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Abstract

Soil erosion has been identified as one of the serious environmental issues which reduces soil fertility by removing top-
soil. An integrated method has been adopted in the present study to estimate average annual soil loss in Jalpaiguri district
of Indian state of West Bengal by Revised Universal Soil Loss Equation (RUSLE) model and Analytic Hierarchy Process
(AHP) method. The study also includes estimation of soil loss in different land use and land cover classes and different
administrative blocks. RUSLE model estimates average annual soil loss in t ha™!' year™! by calculating combined effects
of rainfall erosivity, soil erodibility, slope length and steepness, land cover and conservation practices factors. Eight geo-
environmental variables, i.e., rainfall erosivity, soil erodibility, slope, relative relief, drainage density, lineament density,
land use/land cover and geomorphology has been incorporated in AHP method to estimate soil erosion. The models have
been validated by Receiver Operating Characteristic curve. Area Under Curve value of both RUSLE model (0.91) and AHP
method (0.82) gives satisfactory result. More than 25% area of northern hilly terrain and eastern alluvial plain of Jalpaiguri
district are prone to severe and very severe soil erosion. Vegetation cover shows maximum percentage of areas in very severe
soil erosion. Vegetation cover of Nagrakata block and agricultural lands of Dhupguri block are most vulnerable to soil loss

due to sheet and rill erosion.
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Introduction

Soil erosion is the continuous process of detachment and
subsequent removal of topsoil by the physical forces of water
and wind (Pal and Shit 2017). Removal of top soil reduces
soil fertility (Chakrabortty et al. 2020). In recent times, soil
erosion has been identified as one of the serious environ-
mental issues which affects both agricultural and forested
lands (Biswas 2012). Globally, almost 85% of land loss
results from soil erosion processes (Angima et al. 2003).
Tropical and semi-arid countries face the problem of sustain-
able agricultural productivity and poor water quality due to
deterioration of the soil fertility (Bhat et al. 2017; Prasan-
nakumar et al. 2012). Water induced soil erosion is the most
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significant degradation process, with global estimate of 11
million km? (Koirala et al. 2019) which accounts 56% of
world’s area (Tirkey et al. 2013). Rill and inter-rill erosion
made up water induced soil erosion (Beskow et al. 2009).
Rill erosion is the process of detachment and removal of top
soil by small channels of concentrated water flow, whereas
raindrops detaches and shallow overland flow transports
top soil in inter-rill erosion (Demirci and Karaburun 2012).
Inter-rill erosion is also known as sheet erosion (Moham-
madi et al. 2018). Water induced soil erosion is a major
problem in sub-humid and sub-arid regions of India which
is accelerated by anthropogenic factors i.e., deforestation and
unscientific agricultural practices (Pal and Shit 2017). Soil
erosion affects more than 50% of land in India (Saha et al.
2018; Shit et al. 2015) which accounts for annual loss of 74
million tonnes of major nutrients (Rajbanshi and Bhattacha-
rya 2020). Jain et al.(2001) has estimated that India experi-
ences average annual soil loss rate of 16 t h™! year™!. It has
been estimated that 1100 million hectares of land in India
is affected by water induced soil erosion (Saha 2003) which
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accounts for 56% of land affected by soil erosion (Biswas
and Pani 2015).

There are a number of soil erosion models developed in
recent decades. Mostly they are divided into physical, semi-
empirical and empirical based models (Ghosh and Lepcha
2019). Universal Soil Loss Equation (USLE) (Wischmeier
and Smith 1965), Modified Universal Soil Loss Equation
(MUSLE) (Smith et al. 1984) and Revised Universal Soil
Loss Equation (RUSLE) (Renard et al. 1991) are the most
used empirical models. RUSLE model estimates average
annual soil loss by sheet and rill erosion more accurately
(Pan and Wen 2014) at reasonable costs by integration of
Remote Sensing (RS) and Geographical Information System
(GIS) techniques (Prasannakumar et al. 2011). Rainfall, soil,
slope, land cover and conservation practice factors deter-
mine rate of soil erosion in RUSLE model (Bhattacharya
et al. 2021). Several probabilistic and machine learning
methods have been developed based on geo-environmental
variables (Das et al. 2020) such as Artificial Neural Net-
work (ANN), Analytic Hierarchy Process (AHP), Random
Forest (RT), Weight of Evidence (WoE), Frequency Ratio
(FR), Regression Tree (RT), etc. (Saha et al. 2022). AHP is
a powerful decision-making method for estimation of soil
erosion by placing different geo-environmental variables in
a hierarchical structure (Thomas et al. 2018). The present
study aims at finding average annual soil loss in Jalpaiguri
district of Indian state of West Bengal using RUSLE model

and AHP method. The study also aims at finding average
annual soil loss in different land use and land cover (LULC)
classes and administrative blocks of Jalpaiguri district.

Study area and database
Study area

Jalpaiguri is a northern district of Indian state of West Ben-
gal. It shares international borders with Bhutan and Bangla-
desh in the north and south, respectively. Jalpaiguri district
shares borders with Darjeeling district in the west, Kalim-
pong district in the north and Alipurduar and Coach Behar
district on the east of West Bengal. Geographically, the dis-
trict lies in between 26°15'47"N-26°59'34"N latitude and
88°232"E-89°7'30"E longitude. Jalpaiguri district covers
3,386.18 km? of geographical area. The district is divided
into seven administrative blocks i.e., Dhupguri, Maynaguri,
Rajganj, Jalpaiguri, Matiali, Mal and Nagrakata (See Fig. 1).

Jalpaiguri is a part of south-east Asian monsoon cli-
mate zone with average annual rainfall is 3360 mm. Aver-
age maximum temperature of 29 °C and average minimum
temperature of 14 °C has been recorded. Northern hilly
terrain, central tract of Bhaber and alluvial plain of Terai
constitutes three physiographic units. Clayey loam, loam
and sandy loam are the major soil types. Teesta, Jaldhaka,

86°30'E 88°40'E 88°30'E 89°0'E
T é T T T
\ z 4
(SN ey | 51 JALPAIGURI 12
NEPAL N N
L~ 5 JALPAIGURI ;’7)—
T A e 9
>
xi?g
z e
=1 BIHAR g
o . 0
N ‘.NJ N
/(
R T, BANGLADESH Rilte
e\!r
JHARKHAND Maynaguri
z z
o o
or 4
© ©
WEST BENGAL N N
z z
n e}
ST 17
N N
N O N
N
j ODISHA
0 3060 120 e .
[ i |
1 1 1 1
86°30'E 88°40'E 88°30'E 89°0'E

Fig. 1 Location map of the study area
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Angrabhasa and Mahananda are the four major rivers of
Jalpaiguri district. The district contains national protected
areas like Gorumara National Park and Chapramari Wildlife
Sanctuary. Majority of the people are associated with agri-
cultural activities. Paddy is the principal crop, whereas tea is
the most valuable crop (District Survey Report of Jalpaiguri
District 2021).

Database

Village level shapefile of West Bengal, India has been down-
loaded from Socioeconomic Data and Applications Center
(SEDAC) web portal for preparation of study area map.
SEDAC is one of the Earth Observing System Data and Infor-
mation System (EOSDIS) centers of United States National
Aeronautics and Space Administration (NASA) (Linberger
1999). To prepare R factor map, daily rainfall data for 10 years
(2011-2020) in milimeter (mm) has been downloaded from
the web portal of Indian Meteorological Department (IMD),
Pune. IMD provides rainfall data at 0.5x0.5 degree gridded
resolution (Mitra et al. 2013) in NetCDF file. Digital Soil Map
of the World (DSMW) in shapefile and data of different soil
unit parameters have been downloaded from Food and Agri-
culture Organization (FAO) web portal of United Nations at
a scale of 1:5,000,000 (FAO-Unesco 1974) to prepare K fac-
tor map. Cartosat-1 Digital Elevation Model (DEM) has been
collected from Indian Space Research Organisation’s (ISRO)
Bhuvan geoportal to prepare slope, relative relief, drainage
density and LS factor map. Two CartoDEM version-3 R1
scenes with 30 m spatial resolution (Yadav and Bhardwaj
2022) have been downloaded which covers the present study
area. The two DEM scenes have been identified by the loca-
tion of its south-west pixel’s geometric centre which are 26°N
88°E and 26°N 89°E. Multispectral satellite images of Landsat
8 satellite have been collected from United States Geological
Survey’s (USGS) web portal. Operational Land Imager (OLI)
sensor of Landsat 8 captures data in visible, panchromatic,
near infrared (NIR) and shortwave infrared (SWIR) regions
of electromagnetic spectrum (Acharya et al. 2015) which have
been used in the present study. Except panchromatic band (15

m), all bands of OLI sensor are having 30 m spatial resolu-
tion (Knight and Kvaran 2014). Two cloud free images of 7th
November 2020 having path no. 139 and row no. 41 and 42
have been used to calculate C and P factors. Geomorphology
and lineament density map have been prepared from thematic
services of ISRO’s Bhuvan geoportal. All the data types along
with their sources and purposes have been listed in Table 1.

Methodology
Rainfall erosivity (R) factor

R factor represents ability of raindrops to detach the soil parti-
cles based on volume and intensity of rainfall (Roy and Mitra
2022). It is the driving forces for rill and sheet erosion (Mahala
2018). Daily rainfall data for 10 years (2011-2020) has been
collected from IMD, Pune. The present study area of Jalpaig-
uri district contains 10 grids of rainfall data in NetCDF file.
Each grid has been identified by latitude and longitude of the
geometric centre. Mean monthly and mean annual rainfall has
been determined for each year and R factor values for each
year has been calculated using the following Eq. 1 of Wis-
chmeier and Smith (1978) and Arnoldus (1980).

12 ,
R S 1735 % 10[1.5xlog,0(§)—0.08188]’ 0

i=1

where P; is average monthly rainfall in mm and P is average

annual rainfall in mm (Markose and Jayappa 2016). Krig-
ing interpolation (Eq. 2) method has been employed taking
10 years average R factor values to get the desired R factor
map (Fig. 2a).

n
Zo= Y k7 2)
i=1

(Sarkar et al. 2021) where, Z, is the estimated value at
unknown location, Z; is known values, /; is weightage coef-
ficient and n are the number of neighbourhoods searching
data points.

Table 1 List of data types with

Source Purpose(s)

. S. no. Data type

their sources and purposes
1 Village level shapefile
2 Rainfall
3 Soil
4 DEM
5 Satellite image
6 Geomorphology
7 Lineament

https://sedac.ciesin.columbia.edu Study area map

https://www.imdpune.gov.in R factor map

https://data.apps.fao.org/map/catalog K factor map

https://bhuvan-app3.nrsc.gov.in Slope, drainage density,
relative relief and LS fac-

tor map
https://earthexplorer.usgs.gov C and P factor map
https://bhuvan-app.nrsc.gov.in Geomorphology map

https://bhuvan-appl.nrsc.gov.in Lineament density map
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Fig.2 aR, b K, ¢ C, d LS factor map of Jalpaiguri district
Soil erodibility (K) factor . My, 0.3
oy g . . e m. + Mgy '
K factor reflects the susceptibility of soil particles removal by
water induced soil erosion (Kulimushi et al. 2021). It is the
rate of soil loss per unit R factor index for a specific soil unit Foo=1- 025 x orgC ,
(Belasri and Lakhouili 2016). Taking soil textures into con- 0rgC + ¢ 3727295 x0rgC)
sideration (Ganasri and Ramesh 2016), K factor map has been
created using following Eq. 3 of Williams (1995). 0.7 x (1 _ M)
: 100
K= chnd X Fcl—si X Forg X Fhisand’ (3) Fhisand =1-

where, F,,,,indicates lower K factors for high coarser sand
content, F,;_; reduces K factors for high clay and silt ratios,
F,, reflects low K factors for high organic carbon content
and F,;,,q0 reduces K factors for very high sand content

(Wawer et al. 2005).

[-0.256 x m, x(1-2 )]

Fra =02+03 X e w0 )]

csan
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where my is % of sand, mg, is % of silt, m, is % of clay and
orgC is % of organic carbon content in top soil.

The vector soil map for the study area has been extracted
from the DSMW in ArcGIS 10.8. The values of F g,,,4» Foi_gi»
F,s and Fy;,,4 have been calculated for respective soil unit
exists in the study area in MS Excel taking the topsoil data
of mg, mg,, m, and orgC (Table 2). K factor values have been

calculated subsequently for each soil units present in the
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Table 2 K factor values of different soil units

Soil unit m, Mg, m, orgC Figand Fo_g Forc Frisana K factor
Bd 32.7 30.3 37.1 3.28 0.2010 0.7867 0.7502 1.0000 0.1186
Be 36.4 37.2 26.4 1.07 0.2010 0.8514 0.9054 0.9999 0.1549
Bh 552 21 23.8 3.86 0.2000 0.7967 0.7500 0.9973 0.1192
Ge 42.8 20.4 36.8 1.3 0.2001 0.7340 0.8517 0.9998 0.1250
Je 70.8 12.8 16.5 1.15 0.2000 0.7800 0.8867 0.9421 0.1303
Nd 38.9 17.6 43.6 1.57 0.2001 0.6881 0.8010 0.9999 0.1103
Rd 82.1 6.7 11.3 0.27 0.2000 0.7434 0.9964 0.7037 0.1043

study area and attached to the attribute table of extracted soil
map. The projected vector soil map in WGS 1984 UTM Zone
45 N has been converted to raster using K factor value field
with 30 m cell size to get the desired K factor map (Fig. 2b).

Slope (S) and slope length and steepness (LS) factor

L factor gives the impact of slope length while S factor
accounts for the effect of slope steepness on the rate of
water induced soil erosion (Negese et al. 2021). The LS
factor is dimensionless (Mahala 2018), having values
greater than equal to zero. Cartosat DEM with 30 m spatial
resolution has been used for computation of the slope and
LS factor using the following Eq. 4 of Moore and Burch
(1986).

s 194 sing '
5=l x ] % |oomoe) -
where fa is flow accumulation, s is cell size and 0 is slope
in radian. Slope raster in degree has been created from the
projected DEM in WGS 1984 UTM Zone 45 N of the study
area. Slope in degree has been converted to slope in radian
by multiplying n/180 in raster calculator of ArcGIS 10.8
(Fig. 3a). The depression less DEM has been used to create
flow direction and flow accumulation raster. Equation 4 has
been employed in raster calculator to get the desired LS fac-
tor map (Fig. 2d).

“

Relative relief (RR) and drainage density (DD)

Relative Relief is defined as the difference of the maximum
and minimum elevation, i.e., elevation range. 100 x 100 fish-
net has been prepared in ArcGIS and geometric centre of
each fishnet has been assigned with relative relief values
using range statistics type of zonal statistics as table tool.
Kriging interpolation (Eq. 2) has been used to get the desired
relative relief map (Fig. 3b).

Drainage Density is defined as the ratio of length and area
of the drainage. It is expressed in mm™2. It has been pre-
pared from the flow accumulation raster of Cartosat DEM by
converting it to stream raster, stream order and then stream

vector. Line density from spatial analyst tools in ArcGIS
environment has been employed to get the desired drainage
density map (Fig. 3c).

Geomorphology (G) and lineament density (LD)

Both geomorphology and lineament features have been
extracted from the thematic services of ISRO’s Bhuvan geo-
portal. Web Map Service (WMS) layer of geomorphology
and lineament has been processed in QGIS. Line density tool
within the ArcGIS environment has been utilized to generate
lineament density map.

Supervised classification and accuracy assessment

Landsat 8 multispectral images of the study area have been
used to do a supervised image classification in Erdas Imag-
ine 2018. Five major LULC classes i.e., vegetation, water
body, agriculture, bare land and built-up areas have been
identified. More than 50 training sets for each LULC classes
have been taken for signature generation. Parallelepiped
non-parametric classifier algorithm has been employed to
carry out supervised image classification. Maximum likeli-
hood parametric classifier algorithm has been applied for
unclassified pixels of non-parametric rule. The maximum
likelihood classification algorithm applies probability theory
for classification by determining class centres and variability
in raster values, whereas parallelepiped classifier depends
on the selection of lowest and highest values of each class
(Bhatta 2020).

Accuracy assessment in image classification is a feedback
system for checking and evaluating results (Bhatta 2020).
Equalized stratified random sampling technique has been
adopted to get 10 random points for each of the five LULC
classes. Confusion matrix has been prepared by taking clas-
sification results in rows and ground truth reference from
Google Earth in columns for each sample point. Overall
accuracy and kappa statistic of classification has been cal-
culated from the confusion matrix (Table 3) using following
Egs. 5 and 6 respectively.
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Fig.3 a Slope, b relative relief, ¢ drainage density, d lineament density map of Jalpaiguri district
Table 3 Overall accuracy and kappa statistic of supervised classification
LULC classes Vegetation Water body Agriculture Bare land Built-up Total User’s accuracy (%)
Vegetation 10 0 0 0 0 10 100
Water body 0 8 1 1 0 10 80
Agriculture 0 0 10 0 0 10 100
Bare land 0 0 1 9 0 10 90
Built-up 0 0 1 0 9 10 90
Total 10 8 13 10 9 50
Producer’s accuracy 100% 100% 77% 90% 100%
Overall accuracy 92%
Kappa statistic 0.9
E:;l e; (N X Z?_l el-i) — Chance agreement
w = T x 100, (5) K= — (6)

where o is overall accuracy, e;, is element of i row and i
column, 7 is total number of classes and N is total number

of samples.
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of row total and column total for each class.

where k is kappa statistic and Chance agreement=XProduct
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Land cover (C) factor

Soil erosion is greatly influenced by amount and type of
land cover because vegetation cover prevents direct impact
of rainfall on soil (Das et al. 2018). C factor is defined as
the ratio of soil loss from agricultural cropped land and
clean tilled continuous fallow under same slope and rain-
fall condition (Pandey et al. 2007). Normalized Difference
Vegetation Index (NDVI) and C factor are correlating with
a positive relationship (Benavidez et al. 2018). C factor
value ranges between ‘0’ and ‘1°, where ‘0’ represents low
vulnerability and ‘1’ represents high vulnerability (Mahala
2018). The C factor map has been created using the fol-
lowing Eq. 7 proposed by Durigon et al. (2014).

1 - NDVI
C= ——, 7
2
where
NDVI = NIR — Red
NIR + Red

The NDVI map has been prepared using Red and NIR
bands of the LANDSAT 8 multispectral images of the
study area in raster calculator of ArcGIS 10.8. Desired C
factor map (Fig. 2¢) has been created using the Eq. 7 in
raster calculator.

Conservation practices (P) factor

P factor is considered as the effects of erosion preventive
practices such as terrace farming, strip cropping, contour
ploughing, etc. to reduce soil erosion (Ashiagbor et al.
2013). P factor values can be identified from the LULC
types (Naqvi et al. 2013). P factor value ranges between
‘0’ and ‘1’ (Tanyas et al. 2015), where ‘0’ indicates high-
est effectiveness of conservation practices and ‘1’ indi-
cates no conservation practices implemented (Santra and
Mitra 2020).

P factor values have been collected from the literature
(Table 4) due to lack of data on conservation practices

Table 4 P factor values for different LULC classes

in the study area. P factor values has been added to the
attribute table of the LULC raster and a new raster of P
factor has been created using the P factor value field using
Lookup tool of ArcGIS 10.8 (Fig. 4b).

RUSLE model

RUSLE model is a straightforward and empirically
based model that has the ability to predict long term
average annual soil loss by sheet and rill erosion using
data on rainfall pattern, soil type, topography, crop
system and management practices (Teng et al. 2018).
The average annual soil loss (A) in RUSLE model has
been described by the following Eq. 8 of Renard et al.
(1991).

A=RXKXLSXCxP ®)

All the five RUSLE factor rasters have been multiplied
in in raster calculator in ArcGIS to get the average annual
soil loss map.

AHP method

AHP is a multi-criteria decision-making method based on
different hierarchical geo-environmental variables (Das
et al. 2020). In this study, the variables considered are rain-
fall erosivity, soil erodibility, slope, relative relief, drainage
density, lineament density, geomorphology and land use/
land cover. The semi-qualitative AHP method employed
here utilizes a matrix based on pair-wise comparisons to
assess the contribution of various variables (Pradeep et al.
2015). In AHP method, variables are compared against
each other to determine their relative preferences, which
are then quantified using numeric values. The matrix ele-
ments (a;) can be described by following Eq. 9 of Saaty
(1980):

w; weight of varibale i

%= W weight of varibale j ©)

S. no. LULC Classes P factor Sources

1 Vegetation 1 Das et al. (2018), Prasannakumar et al. (2011), Tirkey et al.
(2013)

2 Water body 1 Mabhala (2018), Naqvi et al. (2013), Tirkey et al. (2013)

3 Agriculture 0.28 Mahala (2018), Pandey et al. (2007), Saha et al. (2018)

4 Bare land 1 Bhat et al. (2017), Das et al. (2018), Nasir and Selvakumar (2018)

5 Built-up 0 Bhat et al. (2017), Nasir and Selvakumar (2018), Rahaman et al.

(2015)
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Fig.4 a LULC, b P factor, ¢ geomorphology map of Jalpaiguri district
The weights assigned to the variables can range from 1 CR = CI 1
to 9, where 1 indicates equal importance and 9 indicates " RI an

absolute importance (Thomas et al. 2018). The eigenvec-
tor method has been employed to determine weight of each
variable (Das et al. 2020). The primary eigenvalues have
been computed by summing each column in the pairwise
comparison matrix. Subsequently, the values in each cell
have been divided by the column sum for normalization. The
average of each row elements of normalized matrix gives the
eigenvalue of each variable. To access the degree of con-
sistency of the pairwise matrix, the Consistency Index (CI)
and Consistency Ratio (CR) has been computed (Mihi et al.
2020) using Eqgs. 10 and 11:

where 4,,,, is the principal eigenvalue and n is the num-
ber of variables. RI is the random index defined by Saaty
(1980) for different value of n (Table 5). CR <0.1 indicates
an acceptable level for the variables in the analysis.

Finally weighted overlay analysis has been done in Arc-
GIS to prepare Soil Erosion Risk Index (SERI) by the fol-
lowing Eq. 12:

SERI = E, XV, (12)
i=1

where, E; is the eigenvalue of different variables V.

Amax — 11
cr= mx - (10)
n—1
Table 5 RI values of Saaty depending on number of variables
n 1 2 3 4 5 6 7 8 9 10
RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49
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Results and discussions
Rainfall erosivity (R) factor

R factor of the Jalpaiguri district ranges from 2,254 MJ mm
ha' h™! year™! to 3,328 MJ mm ha~! h~! year™! (Fig. 2a).
The R factor map has been classified into five erosivity
zones i.e., lowest (22542582 MJ mm ha~' h™! year‘l), low
(2582-2793 MJ mm ha~! h™! year™!), moderate (2793-3000
MJ mm ha~' h™! year™"), high (3000-3197 MJ mm ha~' h™!
year™!) and highest (31973328 MJ mm ha~! h~! year™").
Southern part of the study area shows highest R factor val-
ues which covers more than 50% of the area. The northern
part shows low rainfall erosivity, whereas a small patch of
land in north-eastern part shows lowest value. Moderate
and high R factor values can be seen in the central part of
the study area. The general trend of R factor shows rainfall
erosivity increases from north to southern direction of the
Jalpaiguri district.

Soil erodibility (K) factor

K factor of Jalpaiguri district varies from 0.1043 t0 0.1549 th
MJ~! mm™' (Fig. 2b). The K factor map has been classified by
unique values of different soil units present in the study area.
Dystric Regosils (Rd) soil unit shows lowest (0.1043 th MJ~!
mm~!) K factor value which covers most of the study area.
Eutric Cambisols (Be) soil unit in south-eastern part shows
highest (0.1549 t h MJ ~I'mm™") K factor value. Humic Cam-
bisols (Bh) in western part and narrow stipe of Eutric Fluvisols
(Je) in west shows moderate (0.1192 th MJ~' mm™") and high
(0.1303 th MJ~" mm™") K factor values respectively. Dystric
Cambisols (Bd), Eutric Gleysols (Ge) and Dystric Nitosols
(Nd) soils are present in few smaller patches.

Relative relief (RR), drainage density (DD)
and lineament density (LD)

Relative relief (Fig. 3b), drainage density (Fig. 3¢) and line-
ament density (Fig. 3d) map has been classified into five
classes. Majority of the district has been categorized as
very low (< 15) and low (15-30) in terms of relative relief.
However, significant patches of high (45-60) and very high
(> 60) relative relief is scattered throughout the study area.
High (1.5-2 mm™) and very high (> 1.5 mm™) drainage
density can be witnessed throughout the district due to pres-
ence of major rivers and its tributaries. Northern hilly ter-
rain and western and south—eastern alluvial plain shows high
(0.075-0.1) and very high (> 0.1) lineament density. Major-
ity portion of the area is categorized as very low (<0.025)
lineament density.

Slope (S) and slope length and steepness (LS) factor

The slope ranges from O to 0.8 rad (Fig. 3a), whereas unit-
less LS factor of Jalpaiguri district ranges from O to 632
(Fig. 2d). Mean and standard deviation of LS factor have
been found to be 0.73 and 5.06 respectively. Significant por-
tion of the study area can be classified as high (0.075-0.1
rad) slope, whereas majority portion is classified as very
low (< 1) LS factor value. Few patches of high (5-10) and
very high (> 10) LS factor can be seen in north and north-
western part due to presence of hilly terrain. Low (1-2) and
moderate (2-5) values are scattered over the whole study
area. General trend of slope and LS factor is decreasing from
north to southern direction.

Accuracy assessment and LULC

The supervised image classification of Jalpaiguri district has
shown very high accuracy (Table 3). User’s accuracy for
vegetation and agricultural lands and producer’s accuracy
for vegetation, water body and built-up areas shows 100%
accuracy. The overall accuracy and kappa statistic have been
found to be 92% and 0.9 respectively.

The people of Jalpaiguri district are mostly engaged
with agricultural activities which is evident from the
fact that most of study area (71.83%) is covered by agri-
cultural land (Fig. 4a; Table 6). Tea and paddy are the
principal crops of northern hilly terrain and southern
alluvial plain of Terai region. Significant amount of
land (14.84%) in northern hilly terrain are covered by
forest, whereas Bhaber and Terai regions are devoid of
forest cover. Rivers, canal, ponds and wetlands contrib-
ute 3.21% of water bodies in the district. 3.77% of lands
constitutes built-up areas. Rural and urban settlement,
industrial areas and major highways constitutes built-up
areas. Bare lands (6.35%) are mostly sand bars along
the rivers.

Table 6 Percentage of area in each LULC classes

S. no. LULC classes Area (km?) Area (%)
1 Vegetation 506.8919983 14.84
2 Water body 109.6060028 3.21
3 Agriculture 2452.820068 71.83
4 Bare land 216.970993 6.35
5 Built-up 128.6609955 3.77
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Land cover (C) factor

The unitless land cover factor ranges from 0.25 to 0.56
(Fig. 2¢). The five C factor classes almost coincide with the
LULC classes. The highest (0.49-0.56) and high (0.43-0.49)
C factor values almost coincide with water bodies and bare
lands which are more prone to erosion. Built-up areas also
show high land cover factor. Very low (0.25-0.37), low
(0.37-0.39) and moderate (0.39-0.43) C factor values rep-
resents forest and agricultural lands.

Conservation practices (P) factor

P factor map has been classified by its three unique val-
ues (Fig. 4b). Forest, bare land and water bodies have been
assigned the highest P factor value of ‘1’ due to no conserva-
tion practices. Least P factor value of ‘0’ has been assigned
to built-up areas. Since built-up areas covers the topsoil,
it is least prone to erosion. Agricultural lands are prone to
erosion based on different conservation practices have been
applied. P factor value of 0.28 has been assigned to agri-
cultural lands due to lack of conservation practices data of
Jalpaiguri district.

Geomorphology

Geomorphology of Jalpaiguri district comprises of fluvial
origin, structural origin, anthropogenic origin and water
bodies. Small patches of both highly and moderately dis-
sected hills and valleys of structural origin can be seen at
extreme north of the district. Majority of the study area
is of fluvial origin. Among fluvial origin, alluvial plain is
predominated. However, significant portion of land is flood
plain. Piedmont alluvial plain is the most dominant geo-
morphology. Younger alluvial plain can be seen at extreme
south, whereas older alluvial plain is in north-central por-
tion. Area around Teesta river constitutes active flood plain,
whereas area around Jaldhaka river is categorized as older
flood plain.

Soil loss (A) estimation by RUSLE model

Soil loss of Jalpaiguri district have been classified into six
erosion classes as recommended by Singh et al. (1992)
and applied by Pandey et al. (2007) for Indian conditions
(Fig. 5). Slight (<5 t ha™! year™!), moderate (5-10 t ha™!
year™!), high (10-20 t ha™! year™"), very high (20-40 t ha™!
year‘l), severe (40-80 t ha™! year_l) and very severe (>80
t ha™! year™!) are the six erosion classes. Table 7 Shows
percentage of area in different erosion classes. Most of area
(50.18%) falls under slight erosion potential zone. Many
patches of severe and very severe soil erosion areas can
be seen in eastern, northern and north-western part of the
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Fig.5 RUSLE based soil loss map of Jalpaiguri district
Table 7 Percentage of soil loss in different erosion classes
S.no. Soil loss (t Erosion classes ~ Area (km?)  Area (%)
ha™! year™")
1 <5 Slight 1706.77 50.18
2 5-10 Moderate 168.51 4.95
3 10-20 High 285.37 10.88
4 20-40 Very high 370.02 9.63
5 40-80 Severe 327.52 9.63
6 >80 Very severe 543.37 15.97

district. More than 25% of the areas are affected by severe
and very severe soil erosion. Moderate, high and very high
soil erosion potential zones are scattered over the whole
study area which contributes 4.95%, 8.39% and 10.88% of
areas respectively.

Soil erosion risk index (SERI) by AHP method

In decreasing order of weights, the geo-environmental vari-
ables are prioritized as follows: rainfall erosivity with the
highest weight of 9, followed by slope (8), land use and land
cover (6), relative relief (4), soil erodibility (3), geomor-
phology (3), lineament density (2), and drainage density
(1) (Das et al. 2020; Mihi et al. 2020; Pradeep et al. 2015;
Prakash et al., 2022; Saha et al. 2022). Pairwise comparison
matrix has been presented in Table 8. The higher eigen-
value of 0.25 and 0.22 suggests rainfall and slope variable
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Table 8 Pairwise comparison matrix and eigenvalue
R S LULC RR G K LD DD Eigenvalue
R 1 1.125 1.5 2.25 3 3 4.5 9 0.25
S 0.889 1 1.333 2 2.667 2.667 4 8 0.22
LULC 0.667 0.75 1 1.5 2 2 3 6 0.17
RR 0.444 0.5 0.667 1 1.333 1.333 2 4 0.11
G 0.333 0.375 0.5 0.75 1 1 1.5 3 0.08
K 0.333 0.375 0.5 0.75 1 1 1.5 3 0.08
LD 0.222 0.25 0.333 0.5 0.667 0.667 1 2 0.06
DD 0.111 0.125 0.167 0.25 0.333 0.333 0.5 1 0.03

A = 8.07975 CI=0.01139286

CR=0.00808004

holds a relatively higher importance in the analysis, respec-
tively. On the contrary, the eigenvalue of 0.03 and 0.06 for
drainage density and lineament density are relatively less
important in the analysis, respectively. A consistency value
of 0.008, which is less than the threshold of 0.1, suggests
that the weights assigned to the individual variables are
consistent.

Similar to the classification scheme used in the RUSLE
model, the Soil Erosion Risk Index (SERI) map generated
through the Analytic Hierarchy Process (AHP) method has
also been classified into six distinct classes (Fig. 6). These
classes are categorized as slight, moderate, high, very high,
severe, and very severe. In the Teesta floodplain and west-
ern alluvial plain, the majority of the area is categorized as
slight to moderate erosion prone. This suggests a relatively
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Fig.6 AHP based soil erosion risk index map of Jalpaiguri district

lower risk of soil erosion in these regions compared to
other areas. However, in contrast, the northern hilly terrain
and eastern alluvial plains exhibit a significant portion of
the area classified as severe to very severe erosion prone.
This indicates a high vulnerability to soil erosion in these
regions, emphasizing the need for targeted erosion con-
trol and conservation measures to mitigate the potential
negative impacts on land productivity and environmental
stability.

Model validation by ROC curve

The validation of soil erosion models is widely recognized
as one of the most crucial for accuracy and reliability of
the models’ predictions and ensuring their applicability in
real-world scenarios (Gayen et al. 2019). In order to validate
RUSLE model and AHP method, a total of 130 locations
were randomly selected. The selected sites have been ran-
domly classified as training (70%) and testing (30%) data-
sets in Python. These locations were then thoroughly exam-
ined using high-resolution imagery from Google Earth Pro
software, covering various time scales. By utilizing the rich
visual information provided by Google Earth Pro, a more
comprehensive understanding of soil erosion dynamics
and validation of the risk map has been achieved. Receiver
Operating Characteristic (ROC) curves are frequently used
to compare existing soil erosion locations in validation data-
sets with the aid of a soil erosion map (Ghosh and Maiti
2021). These curves provide a graphical representation of
the model’s performance by plotting the true positive rate
(sensitivity) against the false positive rate (1-specificity)
at various threshold values. By analysing the ROC curve,
the model’s accuracy, discrimination power, and overall
performance in identifying soil erosion locations can be
evaluated.

Area Under Curve (AUC) value is a commonly used
metric to assess the performance models, particularly in
the context of ROC curves (Bag et al. 2022). AUC value
above 0.8 is considered as the excellent accuracy of the
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model. In the present context, both the RUSLE model and
the AHP method exhibit excellent accuracy, with AUC
values of 0.91 and 0.82, respectively (Fig. 7). However,
considering the higher AUC value of 0.91, the RUSLE
model is deemed more appropriate compared to the AHP
method. This suggests that the RUSLE model demon-
strates a stronger predictive capability in assessing soil
erosion risk in the given context.

Fig.8 Percentage of severe
and very severe soil erosion in

Soil loss in LULC classes

Nearly 42% area of vegetation cover of Jalpaiguri district are
potential zones of very severe soil erosion (Fig. 8). LS factor
is the most responsible factor for higher rate of soil loss from
the vegetation covers due to presence all forested areas in
northern hilly terrain which have higher slope compared to
rest of the district. More than 20% of agricultural lands are
vulnerable to severe and very severe soil erosion. Loss of top
fertile soil from the agricultural lands at higher rate is a great
concern due to the fact that agriculture is the most common
economic activity of the district. It shall be also responsible
for lower yield per unit area of agricultural lands. Nearly
30% and 26% areas of water bodies and bare lands are prone
to very severe soil erosion respectively. Erosion in the water
bodies and bare lands signifies sediment transportation from
the major rivers. Built-up areas do not show any erosion due
to highest conservation practices factor.

Soil loss in administrative blocks

Nagrakata block is most vulnerable to soil erosion with
26.63% of area in very severe erosion category (Fig. 9).
Presence of more vegetation cover in Nagrakata block
accounts for higher soil loss. Both Matiali and Dhupguri
blocks also shows nearly 20% area are prone to very severe
soil erosion. Both vegetation cover and agricultural lands of
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Fig.9 Percentage of severe and very severe soil erosion in administrative blocks
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Matiali block accounts for high soil loss. Agricultural lands
contribute most of the areas of very severe soil erosion in
Dhupguri block. Nearly 18% area of Rajganj block are prone
very severe soil erosion which is also due to the presence
of significant amount of vegetation cover. Maynaguri block
also shows more than 10% area under very severe erosion
category. Jalpaiguri block is the least vulnerable to soil ero-
sion compared to other blocks of the district.

Conclusion

Soil erosion is a very serious issue for hilly region and its
surrounding valley areas. Present study area of Jalpaiguri
district faces this serious issue and the assessment of soil
loss is indispensable for sustainable development. Sheet
and rill erosion by water are common accumulators for soil
vulnerability in this area. The erosion of soil is very low in
maximum area but it may arise at a disquieting rate origi-
nating severe to very severe loss of top soil. Quantitative
estimation of soil loss by water erosion in the study area has
been accomplished by RUSLE model and AHP method with
the aid of RS and GIS. The validation using ROC curves
indicates that both the RUSLE and AHP models exhibit
excellent accuracy in predicting soil erosion. However, the
RUSLE model outperforms the AHP model with a higher
AUC value of 0.91 compared to 0.82, indicating its supe-
rior capability in soil erosion prediction. According to the
RUSLE model, more than 25% of the area in Jalpaiguri
district is classified as prone to severe to very severe soil
erosion. Northern hilly terrain and eastern alluvial plain
are at more risk of soil erosion. Among the LULC classes,
vegetation covers are found to experience higher soil loss.
Sloping topography and unsuitable land use practices,
such as improper agriculture and deforestation are the
main causes of erosion in these regions. Specifically, in
the Nagrakata block, the vegetation covers are particularly
vulnerable to soil erosion. Additionally, agricultural lands
in the Dhupguri block are also identified as highly erosion
prone. Intensive farming practices and lack of conservation
measures leave agricultural lands of these regions vulner-
able to erosion. These findings emphasize the importance
of implementing erosion control measures and land man-
agement practices in these areas to protect the vegetation
covers and agricultural lands from soil erosion and maintain
their productivity.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43538-023-00197-3.
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