identifying priority areas to consider for interventions
to reduce soil erosion. This method was adopted and used by similar other studies having similar
geographic characteristics (e.g., references [63,64]). The R-factor, LS-factor, and all other factors should
carefully be considered while assessing the uncertainties of the erosion model. We used an annual
precipitation map to determine the R-factor through a regression equation due to lack of high temporal
resolution data at such large spatial scales. The LS-factor may also include uncertainties in such high
slopes. The maximum slope in the study area is also higher than 26°, which is thought to be the
maximum slope in the original RUSLE formulations [65].

Results shows that Nepal is vulnerable to soil erosion hazards (25 t ha~! yr’l) due to five major
factors, a high annual precipitation, the soil characteristics, mainly texture and steep slopes, land covers
and soil conservation practices along the slopes. The total soil erosion of the entirety of Nepal has
been estimated to be 369 mT yr~! varying from as low as 0 to 273 t ha~! yr~!. This rate is higher than
in most other parts of the world. The soil erosion rates in India ranges from 0.5-185 t ha=! yr—! [11].
The rate has been estimated to be 1-70 t ha~! yr~! for Ethiopia, 0.1-200 for the United Kingdom,
0.7-179tha! yr’1 for Europe [66], and 10.8-146 t ha™1 yl"l for Africa [67]. However, the erosion rate
in China and other mountainous regions is higher than in Nepal. The erosion rate in China is estimated
to be 0.1-360 t ha=! yr~! [11]. The range of erosion rate in Nepal as suggested by this study is almost
equal to that of Australia (0-276 t ha=! yr~!) as estimated by reference [68]. The higher erosion rates in
China and Australia indicate the vulnerability to erosion of the semi-arid and semi-humid areas of the
world. The soil erosion rates in mountainous region, like Andes, are observed to be much higher than in
the Nepalese Himalaya. The soil erosion rate in Columbian Andes ranges from 514.0-873.3 t ha=! yr—!
in bare soil [69].

The soil erosion increases with an increase in slope, which is also reported by reference [70] in 5
different slopes, showing that the cumulative soil loss after rainfall increases with the slope gradient
for rainfall intensities and is more pronounced for the higher slopes. The soil erosion value which
is higher towards the eastern hills, middle mountains and high mountains, and being lower in the
Terai (Figure 4) can be explained in relation to the slope and 80% of the annual precipitation being
under the influence of the summer monsoon. Similarly, the rainfall erosivity value in trans-Himalaya
is seen to be lower in comparison with other regions (Figure 3a), which can be accounted to the lower
mean annual precipitation in the region as rainfall erosivity is directly related with the amount of
energy produced by rainfall. The largest share of the land area is the hills and mountains, nearly 80%
comprising the youngest geological formations, the Himalaya, the foothills and Chure, and the sloping
nature, where the soil erosion is likely to be greater in comparison with the plain lands, such as Terai.

As mentioned in reference [14], the C factor varies from region to region and is strongly influenced
by other conditions or subfactors, which are prior, land use, canopy cover, surface cover, surface
roughness and soil moisture. In this study, the C factor has been assigned according to the LULC of
the area that ranges from 0 to 1. As land cover is added to soil, the C-factor value approaches to ‘0".
Zero indicates that there is no erosion compared to the bare fallow area. As the value approaches 1,
the erosion also increases.
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The estimated mean soil erosion rates for barren land, agricultural land, grassland, shrubland and
forest are 40.6,29.3, 25.3,23.8, and 22.2 t ha~! yrfl, respectively. Land-use types with crop cultivation
are much more exposed to soil loss than land-use types under semi or natural vegetation such as
grassland, rangeland, shrub land, and forest [67]. The erosion rate in undisturbed forestland is usually
very low. Studies indicated that the reduction of overstorey canopy [71]; removal or alteration of
vegetation, destruction of forest [72], mining [73], human-caused fires [74], and soil compaction from
domestic animals grazing [75,76] significantly increase soil erosion risk [31,67] which supports our
finding that the forests and grasslands have low erosion rates in comparison with other land use.

The estimated erosion values by physiographic region (Table 4) i.e., mean annual erosion of
356 mt and hills, middle mountains and high mountain (slope rise 17.6% and above) with annual
mean soil loss of 352 mT, have the highest potential erosion rate, which is similar to the study of
reference [59] in southern Spain, which shows that soil loss is high in high altitudes with scattered
vegetation. Gentle slopes (slopes < 5%) have the least mean erosion rate while the highest mean
erosion rate is estimated for steep slopes (>26.8%) (Table 7). The severe erosion rate occurs especially
on marginal and steep lands, which have been converted from forests to agriculture to replace the
already eroded and unproductive croplands [3,77].

Results provided by running a soil erosion assessment model [25] in a GIS environment at Likhu
Khola Valley through field plots show that annual soil loss rates are the highest (up to 56 t ha=! yr—1)
in the areas with rain-fed cultivation, which is directly related to the sloping nature of the terraces [45],
which is similar to the finding of this research that soil loss from the cultivation land is highest
compared to other landuse in terms of area. Higher erosion on longer slopes may be due to increased
runoff velocity on longer slope lengths [78], and therefore increases rill erosion. Laflen and Saveson [79]
observed a linear increase in soil erosion with an increase in slope length. Mutchler & Greer [80]
reported that the magnitude of the slope length exponent depends on slope gradient. In Nigeria, [81]
observed that on bare uncultivated slopes, soil erosion increased with an increase in slope length.
In the highlands of Guatemala, the soil loss ranged from 50.5 t ha~! on 2.4 m plots to 144 t ha~! on
14.7 m plots [82].

The mean annual erosion rate of the Karnali River basin was the highest with 135 mT loss, which
is followed by the Gandaki, Koshi, and Mahakali River basins which are estimated as 96 mT yr’l,
79 mT yr~!, and 15 mT yr~!, respectively (Figure 5; Table 5). These results are congruent with the
erosion estimates for other areas. For instance, the estimated soil erosion rate of the Karnali River basin
is 32 t ha~! yr~! which is comparable with the erosion rate, 38 t ha~! yr~—! in the Karnali River basin
by [83] using TRMM data to produce rainfall erosivity factor. In a study by reference [84], the total
annual soil loss for the entire Koshi River basin was estimated to be 40 mT. The differences in the
results may be due to the differences in the data acquisition and data processes. The K factor for
the Koshi basin was assigned from literatures, the C factor was derived from Normalized Difference
Vegetation Index and LULC was used to classify the P factor in the study of erosion by reference [84],
whereas in this study, DSMW was used to make the K factor map, the LULC was used to produce the
C factor map referring the values from published literatures, and slope map was used to produce the
P factor map. When compared with the mean erosion rate by LULC, the outcomes are in line with
reference [84]. The highest mean erosion rate was from barren lands followed by agricultural lands
and forests and found to be 22, 4.5, and 0.5 t ha—! yr’1 whereas, from this study, the highest mean
erosion rate was found for barren land followed by agricultural lands with the least being for forests.

It is suggested that losses of up to 25 t ha=! yr~!
environments [85]. The study estimates the mean annual erosion of 25 t ha~! yr~—!, varying from 0 to
273 tha~! yr~!. These values suggest that the soil loss is above the tolerable limits for the topography
and attention is needed to reduce the soil loss in vulnerable areas. The erosion not only affects the land,

may be tolerable in young mountain

but also results in many negative impacts from sedimentation downstream. Thus, it is important to
design and implement erosion control practices. To maximize the effectiveness, the control measures
must be targeted at the most vulnerable areas where the impact is likely to be the greatest.
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Support practices are extremely important in reducing soil erosion in sloping and high erosive
areas. Cover and crop management factor (C factor), can also reduce soil erosion by water in arable
lands, hence preventing the loss of nutrients and preserving soil organic carbon. The increase of grass
margins, the maintenance of stone-walls, and the application of contour farming can further reduce
soil loss rates in arable lands [59].

It is useful to assess the accuracy of the soil erosion estimation from the models using the
field-based measurements over a set of sites. The results were compared with the estimated erosion
levels at watershed scale and for different land cover classes derived from published field data and
with other model-based results, mostly pertaining to mid and high hill areas in Nepal with similar
characteristics. The RUSLE derived mean erosion rates for different types of land cover were within
the range given by other authors [44-48,71-76] and the RUSLE models were relatively successful in
predicting the relative pattern of soil loss. However, the mid-hills of Nepal are extremely heterogeneous
in terms of rainfall distribution, topography, soil, and cultural practices and this leads to a high variation
in erosion levels. One-to-one comparison of the estimates over a set of sites is essential for proper
validation and refinement of the model. In the future, such studies could be undertaken in the course
of investigations of areas suggested for conservation activities, and an iterative process could be used
to refine the model and improve recommendations.

5. Conclusions

Soil erosion is a global issue with its major impact being on agricultural lands. The importance
of the study is to produce the spatial distribution of soil erosion of Nepal, which can be used the
conservation and management planning processes, at the policy level, by land use planners and
policy-makers. The output is based on the model RUSLE processed in ArcGIS. The five factors that
influence the soil erosion by water include rainfall erosivity, soil erodibility, topography, cover and
support practices. The mean potential soil erosion rate for Nepal is estimated to be 25 t ha=! yr—!,
with an annual loss of 369 mT. It has been found that the erosion rate of Nepal varies from as low
as 0 t to 273 tha—! yr~!. By physiographic region, it has been found that the Middle Mountains
have the maximum mean annual erosion with 38.39 t ha~! yr~! followed by the high mountains
(32.46 tha~! yr~1!) with Terai having the lowest erosion potential (0.06 t ha=! yr—1). In terms of basins,
the Karnali River basin had the highest mean annual erosion (165 mT) followed by the Gandaki (96 mT),
Koshi (78 mT), and Mahakali River basins (15 mT; Figure 5; Table 5). The entire area is classified into 6
erosion risk classes, and priority level with priority 1 to the most severe erosion. By severity, 44% of
the area was found to be the least erosion rate ranging from 0 to 5 t ha=! yr~!. This study shows that
56% of the area needs conservation attention to reduce the risk of soil erosion. The mean erosion rate
was high in barren lands, followed by agricultural lands, shrubs, grasslands and forests. The highest
erosion rates were observed in steep slopes >26.8%. In a country, like Nepal, which lacks continuous
and long-term monitoring of erosion hazards, RUSLE erosion modeling to develop a detailed spatial
assessment of erosion hazards using remotely-sensed data and automated analysis of land cover and
slope gradient could be a good option.
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