@’PLOS ‘ ONE

CrossMark

click for updates

E OPEN ACCESS

Citation: Uddin K, Murthy MSR, Wahid SM, Matin
MA (2016) Estimation of Soil Erosion Dynamics in the
Koshi Basin Using GIS and Remote Sensing to
Assess Priority Areas for Conservation. PLoS ONE
11(3): €0150494. doi:10.1371/journal.pone.0150494

Editor: Quazi K. Hassan, University of Calgary,
CANADA

Received: September 14, 2015
Accepted: February 15, 2016
Published: March 10, 2016

Copyright: © 2016 Uddin et al. This is an open
access article distributed under the terms of the
Creative Commons Aftribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and Supporting Information files.

Funding: The authors acknowledge the support of
the Australian Government for the research through
funding of the Koshi Basin Programme (http://www.
icimod.org/kbp), and the support of NASA-USAID
through the SERVIR-Himalaya initiative which
provided the land cover data.

Competing Interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Estimation of Soil Erosion Dynamics in the
Koshi Basin Using GIS and Remote Sensing to
Assess Priority Areas for Conservation

Kabir Uddin*, M. S. R. Murthy, Shahriar M. Wahid, Mir A. Matin

International Centre for Integrated Mountain Development, GPO Box 3226, Kathmandu, Nepal

* Kabir.Uddin@icimod.org

Abstract

High levels of water-induced erosion in the transboundary Himalayan river basins are con-
tributing to substantial changes in basin hydrology and inundation. Basin-wide information
on erosion dynamics is needed for conservation planning, but field-based studies are lim-
ited. This study used remote sensing (RS) data and a geographic information system (GIS)
to estimate the spatial distribution of soil erosion across the entire Koshi basin, to identify
changes between 1990 and 2010, and to develop a conservation priority map. The revised
universal soil loss equation (RUSLE) was used in an ArcGIS environment with rainfall ero-
sivity, soil erodibility, slope length and steepness, cover-management, and support practice
factors as primary parameters. The estimated annual erosion from the basin was around 40
million tonnes (40 million tonnes in 1990 and 42 million tonnes in 2010). The results were
within the range of reported levels derived from isolated plot measurements and model esti-
mates. Erosion risk was divided into eight classes from very low to extremely high and
mapped to show the spatial pattern of soil erosion risk in the basin in 1990 and 2010. The
erosion risk class remained unchanged between 1990 and 2010 in close to 87% of the
study area, butincreased over 9.0% of the area and decreased over 3.8%, indicating an
overall worsening of the situation. Areas with a high and increasing risk of erosion were
identified as priority areas for conservation. The study provides the first assessment of ero-
sion dynamics at the basin level and provides a basis for identifying conservation priorities
across the Koshi basin. The model has a good potential for application in similar river basins
in the Himalayan region.

Introduction

Land degradation, sedimentation, and ecological degradation tend to increase as a result of
inappropriate land use and management practices [1]. Soil erosion is contributing to substan-
tial changes in basin hydrology and inundation [2] in the transboundary Himalayan river
basins, and the problems are compounded by social, economic, and political changes [3].
Water-induced erosion in the mountain and hill areas of these basins is very high [4, 5] as a
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result of the steep slopes [6] as well as terrace agricultural practices with poor management.
The rivers in the region transport heavy loads of sediment [7, 8] which are deposited down-
stream, leading among others to the formation of islands in the Ganges and Brahmaputra delta
[6, 9]. Soil erosion has been reported to affect crop production [10], and also leads to sedimen-
tation in dams [5, 11, 12]. Information on the spatial distribution patterns and dynamic
changes in erosion across the river basins is needed to develop plans and determine priorities
for controlling soil erosion at the river basin level.

The Koshi basin extends from the Tibetan Plateau in China, through Nepal, to the Gangetic
plains in India. It has a diverse topography, geology, and geomorphology, and a wide range of
different land use practices, and is also strongly affected by soil erosion, sediment transport,
and land degradation [13-15]. The land and water resources of the basin are at risk as a result
of rapid population growth, deforestation, soil erosion, sediment deposition, and flooding [16,
17] and are not used as effectively as they could be to improve the livelihoods and socioeco-
nomic conditions of the local people [18]. The distinct topography and land cover scenario of
the basin means that there are three different erosion regimes: 1) the high mountains with
steep to moderate slopes and predominant land cover of grass, snow, and glaciers; 2) the mid-
dle mountains with steep to moderate slopes and predominant land cover of forest and agricul-
ture; and 3) the low hills and plains with predominant land cover of agriculture. Studies based
on small-scale erosion assessments using field or model-based methods have reported high
erosion rates in the middle mountains of Nepal, which includes the most susceptible part of the
Koshi basin [19, 20].

High and intense erosion is one of the most distinctive characteristics of the Koshi basin.
The high levels of erosion result in high levels of sedimentation which affect storage infrastruc-
ture (filling of dammed lakes), can destroy agricultural land, and contribute to downstream flu-
vial hazards. Although it is well known that the high level of erosion and sedimentation is
primarily the result of the young, fragile, and tectonically active nature of the Himalayan
mountains, little is known in detail about the contribution from different geologic/geomorphic
units and landscapes. This poses challenges for planning, especially planning of water infra-
structure such as hydropower and irrigation schemes, where knowledge of the potential sedi-
mentation risk is paramount, and planning to reduce erosion risk. The main approach used in
sustainable sediment management is to reduce levels of erosion, although directing sedimenta-
tion can also play a role. But in order to be able to control erosion effectively, it is first necessary
to have information about its spatial and temporal distribution. Erosion control also has an
important role to play in reducing flood risk in the flood plains of Nepal and Bihar, where silta-
tion following floods is one of the major causes of loss of useful agricultural land. Small scale
field studies can help in planning erosion control measures for small catchments, but spatial
information on erosion dynamics and quantity at the river basin scale is needed to plan effec-
tive soil conservation and erosion control measures that address the problems of siltation along
the major rivers and downstream in the flood plain areas.

It is important to identify the most sensitive areas for soil erosion in the Koshi basin, so that
priority areas can be determined for conservation measures, but this is methodologically chal-
lenging. Soil erosion management strategies in the Koshi basin are constrained by the scarcity
and fragmented nature of the available data. Few field measurements have been carried out
using standardised protocols, and none over the whole basin, and there have been very few
studies that analyse the spatial trends in erosion and the relationship to land use practices and
rainfall regimes. Most studies on erosion in the Koshi basin have focused on individual plots or
catchments in the middle mountains of the Nepal Himalayas because the topography, land use
dynamics, and high spatial and temporal variability in rainfall lead to higher levels of erosion
[5,7]. Although a number of researchers have attempted to fill the gap in erosion data at
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various scales [5, 8, 21, 22], none have presented information on erosion patterns and dynam-
ics for the entire basin. This paper aims to help fill this gap by describing a relatively simple
method for estimating the spatial distribution and total value of soil erosion across the whole
basin.

Soil erosion can be estimated using empirical or physically-based models. Empirical soil ero-
sion models include the Universal Soil Loss Equation (USLE) [23], Chemical Runoff and Ero-
sion from Agricultural Management Systems (CREAMS) [24], Agricultural Nonpoint Source
model (AGNPS) [25], Revised Universal Soil Loss Equation (RUSLE) [26], and Modified Uni-
versal Soil Loss Equation (MUSLE) [27]. In theory, physically-based models have an advantage
over empirical models because they can be combined with physically-based hydrological mod-
els. Fully distributed physical models such as Water Erosion Prediction Project (WEPP) and
Agricultural Non-Point Source Model (AGNPS) perform better than equation-based models,
but the cost of computation is high and they require a large amount of input data at high spatial
resolution [20, 28]. Complete listings and descriptions of different soil erosion models can be
found in [29]. The empirical RUSLE model remains the most popular tool for assessing water
erosion hazards due to its modest data demands and easily comprehensible model structure,
especially in developing countries where the possibilities for applying more complex models
are often limited by a lack of adequate input data. In recent decades, RUSLE and its adapted
versions [26, 30] have been applied worldwide in different regions and at different spatial
scales. The RUSLE-GIS interface has several advantages in terms of easy updating, integration
of spatially referenced data, and the facility to present the mapping results in different forms. A
number of studies have shown good results using RUSLE together with GIS methods and RS
data to model soil erosion (e.g. [31-33]).

There have been a number of model-based studies of soil erosion in small individual water-
sheds in the Nepal Himalayas. RUSLE has been used successfully to assess soil erosion in the
Trijuga [34] and Kulekhani [35] watersheds. Satisfactory results have also been obtained using
the Revised Morgan, Morgan, and Finney (RMMF) model in the Pakhribas [36] and Likkhu
Khola valleys [37], and RUSLE in the Bagmati basin [20]. Quincey and others Quincey et al.
[38] used the Limburg Soil Erosion Model [39] to estimate soil erosion in the Pokhare Khola
watershed at mid elevations, and high and medium spatial resolution optical images were used
with a GIS to assess erosion-prone areas in the Mustang watershed [40]. RUSLE and RMMF
have also been applied to the Kalchi Khola watershed to predict soil loss rates and the spatial
erosion pattern [20]. In the present study, we used the RUSLE model together with remote
sensing (RS) data and GIS to make a basin-wide assessment of erosion dynamics in the Koshi
river basin and determine priority areas for soil conservation and erosion prevention.

Materials and Methods

The study did not require any specific permission for field sites because most of the analysis
was carried out using remotely-sensed data.

Study Area

The Koshi river basin lies between 85.02° and 88.95° E longitude and 25.33° and 29.14° N lati-
tude, with a total area of 88,518 km” (Fig 1) and encompasses the eastern highlands and low-
land system of the Ganges river. The basin extends from the Tibet Autonomous Region in
China, through Nepal, to Bihar State in India, and has seven major sub-basins: the Tama
Koshi, Arun, Dudh Koshi, Likhu, Tama, Sun Koshi, and Indrawati. The basin contains a rich
biodiversity and is a source of valuable ecosystem services that sustain the lives and livelihoods
of millions of people in China, India, and Nepal [41] The regulating and support services
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Fig 1. The Koshi basin.

doi:10.1371/journal.pone.0150494.g001

include ground water recharge, flood control, and carbon sequestration, and contribute to both
regional and global climate regulation.

The basin has five distinct landscapes: the Tibetan plateau, high mountains, middle moun-
tains, low mountains and hills, and plains or Terai. The digital elevation model (DEM) from
the Shuttle Radar Topographic Mission (SRTM) shows an elevation range from 21 to 8,848m
[42], and slopes ranging from 0 to 88.76 degrees. About 15% of the basin area has a slope of
more than 30 degrees. The climate in the northern and southern parts is different. Most of the
basin is characterised by heavy precipitation during the monsoon season (June to September)
when more than 80% of annual precipitation [43] occurs, but the extreme north lies in the rain
shadow plains and arid hill areas of Tibet AR. The maximum average annual precipitation in
the basin is 3078 mm and the minimum 207 mm [44].

The average outflow of the Koshi river is estimated to be 47.2 km>/year [45]. The Koshi is a
powerful river system with a history of shifting direction and causing widespread damage in
both Nepal and India, which has earned it the name of the ‘Sorrow of Bihar’. Many families live
in fear of the river bursting its banks, and flooding their homes and land. At the same time, the
ecosystem goods and services from the Koshi basin have contributed greatly to people’s liveli-
hoods and the local economy and the water resources are used for irrigation, fishing, watering
animals, and religious rituals, as well as normal domestic purposes.

Data Processes

Combining the Universal Soil Loss Equation and GIS. USLE and RUSLE are widely
used to estimate rill erosion on overland flow areas. The equations use a combination of geo-
physical and land cover factors to estimate the likely annual soil loss from a unit of land.
RUSLE was used to assess the spatial patterns of erosion risk in the study area. Recent advances
in GIS and remote sensing technology have enabled a more accurate estimation of the factors
used in the calculation [46, 47,48, 49]. Each of the factors was derived separately in raster data
format and the erosion calculated using the map algebra functions. Fig 2 shows the framework
for the RUSLE model calculation.

RUSLE is expressed as given in [23]:

A=RxKXxLxSxCxP (1)
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Fig 2. Flow chart for modelling soil erosion.
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where, A is estimated average soil loss in t ha'lyr'l, R is the rainfall-erosivity factor, K is the soil
erodibility index, L is the slope length factor (dimensionless), S is the slope steepness factor
(dimensionless), C is the cover-management factor (dimensionless), and P is the supporting
practices factor (dimensionless).

The RUSLE parameters were calculated using separate equations with input generated from
satellite images and a DEM. The input data, their sources, and the equations used are listed in
Table 1. The equations available in the literature for calculating the factors were tested itera-
tively and the optimal equations chosen based on their suitability for use with the data available
and ability to produce estimates comparable to published field-based erosion measurements.
The calculation of the individual factors is described in more detail in the next sections.

Table 1. Input data, sources, and equations used to calculate the RUSLE factors.

Factor Input data Data source Equation used

Rainfall erosivity factor Precipitation (ESRI grids, 10 World climate R =0.0483*P1.610 (where P = annual precipitation (mm))

(R) arc-minutes) precipitation data [50]

Soil erodibility factor (K) Soil maps from Nepal, India, Literature review
and FAO

Slope length factor (L) SRTM 90 m digital elevation  [42] L = (M22.13)™ where A is the field slope length (m), and m
data assumes a value between 0.2 and 0.5 [51]

Slope steepness factor SRTM 90m digital elevation ~ [42] S =(0.43 + 0.30 s + 0.043 s2)/6.613 [23]

(S) data

Land cover management  NDVI from Landsat TM and [52] C =0.431- 0.805*NDVI [53]

factor (C) ETM+

Support practice factor Land cover map ICIMOD [54] Literature review

(P)
doi:10.1371/journal.pone.0150494.t001
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Rainfall erosivity factor (R). Annual rainfall erosivity is the total rainfall erosivity within
a year. The rainfall erosivity factor (R) describes the erosivity of rainfall at a particular location
based on the rainfall amount and intensity. This is an important parameter for soil erosion risk
assessment under future land use and climate change [55]. A formula based on monthly rain-
fall proposed by McGarigal 2002 [56] was used with WorldClim precipitation data to calculate
the R factor, which is expressed as:

R = 0.0483 * P1.610 (2)

where P = annual precipitation (mm).

Fig 3A shows the rainfall erosivity factor map derived for the study area.

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 parti-
cles to detachment and transport by rainfall and runoff [57]. The main soil properties influenc-
ing 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 plot. In this study, K values at soil order level were computed from the
published literature on mountain areas [5, 7]. The erodibility of various soil types in the Koshi
basin is given in Table 2. Fig 3B shows the spatial distribution of the soil erodibility factor in
the study area.

Slope-length factor (L). The SRTM DEM for the study area was used to calculate the
slope length and slope steepness factors. The slope-length factor (L) represents the effect of
slope length on erosion. It is the ratio of field soil loss to the corresponding soil loss from a
22.13 m length on the same soil type and gradient and is estimated using Eq (3).

L= (1/22.13)" (3)

Where, A is the field slope length, and m has a value between 0.2 and 0.5.

Wischmeier and Smith [23] have described various ways of determining m for different
slopes and these have been applied in the Indian subcontinent [7, 51]. In the present study, the
value taken for m was based on the slope gradient and determined using the slope map as
input (Table 3).

The field slope length A was taken as the SRTM grid size (90 m); thus the slope length factor
was calculated using Eq (4):

920 .,
L= )

Fig 3C shows the spatial distribution of the slope length factor in the study area.

Slope-steepness factor (S). The slope-steepness factor (S) represents the effect of slope
steepness on erosion. Soil loss increases more rapidly with slope steepness than it does with
slope length. S is the ratio of soil loss from the field gradient to that from a 9% slope under oth-
erwise identical conditions. The relationship of soil loss to gradient is influenced by the density
of vegetation cover and soil particle size. The S factor is calculated using Eq (5) as described in
[23]:

S = (0.43 + 0.30s + 0.043s>) /6.613 (5)

where s is the slope in per cent.
Fig 3D shows the spatial distribution of the slope steepness factor in the study area.
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
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Fig 3. Spatial distribution of four of the factors used in RUSLE: (a) rainfall-erosivity factor, (b) soil erodibility factor, (c) slope length factor, and (d)

slope steepness factor.

doi:10.1371/journal.pone.0150494.9003
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Table 2. Erodibility factors for different soil classes in the Koshi basin.

Soil type

Udalfs(alfisols) Orthents(entisols)
Orthents(E) Aquepts(incepti)
Aquepts(i) Ochrepts(inceptisols)

Orthents(entisols) Ochrepts(inceptisols)

Orthents(e) Aquepts(i) Ochrepts(i)
Orthents (e)Fluvents(0.17)/entisols
Psamments(0.2)/entisols
Aquepts(i) Fluvents(e)

Aquepts(i) Ochrepts(i)

Orthents(e) Aquepts(i) Ochrepts(i)
Aquepts(i) Ustalfs(a)

Ustalfs(a) Ochrepts(i)

Aquepts(i) Ochrepts(i) Orthents(e)
Udalfs(a)

Aquepts(i) Ustalfs(a) Udalfs(a)
Orthents(e) Aquepts(i) Ustalfs(a)
Orthents (e)Tropepts

Ochrepts(i) Orthents(e) Udalfs(a)
Aqualfs(a) Fluvents(e) Aquepts(i)

doi:10.1371/journal.pone.0150494.t002

Erodibility factor (K-factor)

0.10
0.20
0.10
0.15
0.01
0.20
0.15
0.20
0.10
0.10
0.10
0.15
0.15
0.15
0.10
0.15
0.10
0.15
0.50

second most important factor next to topography controlling soil erosion risk [58]. The land
cover intercepts rainfall, increases infiltration, and reduces rainfall energy. The C factor reflects
the effect of surface cover, and practices that change the amount of surface cover, on erosion.
In areas where land uses other than cropping dominate, as in the Himalayas, the C factor is

normally assigned based on a simple assessment of vegetation cover, rather than close analysis
of agricultural cropping patterns. We used the method proposed by De Jong [59] to generate
the cover management factor (C) using the Normalized Difference Vegetation Index (NDVI)
calculated from Landsat TM and ETM+ images from 1990 and 2010 (nine cloud free images

for each time point, taken in November to January):

Where NDVI = near infrared (NIR)-red (R)/ near infrared (NIR) + red (R).

C =0.431-0.805 % NDVI

(6)

Fig 4A and 4B show the spatial distribution of the cover-management factor in the study

area in 1990 and 2010.

Support practice factor (P). The support practice factor P reflects the impact of support
practices such as contouring or strip cropping on the erosion rate. By definition, it is the ratio
of soil loss with a specific practice to the corresponding loss with straight row ploughing up

Table 3. Value of m for different slope gradients.

Slope gradient Value of m
1% 0.2
1-3% 0.3
3-4.5% 0.4
4.5% or more 0.5
doi:10.1371/journal.pone.0150494.t003
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Fig 4. Spatial distribution of the cover-management factor: (a) 1990, (b) 2010.

doi:10.1371/journal.pone.0150494.9004

and down slope [53, 60]. Practices include all the different ways of using land, not simply agri-
cultural practices, thus essentially the factor relates a particular type of land cover use to its ero-
sion potential.

As a first step, land cover maps for 1990 and 2010 were prepared from analysis of the Land-
sat TM and ETM+ images using object based image analysis [54, 61, 62]. The detailed method-
ology used to prepare the land cover maps is described in [54]. Briefly, eCognition Developer
software was used to divide the image into segments that are similar in terms of selected attri-
butes using indices like the Normalized Difference Vegetation Index (NDVT) and Normalized
Difference Snow Index (NDSII) derived from spectral values of the image, together with a land
water mask, and slope and texture information. The land cover maps for 1990 and 2010 are
shown in Fig 5A and 5B.

Values for the support practice factor for particular types of land cover were taken from
published sources [7, 53, 56, 63, 64] and linked with the land cover maps to generate maps of
the spatial distribution of the support practice factor in the study area for 1990 and 2010 (Fig
5C and 5D).

Results

Soil erosion risk maps were developed for the entire Koshi basin using RUSLE in conjunction
with GIS and remote sensing data. The results are shown in Fig 6A (1990) and 6b (2010). The
study area was divided into eight erosion risk classes, from very low to extremely high, based
on the estimated erosion rates. The southern area of the basin was less erodible, and the central
area highly erodible. The differences in erosion levels between the northern, central, and south-
ern parts of the study area are mainly due to topography. The areas in the very low erosion
class were mainly located at the lower elevations where the terrain is relatively flat. The
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Fig 5. Land cover map of the Koshi basin: (a) 1990, (b) 2010; spatial distribution of the support practice factor: (c) 1990, (d) 2010.
doi:10.1371/journal.pone.0150494.9005
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Fig 6. Soil erosion risk map of the Koshi basin: (a) 1990, (b) 2010.

doi:10.1371/journal.pone.0150494.g006

estimated maximum per hectare average soil loss occurs at elevations between 1,000 and 2,000

masl and the minimum at elevations between 70 and 100 masl.

Table 4. shows the estimated soil loss from different land cover classes in 1990 and 2010.
The maximum mean soil loss rate estimated was 22 t/ha/yr from barren land. The total soil
loss from barren land was estimated to be 18 million t in 1990 and 15 million t in 2010. The
total soil loss from agricultural land was estimated to be 10 million t in 1990 and 14 million t in

Table 4. Land cover and estimated erosion rates in the Koshi Basin in 1990 and 2010.

Land cover Land cover area (km?) Annual soil loss (‘000 t) Mean erosion rate
(Vhalyr)
Year 1990 2010 1990 2010 1990 2010
Forest 20,032 19,827 601 991 0.3 0.5
Shrubland 679 670 231 261 3.4 3.9
Grassland 23,463 23,486 10,793 11,743 4.6 5
Agricultural land (kharif) 17,927 15,691 4,482 5,335 25 34
Agricultural land (rabi) 11,708 14,715 5,269 8,240 4.5 5.6
Barren land 8,245 7,081 18,057 15,437 21.9 21.8
Built-up area 99 268 0.5 2 0.05 0.08
Water bodies 793 572 56 11 0.71 0.19
Snow/glacier 4,595 5,235 5 5 0.01 0.01
Total 87,542 87,542 39,495 42,025
doi:10.1371/journal.pone.0150494.1004
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Table 5. Change matrix for erosion risk classes from 1990 to 2010 (%).

Soil erosion risk Very low
rank (t/ha/yr) (<0.5)
Very low (<0.5) 58.6

Low (0.5-1) 2.0

Low medium (1-2) 0.3
Medium (2-5) 0.3

High medium (5-10) 0.3

High (10-20) 0.4

Very high (20-50) 0.4
Extremely high (>50) 0.2
Total 1990 62.5

doi:10.1371/journal.pone.0150494.1005

Low
(0.5-1)
0.8
4.3
0.5
0.1
0.1
0.0
0.0
0.0
5.8

Low medium Medium High medium  High Very high Extremely high Total2010
(1-2) (2-5) (5-10) (10-20)  (20-50) (>50)

0.2 0.2 0.1 0.1 0.2 0.3 60.6
0.3 0.0 0.0 0.0 0.0 0.0 6.6
4.6 0.3 0.0 0.0 0.0 0.0 5.7
0.5 6.7 0.3 0.0 0.0 0.0 7.9
0.1 0.8 4.5 0.3 0.0 0.0 6.1
0.1 0.3 1.0 3.7 0.3 0.0 5.8
0.0 0.1 0.2 1.0 3.4 0.2 5.3
0.0 0.0 0.0 0.0 0.3 13 1.9
5.8 8.4 6.2 5.2 4.3 1.8 100.0

2010. The estimated total soil loss for the entire Koshi basin area was around 40 million tonnes
(39 million tonnes in 1990 and 42 million tonnes in 2010).

Table 5 shows the transformation of area between erosion risk classes between 1990 and
2010 in the form of a change matrix. The area that remained constant in the different erosion
classes is shown in bold in the diagonal cells. Close to 87% of the study area remained in the
same erosion risk class. The proportion of the area at very low risk of erosion went down from
62.4% in 1990 to 60.5% in 2010, while the area at extremely high risk of erosion increased
slightly from 1.8% to 1.9%. The erosion risk increased over 9.0% of the area, and decreased
over 3.8%, indicating that overall the situation is worsening.

It is important to determine priority areas for conservation to support decision making for
soil and water conservation over the entire basin. In this study, we combined current erosion
risk, actual estimated erosion, and changes in erosion risk to indicate priority areas to consider
for conservation. A higher priority was assigned to areas with a high risk of erosion, estimated
high level of soil loss, and increase in level of erosion. The multi-criteria decision rules for iden-
tifying conservation priorities were identified as described by others Wang et al. [65].

Fig 7 shows the conservation priority map obtained using this approach. The areas in the
two top priority levels cover 7,758 km? or close to 9% of the basin area and are mostly found in
the central part of the basin at mid elevations. This area has the greatest intensity of agriculture,
with high potential levels of erosion and an increase in erosion risk. The third and fourth levels
cover 11% of the study area and represent areas with high but close to constant levels of ero-
sion, while the lowest two levels (seven and eight) cover 66% of the basin area and represent
areas with a low risk of erosion.

The conservation priority map and change matrix for erosion risk classes was also used to
identify higher and lower priority districts for soil conservation following multicriteria decision
rules. All high priority districts lie within Nepal. Dhankuta, Panchthar, and Tehrathum were
identified as first priority districts, and Dolakha, Khotang, Okhaldhunga, Ramechhap, and
Sindhupalchok as second priority (S4 Table).

Discussion

The Koshi basin suffers from a very high level of erosion, which not only affects the land but
also results in many negative impacts from sedimentation downstream. It is important to
design and implement erosion control practices for the basin, but the area is large. To maxi-
mize their effectiveness, erosion control measures should be targeted at the most vulnerable
areas, where the impact is likely to be greatest. But in order to do this, it is first necessary to
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understand the spatial pattern of erosion processes at the basin level. Field monitoring can pro-
vide useful information at a small catchment scale, but a very large number of such studies
would be needed to cover the basin. Although a number of catchment level studies have been
carried out in the Koshi basin [5, 7, 63, 66], there are no basin wide spatial data available; and
there have been no basin-wide studies of erosion or erosion dynamics that can be used to deter-
mine priority areas for conservation activities. The study described here used a modelling
approach-the RUSLE based method-to develop a detailed spatial assessment of the distribu-
tion of erosion risk across the entire Koshi basin using remotely-sensed data and automated
analysis of land cover and slope gradient. This is the first time that such an approach has been
used to assess erosion risk across an entire Himalayan river basin, 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.

Limitations and Future Possibilities

The method has some limitations and potential for improvement related to the factors that
drive erosion in the RUSLE model, including rainfall, soil erodibility, slope length and steep-
ness, and cover-management.

o Precipitation data from WorldClim were used together with annual rainfall-based equations
suitable for hill areas to calculate the rainfall erosion factor. The number of weather stations
in the Himalayan region is limited and the resolution of spatial precipitation data is low. Fur-
thermore, this approach does not capture the distribution of heavy rainfall events, which are
known to have a marked impact on soil erosion. The rainfall erosion potential is essentially
determined by the product of total storm energy and maximum 30-min storm intensity.
There are no detailed rainfall data available at sub-hourly intervals for the basin, but in
future, hourly weather station data could be used to improve the estimates.

The soil erodibility factor K was weighted at soil order level using published results [5, 66].
Better estimates could be made if more information can be obtained on soil texture and
organic carbon.

Several equations are available for estimating slope length factor from a digital elevation
model. Most of these were found to overestimate erosion. The present study used the equa-
tion that gave the best estimate compared to the published literature. However, the slope
length factor is one of the most important variables for erosion estimation and should be cali-
brated over the study area to increase the reliability of the quantitative estimates.

Clouds obscure satellite images throughout much of the year and especially in the rainy sea-
son, thus the estimation of vegetation cover (NDVT) used in the calculation of the cover-
management factor was restricted to the winter months. However, using spatio-temporal
data fusion methods that integrate Landsat and MODIS data, for example the Spatio-Tempo-
ral Image Fusion Model (STI-FM)+ [67], would offer a way of compensating for this
problem.

Finally, comparison of two different time points was used to identify the change in erosion
rates over time. This is a useful input for identifying sites to be investigated as a priority, but
although changes can be related to changes in land use, cropping patterns, and other human
controlled factors, they can also result from changes in precipitation, which can vary from
locality to locality. In future studies, additional time points would help identify real trends;
with further analysis to identify the main driver of the change.
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It would be useful to assess the accuracy of the soil erosion estimates from the models using
ground observations. It was not possible to validate the estimates and analyse error and bias by
comparing model estimates with field-based measurements over a set of sites because there
have been very few field-based studies in the basin. However, the results were compared with
the estimated erosion levels of different land cover classes derived from published field data
using plot level erosion measurements [5, 66, 68] and with other model-based results [37, 69,
70], mostly pertaining to mid and high hill areas in Nepal with similar characteristics to the
Koshi basin. The RUSLE derived mean erosion rates for different types of land cover were
within the range given by other authors (S1, S2 and S3 Tables) and the RUSLE models were rel-
atively 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 esti-
mates 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 used to refine the model and improve
recommendations.

Detailed ground-based studies would also be useful for testing other models. The RUSLE
method has been reported to overestimate erosion in high terrain. The Rich Mesic Forest
(RMF) and Mesic Forest (MF) models have been reported to yield better estimates over hilly
terrain but require extensive ground data and calibration. A holistic discussion is needed on
the accuracy required in erosion estimates in order to plan appropriate model and ground
measurements.

Soil Conservation and Identification of Priority Areas

Notwithstanding the limitations, the method offers a potentially very useful approach for iden-
tifying those areas likely to be most vulnerable to erosion and those that are likely to pose less
risk, although the absolute values for erosion rates and soil loss should be considered with care.

Eight levels were differentiated with increasing priority for conservation on the basis of their
erosion potential and identified change. Essentially the levels imply the following approaches.
Levels 1 and 2, with highest priority, should be managed with some urgency in future projects
as erosion control regions, and appropriate conservation strategies investigated and imple-
mented. Levels 3 and 4 indicate areas that require a smaller allocation of funds to control soil
erosion. Finally, Levels 5 to 8 have low erosion potential and will only require erosion control if
the risk level increases, for example as a result of changes in land use. In these areas, land use
planning should be used to ensure that the erosion risk is not increased by inappropriate
changes in land use and/or poor planning of new infrastructure such as roads.

Soil conservation represents a complex biophysical, social, and economic challenge. Soil
erosion is linked both to environmental degradation and to inappropriate land use practices,
and is strongly affected by land use and land cover change, for example clearing of forest land
for agriculture and infrastructure development [11]. The great majority of erosion in the Hima-
layan region is water related. Although many factors influence water erosion, vegetation cover,
slope gradient, and land use play the most important role [30, 65]. Thus conservation efforts
need to focus on vegetation cover and land use.

Identification of priority areas for investigation is a first step to facilitate planning. Ground
level studies are needed in the high priority areas to determine the actual level of erosion on the
ground, and where interventions can potentially be most useful in reducing erosion rates. Such
studies are being considered under the Koshi Basin Programme coordinated by the Interna-
tional Centre for Integrated Mountain Development (ICIMOD) and implemented together
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with a number of country partners including government departments and (I)NGOs. Land
cover management approaches such as afforestation of degraded land, improving infiltration
through construction of pits, gully plugging, crop management for vegetation cover, and many
others [71, 72] can be implemented at the field, hillslope, or watershed scale and the results
assessed as a guide for future planning. Voluntary approaches can help to increase awareness
among farmers; it is important to identify the best options for farming practices to reduce soil
loss from cultivated land and provide support for the implementation of appropriate measures.

Conclusions

The results presented here show that it is possible to use a modelling approach-the RUSLE
based method-to develop a detailed spatial assessment of the distribution of erosion risk across
an entire basin using remotely-sensed data and automated analysis of land cover and slope gra-
dient. The results represent a best alternative to field-based measurement, which is not a viable
option at the basin level.

According to Zhang et al. [72], conservation priorities can provide a significant criterion for
decision making by government agencies. The conservation priority levels identified in this
study indicate areas that are likely to be most in need of measures to address soil erosion; it is
hoped that identifying these areas across the whole basin will support the planning of future
erosion conservation actions in the Koshi basin. The model can be applied to similar river
basins in the Himalayan region following appropriate calibration and validation.

Supporting Information

S1 Table. Surface erosion rates calculated in runoff plot studies reported by various
authors.
(DOCX)

S2 Table. Soil erosion rates from field plot measurements reported by various authors.
(DOCX)

S3 Table. Model-based soil erosion estimates reported by various authors.
(DOCX)

$4 Table. District-wise priority levels for soil conservation activities.
(DOCX)

Acknowledgments

Thanks are due to Mr. Faisal Mueen Qamer for coordinating the initial land cover mapping
and Mr. Govinda Joshi for extensive field information for the land cover validation. Our special
gratitude goes to Mr. Basanta Shrestha and Mr. Birendra Bajracharya of ICIMOD for their
encouragement and support for bringing out this work. We also thank our project partners for
their constructive and pleasant cooperation. Our sincere thanks go to Dr. A. Beatrice Murray
and Anne Zimmermann for language editing.

Author Contributions

Conceived and designed the experiments: KU MSRM SMW MAM. Performed the experi-
ments: KU MSRM SMW MAM. Analyzed the data: KU. Contributed reagents/materials/analy-
sis tools: KU MSRM MAM. Reviewed the manuscript: KU MSRM MAM SMW.

PLOS ONE | DOI:10.1371/journal.pone.0150494 March 10, 2016 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150494.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150494.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150494.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150494.s004

@’PLOS ‘ ONE

Estimation of Soil Erosion Dynamics in the Koshi Basin

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Quan B, Rémkens MJM, Li R, Wang F, Chen J. Effect of land use and land cover change on soil erosion
and the spatio-temporal variation in Liupan Mountain Region, southern Ningxia, China. Front Environ
Sci Eng China. 2011; 5(4):564—72. doi: 10.1007/s11783-011-0348-9

Nibanupudiand HK, Rawat P. Environmental Concerns for DRR in Hindu-Kush Himalaya region. New
Delhi: National Institute of Disaster Management 2012. 85 p.

Pimentel D, Nachmani A, Kolb A, Kulkarni S, Brownhill L, Turner T, et al. Soil erosion and the threat to
food security and the environment. Ecosystem Health. 2000; 6(4):221-6.

Montgomery DR. Soil erosion and agricultural sustainability. Proceedings of the National Academy of
Sciences. 2007; 104(33):13268-72.

Gardner RAM, Gerrard AJ. Runoff and soil erosion on cultivated rainfed terraces in the Middle Hills of
Nepal. Applied Geography. 2003 23 23—45. doi: 10.1016/S0143-6228(02)00069-3

Lves JD, Messerli B. Himalayan Dilemma: Psychology Press; 1989.

Jain SK, Kumar S, varghese J. Estimation of Soil Erosion for a Himalayan Watershed Using GIS Tech-
nique. Water Resources Management, Kluwer Academic Publishers. 2001; 15:41-54.

Dabral P, Baithuri N, Pandey A. Soil erosion assessment in a hilly catchment of North Eastern India
using USLE, GIS and remote sensing. Water Resources Management. 2008; 22(12):1783—-98.

Shrestha S, Sinha S, Rajbhandari PCL, Patil A, Leophairatana A, Chopra Ti. Environmental Indicators
South Asia. Thailand: United Nations Environment Programme Regional Resource Centre for Asia
and the Pacific; 2004.

Baptista I, Ritsema C, Geissen V. Effect of Integrated Water-Nutrient Management Strategies on Soil
Erosion Mediated Nutrient Loss and Crop Productivity in Cabo Verde Drylands. PLoS ONE. 2015; 10
(7):e0134244. doi: 10.1371/journal.pone.0134244 PMID: 26230549

Bakker MM, Govers G, van Doorn A, Quetier F, Chouvardas D, Rounsevell M. The response of soil ero-
sion and sediment export to land-use change in four areas of Europe: the importance of landscape pat-
tern. Geomorphology. 2008; 98(3):213-26.

Lal R. Crop residues as soil amendments and feedstock for bioethanol production. Waste Manage-
ment. 2008; 28(4):747-58. PMID: 18053700

Jain V, Sinha R. Fluvial dynamics of an anabranching river system in Himalayan foreland basin, Bagh-
mati river, north Bihar plains, India. Geomorphology. 2004; 60(1):147-70.

Nayak J. Sediment management of the Kosi River basin in Nepal. Erosion and Sediment Yield: Global
and Regional Perspectives, edited by Walling DE, and Webb BW, IAHS Publ. 1996; 236:583-6.

Dang Y, Ren W, Tao B, Chen G, Lu C, Yang J, et al. Climate and Land Use Controls on Soil Organic
Carbon in the Loess Plateau Region of China. PLoS ONE. 2014; 9(5):€95548. doi: 10.1371/journal.
pone.0095548 PMID: 24788559

Ries J. Does soil erosion in the high mountain region of the eastern Nepalese Himalayas affect the
plains? Physics and Chemistry of the Earth. 1995; 20(3):251-69.

Uddin K, Shrestha B. Assessing flood and flood damage using Remote Sensing: a case study from
Sunsari, Nepal. 4th International Conference on Water and Flood Management; Dhaka: IWFM, BUET;
2011. p. 293-301.

Gibling M, Tandon S, Sinha R, Jain M. Discontinuity-bounded alluvial sequences of the southern Gan-
getic Plains, India: aggradation and degradation in response to monsoonal strength. Journal of Sedi-
mentary Research. 2005; 75(3):369-85.

Ramsay W. Sediment production and transport.in the Phewa Valley, Nepal. Proc Int Symp on Erosion
and Sedimentation in the Pacific Rim. 1987;(Corvallis, Oregon, August 1987). IAHS (in press):461-72.

Jha MK, Paudel RC. Erosion Predictions by Empirical Models in a mountainous Watershed in Nepal.
Journal of Spatial Hydrology (JOSH). 2010; 10(1):89—-102.

Shrestha D, Zinck J, Van Ranst E. Modelling land degradation in the Nepalese Himalaya. Catena.
2004; 57(2):135-56.

Higaki D, Karki KK, Gautam CS. Soil erosion control measures on degraded sloping lands: A case
study in Midlands of Nepal. Aquatic Ecosystem Health & Management. 2005; 8(3):243-9.

Wischmeier WH, Smith DD. Predicting rainfall erosion losses: A guide to conservation planning. Wash-
ington, D.C: Science and Education Administration; 1978. 58 p.

Knisel WG. CREAMS: A field-scale model for chemicals, runoff and erosion from agricultural manage-
ment systems: U.S. Department of Agriculture; 1980. 327 p.

Young RA, Onstad C, Bosch D, Anderson W. AGNPS: A nonpoint-source pollution model for evaluating
agricultural watersheds. Journal of soil and water conservation. 1989; 44(2):168-73.

PLOS ONE | DOI:10.1371/journal.pone.0150494 March 10, 2016 17/19


http://dx.doi.org/10.1007/s11783-011-0348-9
http://dx.doi.org/10.1016/S0143-6228(02)00069-3
http://dx.doi.org/10.1371/journal.pone.0134244
http://www.ncbi.nlm.nih.gov/pubmed/26230549
http://www.ncbi.nlm.nih.gov/pubmed/18053700
http://dx.doi.org/10.1371/journal.pone.0095548
http://dx.doi.org/10.1371/journal.pone.0095548
http://www.ncbi.nlm.nih.gov/pubmed/24788559

@’PLOS ‘ ONE

Estimation of Soil Erosion Dynamics in the Koshi Basin

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Renard KG, Foster GR, Weesies GA, Porter JP. RUSLE: Revised universal soil loss equation. Journal
of soil and Water Conservation. 1991; 46(1):30-3.

Williams JR. Sediment-yield prediction with universal equation using runoff energy factor. Present and
prospective technology for predicting sediment yields and sources. 1975:244-52.

Rabia RA, Harb A, editors. GIS Spatial Modeling for Land Degradation Assessment in Tigray, Ethiopia.
8th International Soil Science Congress on" Land Degradation and Challenges in Sustainable Soil
Management", Cesme-lzmir, Turkey 2012; 2012.

Roo AD, Utrecht RT, Wetenschappen FR. Modelling Surface Runoff and Soil Erosion in Catchments
Using Geographical Information Systems: Validity and Applicability of the "ANSWERS" Model in Two
Catchments in the Loess Area of South Limburg (The Netherlands) and One in Devon (UK): Koninklijk
Nederlands Aardrijkskundig Genootschap; 1993.

De Vente J, Poesen J. Predicting soil erosion and sediment yield at the basin scale: scale issues and
semi-quantitative models. Earth-Science Reviews. 2005; 71(1):95-125.

Perovic V, Zivotic L, Kadovic R, Dordevic A, Jaramaz D, Mrvic V, et al. Spatial modelling of soil erosion
potential in a mountainous watershed of South-eastern Serbia. Environ Earth Sci, DOI 101007/s12665-
012-1720-1.2013; 68:115-28.

Pandey A, Chowdary VM, Mal BC. Identification of critical erosion prone areas in the small agricultural
watershed using USLE, GIS and remote sensing. Water Resour Manage, DOI 101007/s11269-006-
9061-z. 2007; 21:729-46.

Adediji A, Tukur A, Adepoju K. Assessment of revised universal soil loss equation (RUSLE) in Katsina
area, Katsina state of Nigeria using remote sensing (RS) and geographic information system (GIS). Ira-
nica Journal of Energy & Environment. 2010; 1(3):255-64.

Sah B. Watershed degradation and its socio-economic impacts using RS and GIS: A case study of Tri-
juga watershed, Nepal: Dissertation (M. Sc.) NR 96-20. AIT, Bangkok, Thailand; 1996.

Singh SL, Kharel BP, Joshi MD, Mathema P. Watershed Management Case Study: Nepal: Review and
Assessment of Watershed Management Strategies and Approaches. Rome, Italy: FAO; 2004.

Sherchan DP, Gurung G, Chand S. A review of current soil related research activities at Pakhribas Agri-
cultural Centre: Pakhribas Agricultural Centre; 1992.

Shrestha DP. Assessment of soil erosion in the Nepalese Himalaya: a case study in Likhu Khola Valley,
Middle Mountain Region. Land Husbandry. 1997; 2(1):59-80.

Quincey D, Richardson S, Luckman A, Lucas RM, Reynolds J, Hambrey M, et al. Early recognition of
glacial lake hazards in the Himalaya using remote sensing datasets. Global and Planetary Change.
2007; 56(1):137-52.

Jetten V, de Roo AJ. Spatial Analysis of Erosion Conservation Measures with LISEM. In: Harmon R,
Doe W lII, editors. Landscape Erosion and Evolution Modeling: Springer US; 2001. p. 429-45.

Uddin K, Dhakal M, Joshi G. An Optical High and Medium Spatial Resolution Approach for Erosion-
Prone Areas Assessment in Mustang, Nepal. International Journal of Geosciences. 2014; 2014
(4):383-93.

Wahid S, Nepal S, Mishra U. Koshi Basin Programme. In: Development! ICfIM, editor. Kathmandu:
International Centre for Integrated Mountain Development; 2013. p. 4.

SRTM. Hole-filled SRTM for the globe Version 4. 4 ed. Available from the Consultative Group on Inter-
national Agricultural Research (CGIAR)-SXI SRTM 90m database: http://srtm.csi.cgiar.org2008.

Yamamoto K, Furumai H, Katayama H, Chiemchaisri C, Puetpaiboon U, Visvanathan C, et al. South-
east Asian Water Environment 5: IWA Publishing; 2013. 220 p.

Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A. Very high resolution interpolated climate sur-
faces for global land areas. International journal of climatology. 2005; 25(15):1965-78.

Franken K. Irrigation in Southern and Eastern Asia in figures. AQUASTAT Survey—2011. Rome: FAO;
2012. p. 1-487.

Foster GR, Toy TE, Renard KG. Comparison of the USLE, RUSLE1. 06c, and RUSLE2 for application
to highly disturbed lands. Proc 1st Interagency Conf on Research in the Watersheds KG Renard et al
(ed). Tucson, AZ: USDA-ARS; 2003. p. 27-30.

Bagarello V, Stefano CD, Ferro V, Kinnell P, Pampalone V, Porto P, et al. Predicting soil loss on moder-
ate slopes using an empirical model for sediment concentration. Journal of hydrology. 2011; 400
(1):267-73.

Desmet PJ, G GG. A GIS-procedure for the automated calculation of the USLE LS-factor on topograph-
ically complex landscape units. J Soil Water Conserv. 1996; 51(5):427-33.

Nearing M. A single, continuous function for slope steepness influence on soil loss. Soil Sci Soc Am J.
1997; 61(3):917-9.

PLOS ONE | DOI:10.1371/journal.pone.0150494 March 10, 2016 18/19


http://srtm.csi.cgiar.org2008

@’PLOS ‘ ONE

Estimation of Soil Erosion Dynamics in the Koshi Basin

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Reed R, Johnson-Barnard J, Baker W. Fragmentation of a forested Rocky Mountain Rhett, and Laur-
ance 2010.

Singh G, Chandra S, Babu R. Soil loss and prediction research in India. Central Soil and Water Conser-
vation Research Training Institute, Bulletin No T-12/D9. 1981.

GLOVIS. USGS Global Visualization Viewer (GLOVIS) Earth Resources. Observation and Science
Center (EROS). Available: http://glovisusgsgov/. Accessed 2008.

Renard KG, Foster GR, Weesies GA, McCool DK, Yoder DC, 1997. Predicting Soil Erosion by Water: A
Guide to Conservation Planning with the Revised Universal Soil Loss Equation (RUSLE). In: Agricul-
ture AHUDo, editor. Washington, DC1997.

Uddin K, Shrestha HL, Murthy M, Bajracharya B, Shrestha B, Gilani H, et al. Development of 2010
national land cover database for the Nepal. Journal of environmental management. 2015; 148:82-90.
doi: 10.1016/j.jenvman.2014.07.047 PMID: 25181944

Meusburger K, Steel A, Panagos P, Montanarella L, Alewell C. Spatial and temporal variability of rainfall
erosivity factor for Switzerland. Hydrol Earth Syst Sci. 2012; 16(1):167—77. doi: 10.5194/hess-16-167-
2012

McGarigal K. Landscape pattern metrics. Encyclopedia of Environmentrics. 2002; 2.

Lane L, Renard K, Foster G, Laflen J. Development and application of modern soil erosion prediction
technology-The USDA experience. Soil Research. 1992; 30(6):893-912.

Van der Knijff J, Jones R, Montanarella L. Soil erosion risk assessment in Italy: European Soil Bureau,
European Commission; 1999. 51 p.

De Jong SM. Derivation of vegetative variables from a Landsat TM image for modelling soil erosion.
Earth Surface Processes and Landforms. 1994; 19(2):165-78.

Prasannakumar V, Vijith H, Abinod S, Geetha N. Estimation of soil erosion risk within a small mountain-
ous sub-watershed in Kerala, India, using Revised Universal Soil Loss Equation (RUSLE) and geo-
information technology. GEOSCIENCE FRONTIERS. 2012; 3(2):209-15. doi: 10.1016/j.gsf.2011.11.
003

Bajracharya B, Uddin K, Chettri N, Shrestha B, Siddiqui SA. Understanding Land Cover Change Using
a Harmonized Classification System in the Himalaya. Mountain Research and Development. 2010; 30
(2):143-56. doi: 10.1659/MRD-JOURNAL-D-09-00044.1

Uddin K, Chaudhary S, Chettri N, Kotru R, Murthy M, Chaudhary RP, et al. The changing land cover
and fragmenting forest on the Roof of the World: A case study in Nepal's Kailash Sacred Landscape.
Landscape and Urban Planning. 2015; 141:1-10.

Franklin SE. Remote Sensing for Sustainable Forest Management. Lewis Publishers, USA. 2001.

Sonneveld B, Nearing M. A nonparametric/parametric analysis of the Universal Soil Loss Equation.
Catena. 2003; 52(1):9-21.

Wang L, Huang J, DuY, Hu Y, Han P. Dynamic assessment of soil erosion risk using Landsat TM and
HJ satellite data in Danjiangkou Reservoir area, China. Remote Sensing. 2013; 5(8):3826—48.

Ghimire SK, Higaki D, Bhattarai TP. Estimation of Soil Erosion Rates and Eroded Sediment in a
Degraded Catchment of the Siwalik Hills, Nepal. Land. 2013; 2(3):370-91.

Hazaymeh K, Hassan QK. Spatiotemporal image-fusion model for enhancing the temporal resolution of
Landsat-8 surface reflectance images using MODIS images. Journal of Applied Remote Sensing.
2015; 9(1):096095—.

Anup K, Bhandari G, Joshi GR, Aryal S. Climate Change Mitigation Potential from Carbon Sequestra-
tion of Community Forest in Mid Hill Region of Nepal. International Journal of Environmental Protection.
2013; 3(7):33-40.

Kunwar LB, Bergsma E, Shrestha DP, editors. Microtopographic erosion features as indicator of ero-
sion hazard for conservation advice. Proceedings of the 12th International Soil Conservation Organiza-
tion Conference; 2002.

Acharya AK, Kafle N. Land degradation issues in Nepal and its management through agroforestry.
Journal of Agriculture and Environment. 2009; 10:133—43.

Pandit M, Sodhi NS, Koh LP, Bhaskar A, Brook BW. Unreported yet massive deforestation driving loss
of endemic biodiversity in Indian Himalaya. Biodiversity and Conservation. 2007; 16(1):153-63.

Zhang X, Wu B, LingF, Zeng Y, Yan N, Yuan C. Identification of priority areas for controlling soil ero-
sion. Catena. 2010; 83(1):76-86.

PLOS ONE | DOI:10.1371/journal.pone.0150494 March 10, 2016 19/19


http://glovisusgsgov/
http://dx.doi.org/10.1016/j.jenvman.2014.07.047
http://www.ncbi.nlm.nih.gov/pubmed/25181944
http://dx.doi.org/10.5194/hess-16-167-2012
http://dx.doi.org/10.5194/hess-16-167-2012
http://dx.doi.org/10.1016/j.gsf.2011.11.003
http://dx.doi.org/10.1016/j.gsf.2011.11.003
http://dx.doi.org/10.1659/MRD-JOURNAL-D-09-00044.1

