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Abstract
Soil erosion is the main driving force of several devastating natural hazards in the complex 
mountainous terrain of the Himalayas where the Teesta River basin is located. The present 
study focused on GIS-based multi-criteria analytical approach (MCA) that integrates mor-
phometric parameters with land cover categories for identification of erosion hotspot areas 
through sub-watersheds prioritization. The general character of the eight sub-watersheds 
was derived from the linear, areal and relief aspects, while seven land cover types derived 
from maximum likelihood classification were evaluated in the MCA. Before combination 
of the studied parameters in MCA, each parameter was individually ranked and compound 
value (Cp) was calculated which produced four classes: low, medium, high and very high 
priority. Later, these ranks were integrated into MCA to give eight major classes classified 
from 1 to 8. Lowest Cp ranked 1 gets very high priority, while the highest Cp is ranked 
8, i.e., lowest priority. The results revealed a predominance of dense forest account for 
31.73% of the total area, the basin is a sixth-order river dominated by high relief and mar-
ginal slope, elongated in shape, and mean bifurcation ratio (Rb) was 3.879 which indicates 
an undistorted natural drainage system. Final MCA priority ranking indicated that: SW-4 
and 5 having lowest Cp values (3.39 and 4) ranked 1 and 2 suggest very high erosion sus-
ceptibility, SW-8 and 3 (4.22 and 4.39) rated 3 and 4, i.e., high priority; SW-6 and 7 ranked 
5 and 6, i.e., medium priority; and SW-1 and SW-2 ranked 7 and 8 because of their highest 
Cp (5.39 and 5.67), i.e., least priority. The prioritization result identified critical areas that 
are indispensable for sustainable use and management of water and land resources.
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1  Introduction

The survival of living systems on earth mainly depends on land and water resources. These 
resources are interdependent and interacting in various phases of their respective cycles. 
The well-being of the people, environment preservation and sustained food security depend 
on sustainable management of natural resources (Borkar et al., 2018).

However, lack of management and careless use of natural resources led to degradation 
and hence may become a major concern to the decision makers, researchers and planners 
(Kulimushi et al., 2021). Soil erosion among other forms of land degradation causes onsite 
loss of soil productivity and offsite water pollution, filling of riverbed and downstream 
flooding (Sharma et  al., 2015; Uwemeye et  al., 2020). Soil erosion is then a worldwide 
major agricultural and environmental problem (Morgan, 2009). The complex mountainous 
terrain of the Himalayas is an unstable and fragile ecosystem threatened by major driv-
ing force of several devastating natural hazards including the soil erosion due to resources 
overexploitation from anthropogenic activities added to the climate change (Chauhan et al., 
2016; Huggel, 2004).

Consequently, adoption of better management needs to preserve the equilibrium 
between water and land on the one hand and human activities and land use on the other 
hand (Choudhari et al., 2018; Kolekar, 2021).

Soil loss susceptibility assessment focusing on key characteristics is hence important 
to maintain the level of soil productivity and hence reduce devastating consequences to 
the biophysical and socioeconomic, and environment (Kulimushi et  al., 2021). Over the 
past decades, many approaches were taken to assess the soil erosion susceptibility, some 
involved the rainfall intensity, land cover, soil properties and topographic as the main 
triggering factors (Kavian et  al., 2014; Rushema et  al., 2020). Several authors including 
(Miller, 1953; Horton, 1945; Sreedevi et al., 2009) show that the main determinant of run-
ning water systems functioning at basin scale is the physical characteristics such as geol-
ogy, lithology, soil, geomorphology, topography, vegetation and climate.

These physical parameters are interrelated and can be deeply understood through mor-
phometric study to characterize a River basin, thus provide general information about 
hydrogeological behavior of a drainage basin such as stream order, density and frequency, 
length of overland flow, relief and channel slope together with other basin morphological 
aspects (Fenta et al., 2017). Furthermore, land cover is one of the most sensitive indicators 
of the interactions between human activities and the natural environment (Alkharabsheh 
et  al., 2013). The same author shows that geomorphic conditions of the area associated 
with land cover patterns have an accelerating impact of the land degradation, therefore 
becoming useful elements to identify erosion prone areas. In doing so, computer-aided 
mapping (GIS and remote sensing) techniques become the most important progress in 
natural science (Chaubey et al., 2020). The GIS technology provides suitable alternatives 
for the efficient management of large and complex databases, while satellite remote sens-
ing can obtain a synoptic view of a large area at one time and very useful for land, cover 
dynamics and morphometric study (Grohmann, 2004).

Some of the recent studies from different parts of the sphere have applied GIS in drain-
age characteristics studies for watershed prioritization using different methods such as 
Nitheshnirmal et al., (2019) used compound factor method; Rahmati et al., (2019) used the 
weighted aggregate investigation method; Pham et al., (2018) employed the model of soil 
disintegration; Tripathi et al., (2003) used the soil and water evaluation model; and Farhan 
et al., (2018) used the multivariate method.
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However, the multi-criteria decision-making methods are mostly preferred methods, 
such as the analytical hierarchical process (AHP), the fuzzy AHP, the complex corre-
sponding appraisal of choices, the technique for order preference by similarity to an ideal 
solution and the straightforward added substance weighting. These methods were broadly 
employed in many studies including (Meshram et al., 2020; Jaiswal et al., 2015; Rahaman 
et al., 2015; Akay & Baduna Koçyiğit, 2020).

The foremost advantage of GIS-based multi-criteria decision-making method is that it 
allows evaluating various factors with multi-criteria attributes for watershed prioritization 
and further utilized for decision makers. The present study used the same concept focusing 
on the drainage features and the land covers patterns of Teesta River basin and related sub-
watersheds evaluated in MCA method considering their role in accelerating the soil erosion 
(Pal, 2016; Tamang et al., 2012; Wadadar, 2016).

This research will help to understand the soil erosion susceptibility of Middle and 
Lower Teesta River basin, which can be an aid for decision makers to identify the erosion-
prone areas in improving it through scientific or indigenous method of the study area.

2 � Study area

Middle and Lower Teesta River basin of Sikkim Himalaya falls in between 88°17′5" E to 
88°55′54" E longitude and 27°4′34" N to 27°4′36" N latitude and covers an area of 2524.59 
sq. km. (Fig.  1). Teesta River is a perennial river that is also the trunk river in Sikkim 
Himalaya. It originates from Tso Lamo lake of Trans Himalayan region; Northern part of 
Sikkim state flows from north to south and divides the state into two parts. It flows down 

Fig. 1   Study area map of Middle and Lower Teesta basin, Sikkim Himalaya, India
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to the parts of North Bengal and Bangladesh, and it finally joins the Bay of Bengal. Topo-
graphically, the area lies at the Higher Himalaya, which consists of steep-sided hills and 
deep valleys.

Lesser Himalaya Sequence (LHS) dominates the study area, which is bordered to the 
south by Main Boundary Thrust (MBT) and to the north by Main Central Thrust (MCT). 
The Central Crystalline Gnessic Complex (Proterozoic age), Daling Group (Paleoprote-
rozoic age), Lingtse Granite Gneiss Group (Meso-Proterozoic age) and Gondwana Group 
(Late Paleozoic age) cover more than 90% of the study area and rest (10%) is unmapped 
area because of presence of snow cover. These 4 groups make the lithological set up of 
the study area. The Central Crystalline Gnessic Complex (CCGC), the most abundant rock 
group found in SW3, SW4, SW5, SW6, SW7 and SW8 of the study area which constituted 
by calc-silicates, calc-gneisses, quartzites and schists; parts of the CCGC are prone to ero-
sion due to the presence of semi soft nature type of rocks. The Daling Group of rock was 
exposed in the Teesta valley, the second largest abundant rock group was found in SW1, 
SW2, SW6 and SW7. The un-fossiliferous low-grade meta-sediments divided into domi-
nantly greenish argillaceous assemblage comprising the Daling “Series” and dolostone, 
quartzite and variegated slate assemblage making up the Buxa “Series” by Mallet (1875). 
The Daling Group of rocks are also prone to erosion due to the types of rocks, which are 
softer in nature. Granite gneiss types of rocks are the main constituent in the Lingtse Gran-
ite Gneiss group, found in SW6, SW7 and SW8. The gneisses appear sheet-like bodies of 
coarse to medium grained, foliated to strongly lineated granite mylonite. The Lower Gond-
wana rocks, of the LHS,  are the Teesta dome’s youngest stratigraphic boundary, which 
found only in SW2 of the study area. The older Rangit Pebble Slate (RPS), which dates 
from the early Permian period, is constituted by sandy and pebbly spotted slates of diamic-
tite, fine-grained sandstone and granite, usually easily erodible. (Acharyya and Ray, 1977).

The major type of soil found in Sikkim is the loamy type of soil. According to the stra-
tegic and extension plan of East Sikkim, the soils found between 15 and 30% slopes are 
deep excessively drained, coarse loamy to the fine loamy surface with slight stoniness and 
moderate erosion. Soils are moderately acidic and rich in humus contain. These areas are 
also predominantly under forest & cultivation. The soils on ridges of steeply sloppy hill-
sides (30–50%) slopes are moderately shallow to deep, well drained, silty to fine loamy 
soils with slight stoniness and moderate erosion. The soil is acidic and stony surface. They 
are largely under temperate forest. Alpine forests and some are under cultivation crops. 
Soils on ridges of more than 50% slope are moderately deep developed on steep sloppy 
hills, excessively drained, coarse loamy to fine loamy soil with slight stoniness and moder-
ate erosion. Soils are moderately acidic, dark brown to dark yellows and rich in humus. Un-
terraced lands are susceptible to severe erosions. These are largely under temperate forest 
covers.

3 � Data set and methodology

3.1 � Data set

Numerous data sets have been indulged in achieving the objectives of the given 
study—(a) ASTER DEM (Advanced Space borne Thermal Emission and Reflection 
Radiometer) having cell size of 30 m downloaded from (https://​aster​web.​jpl.​nasa.​gov/​
data.​asp); (b) Sentinel-2A (https://​senti​nel.​esa.​int/​web/​senti​nel/​senti​nel-​data-​access) 

https://asterweb.jpl.nasa.gov/data.asp
https://asterweb.jpl.nasa.gov/data.asp
https://sentinel.esa.int/web/sentinel/sentinel-data-access
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of 10  m pixel size considering the bands (2, 3, 4 and 8). To produce details of the 
land use land cover pertaining to the study area used supervised classification method. 
Downloaded the watershed map published by Soil and Land Use Survey of India 
(SLUSI) (https://​slusi.​dacnet.​nic.​in/) has been used to validate the watershed boundary 
and drainage network which generated through ASTER DEM. The ancillary data sets 
such as Geological map from Bhukosh, (http://​bhuko​sh.​gsi.​gov.​in/​Bhuko​sh/​Public) 
GSI (Geological Survey of India), are used to understand the geology for the interpre-
tation of soil erosion prone area. During the field survey of the study area, photographs 
of the erosion-prone areas were taken.

4 � Methodology

In the present study, an integrated approach is employed for identification of erosion 
prone areas in the Middle and Lower Teesta river watershed. The linear-, areal- and relief-
based morphometric parameters are generated using ASTER DEM with Spatial Analyst 
Tools (ArcGIS 10.2). In GIS, environment generated various layers, which are required 
for morphometric analysis such as slope, aspect, flow accumulation, threshold condition, 
stream order and basin boundary. As well, an entire watershed was discretized into 8 sub-
watersheds and coded as morphometry SW-1 to SW-8. The morphometric parameters 
are estimated with respect to the delineated sub-watersheds polygon. The sub-watersheds 
dimension was obtained summing the main channel length and the distance between the 
higher and lower main channel points to the basin perimeter. Stream order was designated 
after Strahler hierarchical ranking (Strahler, 1952). Different equations as given in Table 1 
developed by many scholars were used in this study to derive the relevant sub-watersheds 
morphometric parameters corresponding to linear, areal and shape (Abdeta et al., 2020).

Land cover classification (LC), the study employed the multispectral Sentinel–2A data 
of S2MS12A product type with 10 m spatial resolution acquired on December 16, 2018. 
The acquired data have already geometrically corrected, processed for layer stacking using 
bands (2, 3, 4 and 8). The maximum likelihood classification (MLC) was used for the land 
cover classification processed in ERDAS IMAGINE 14. Numerous image augmentation 
techniques were engaged in order to achieve heterogeneity taking into consideration the 
ground truth information with respect to known land cover types of training samples. A 
total of seven such LC classes were identified for the study area, viz., snow, water body, 
built-up, barren land, agriculture, dense forest and sparse forest. Field verification (349 
ground points) has been finally conducted for the generated LC classes (Fig. 2).

The generated LC map was subjected to the accuracy assessment, using the Kappa coef-
ficient (Altaf et al., 2014). The kappa coefficient indicator used in many studies to check 
the overall accuracy of the classified image (Foody, 2002). Following is the formula used 
for calculation of kappa coefficient (Eq. 1.1). 

where k is the kappa coefficient, r rows number included in the error matrix, Xii obser-
vations number in row i and column i (on the major diagonal). Whereas the Xi+ is the 
total observations in row i (shown a marginal total to right of the matrix), X+I is the total 

(1.1)k =

�

N
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− N
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https://slusi.dacnet.nic.in/
http://bhukosh.gsi.gov.in/Bhukosh/Public
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observations in column i (shown a marginal total at the bottom of the matrix) and N is the 
total observations number.

Fig. 2   Geological map of the study area. Source: https://​bhuko​sh.​gsi.​gov.​in/​Bhuko​sh/​MapVi​ewer.​aspx

https://bhukosh.gsi.gov.in/Bhukosh/MapViewer.aspx
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The compound value method was used in this study for the multi-criteria analysis. This 
method transforms a phenomenon from a qualitative aspect into quantitative evaluation 
(Todorovski & Džeroski, 2006). The MCA method has demonstrated its capability in many 
studies including (Hembram & Saha, 2020; Trabucchi et al., 2013) for comparison between 
similar geographic location considering the land surface processes (Mosbahi et al., 2013). 
In a situation of the data-scarce region, various scholars (Chen et  al., 2011; McCloskey 
et al., 2011; Saghafian et al., 2013) extensively used the methodology for sustainable plan-
ning and administration of sub-watersheds. The methodology flowchart is given in Fig. 3.

The entire approach is based on the level of susceptibility of different sub-watersheds to 
erosion. The process starts by ranking the overall sub-watersheds with respect to both mor-
phometric parameters and land cover. The total number of sub-watersheds are considered 
to determine the maximum number of rank. In this case, the rank was found in the range 
between 1 and 8. The lower value 1 was assigned to a morphometric parameter and Lc with 
respect to their contribution to accelerating the erosion process, while 8 represented the 
lowest influence on erosion. For a specific sub-watershed, the average rank is calculated 
and consigned as the compound value (Cp). Henceforth, Cp represents the joint effect of 
the studied parameters to assess the sub-watersheds erosion vulnerability. Based on the cp 
value assessed the sub-watershed’s susceptibility to erosion. The following formula was 
used to calculate the compound value (Eq. 1.2).

Here: Cp: compound value; Ri parameter’s rank; n total parameters number.

5 � Results

5.1 � Relationship between the morphometric parameters and erosion susceptibility 
assessment

Watershed morphometric comprises various surface mechanisms including the geology, 
hydrology and geomorphology (Eniolorunda, 2012). Hence, it becomes a potential indi-
cator of landform structure, hydrogeological processes such as infiltration capacity, soil 
erodibility and runoff characteristics of a given basin (Sharma et al., 1986). Various stud-
ies which used morphometric parameters in soil erosion risk assessment have shown that 
linear (stream order, stream length, mean stream length, stream length ratio, texture ratio, 
drainage density, stream frequency, bifurcation ratio, length of overland flow) and relief 
(Total relief) aspects are directly correlated to the soil erodibility, which means that the 
severity of soil erosion increases as the values of the aforesaid aspects increase, conversely 
to areal aspect (circularity ratio, form factor, elongation ratio, compactness coefficient, 
basin shape, constant of channel maintenance) is inversely correlated to soil erodibility 
(Nooka et al., 2005).

Toward the assessment of erosion risk in Teesta River basin based on morphomet-
ric parameters, the contribution of each morphometric parameters was considered in 
computation of the average ranks known as compound value (Cp). This Cp calculated, 
respectively, for each sub-watershed is the summation of ranks over the total number of 
parameters and accordingly four classes were categorized: very high, high, medium and 

(1.2)Cp = 1∕n

n
∑

i=1

R
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Fig. 3   Flowchart of methodology
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low, where the sub-watershed having the lowest compound value is likely to undergo 
intense erosion (Biswas et  al., 1999), hence assigned as very high priority, and next 
higher value gets high priority and so on until the overall sub-watersheds are ranked.

It has been observed that a dendritic drainage pattern of the entire Middle and Lower 
Teesta basin is normally observed in many natural rivers. The smallest sub-watershed 
area was 81.77 km2, and largest was 599.86 km2. More detail is given in Table 2.

5.2 � Linear aspect parameters

In this study, the linear aspects consist of stream order, stream length, mean stream 
length, stream length ratio, texture ratio, drainage density, stream frequency, bifurcation 
ratio and length of overland flow.

5.2.1 � Stream order

Streams hierarchical position is important to understand any drainage characteristics of 
a given basin. This parameter was calculated based on stream order model proposed by 
Strahler (1957). Teesta River basin is classified as 6th order basin. Table 2 and Fig. 4 that 
give more detail about the sub-watersheds area, stream order and total number of streams 
per order and per sub-watershed revealed that Teesta River basin had total streams number 
of 838 (highest streams number 186 found in SW-8 while lowest streams number found in 
SW-2), out of which 75.63% (633) is 1st order, (18.52%) is 2nd order, 4.42% (37) is 3rd 
order, 0.95% (8) is 4th order, 0.48% (4) is 5th order, and 0.12% (1) is 6th order.

It has been observed that the number of streams decreased as the stream order increased, 
which means that the frequency of streams decreased in increasing stream order. The basin 
of such a type indicates the direction of flow from high altitude to low altitude.

Table 2   Sub-watershed wise stream order with number of segments

Sl. No Sub-watershed Area (km2) Number of streams

I II III IV V VI Total

1 SW1 599.86 82 34 8 1 1 126
2 SW2 81.77 22 5 1 28
3 SW3 270.95 72 18 5 1 1 97
4 SW4 294.04 96 19 4 1 120
5 SW5 200.47 53 12 3 1 69
6 SW6 245.95 85 17 6 2 1 111
7 SW7 252.27 77 19 4 1 101
8 SW8 508.73 146 31 6 2 1 186
Total 2454.03 633 155 37 8 4 1 838
Percentage (%) 75.63 18.52 4.42 0.95 0.48 0.12 100
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5.2.2 � Stream length

This parameter was calculated after Horton’s second law (Horton, 1945) that goes, the 
total length of streams decreases as the stream order increases, which means that the 
highest total stream length would be always found in the lowest stream order. The results 

Fig. 4   Drainage map of the study area
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describing the stream order and associated stream length given in (Table 3 and Fig. 4) show 
that Teesta River basin follows Horton’s law. Out of the total stream length of 1577.39 km 
(highest total streams length in SW-1 and lowest total length of streams in SW-2), the high-
est total stream length 777.69Km was found in 1st order, 409.94 km is 2nd order, 205. Km 
in 3rd order, 89.8 km in 4th order, 58.19 km in the order, and the lowest total stream length 
was found in 6th order.

This change might be due to the variation in slope steepness, variation in lithology and 
the high altitude to the low altitude flow direction.

5.2.3 � Mean stream length

Related to the basin size and basin topography, the mean stream length increases as the 
stream order also increases which makes this parameter opposite to the Horton law. Table 4 
shows that the lowest mean stream length of 1.232 km was observed in 1st order, 2.56 km 
in 2nd order, 5.232 km in 3rd order, 12.73 km in 4th order, 14.548 km in 5th order and the 

Table 3   Sub-watershed wise stream order with stream length

Sl. No Sub-watershed Area Stream 
length in 
Km
I II III IV V VI Total

1 SW1 599.86 202.92 88.71 37.83 18.71 36.27 384.44
2 SW2 81.77 21.09 11.92 2.53 35.54
3 SW3 270.95 77.66 53.97 15.56 11.65 21.77 180.61
4 SW4 294.04 100.44 52.92 24.50 21.06 198.92
5 SW5 200.47 79.47 31.15 12.82 11.05 134.49
6 SW6 245.95 67.35 27.35 40.86 7.63 9.77 152.96
7 SW7 252.27 71.02 41.83 28.57 19.47 160.89
8 SW8 508.73 157.74 102.09 42.83 18.94 7.94 329.54
Total 2454.03 777.69 409.94 205.50 89.80 58.19 36.27 1577.39
Percentage (%) 49.30 25.99 13.03 5.69 3.69 2.30 100.00

Table 4   Sub-watershed wise 
stream order with mean stream 
length

Sl. No Sub-watersheds

I II III IV V VI

1 SW1 2.475 2.609 4.729 18.710 36.270
2 SW2 0.959 2.384 2.530
3 SW3 1.079 2.998 3.112 11.650 21.770
4 SW4 1.046 2.785 6.125 21.060
5 SW5 1.499 2.596 4.273 11.050
6 SW6 0.792 1.609 6.810 3.815 9.770
7 SW7 0.922 2.202 7.143 19.470
8 SW8 1.080 3.293 7.138 9.470 7.940
Mean stream 

length
1.232 2.560 5.232 12.753 14.548 36.270
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highest mean stream length was observed in 6th order. This result can indicate the high-
est mean annual runoff in 6th stream order as the mean annual rainfall runoff relatively 
increased as the stream order increased.

5.2.4 � Stream length ratio

It is defined as a fraction between the mean stream lengths of one order to that of the next 
lower order. The stream length ratio for Teesta River basin was found in the range from 
0.532 noticed in the first order to 1.939 observed in fifth stream orders which thereby sug-
gest that the geomorphic development is at the late youth stage (Vittala et al., 2004). The 
result given in (Table 5) revealed that no trends exist between streams of different orders 
within different sub-watersheds, which might be attributed to the discrepancy existing in 
slope and topography.

5.2.5 � Texture ratio (T)

The texture ratio is the ratio between the first streams order and the basin perimeter (Hor-
ton, 1945). It depends on rainfall, rock type, relief, infiltration capacity and lithology. 
Smith (1950) proposed four texture classes: coarse texture (< 4/km), intermediate texture 
(4–10/km), fine texture (10–15/km) and ultrafine texture (> 15/km). From this classifica-
tion, it is noticeable that Teesta River basin is categorized as coarse texture < 4/km, since 
drainage texture values of the sub-watersheds vary from 0.618 in SW-2 ranked 8 to 1.63 in 
SW-4 ranked 1 indicating maximum erosion exposure of the sub-watershed.

5.2.6 � Drainage density (Dd)

Drainage density depends on soil properties, vegetation and the dominated climate among 
others. Drainage density indicates the closeness of channel spacing, runoff, erosion poten-
tial and landscape dissection (Yadav et al., 2014). Drainage density values given in Table 6 
and Fig. 5 show that Teesta River basin is a well-drained basin Dd < 1 km/Km2. The drain-
age density ranging from 0.43 to 0.68  km/Km2 in SW-2 ranked 8 and SW-4 ranked 1, 

Table 5   Stream length ratio of sub-watershed

Sl. No Sub-watershed Stream length 
ratio
II/I III/II IV/III V/IV VI/V Average

1 SW1 0.437 0.426 1.939 0.432
2 SW2 0.565 0.212 0.389
3 SW3 0.695 0.288 0.749 1.869 0.900
4 SW4 0.527 0.463 0.860 0.000 0.462
5 SW5 0.392 0.412 0.862 0.000 0.416
6 SW6 0.406 1.494 0.187 1.280 0.842
7 SW7 0.589 0.683 0.681 0.000 0.488
8 SW8 0.647 0.420 0.442 0.419 0.482
Average 0.532 0.550 0.630 0.595 1.939 0.551
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respectively, denotes low density of the sub-watersheds. Therefore, it indicates high to low 
soil permeability, low to high relief and low to high susceptibility to erosion.

Fig. 5   Drainage density map of the study area
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5.2.7 � Stream frequency (Fu)

Stream frequency is closely related to basin relief but inversely related to subsoil perme-
ability and infiltration capacity of a terrain (Montgomery and Dietrich, 1992). The high 
stream frequency value related to marginal topography thus high rainfall runoff of the ter-
rain. This means, the lower the relief and the more water infiltrates, the lower the stream 
frequency and the higher the slope result to higher runoff led to high susceptibility to soil 
erosion.

The values of stream frequency given in Table 6 notice the maximum susceptibility in 
SW-6 (0.45/km2) and minimum proneness to erosion in SW-1 (0.21/km2), thus ranked 1 
and 8.

5.2.8 � Bifurcation ratio (Rb)

It is the only morphometric parameter to be associated with lithological and geological 
development in the drainage pattern Schumn (1956). Rb values tabulated in Table 6; the 
bifurcation ratio for the Teesta River basin ranging from 3.21 to 4.7 resulted in the average 
of 3.879 that indicates well-developed and undistorted natural drainage system (Strahler, 
1964), where low Rb values are found on plain terrain or might be caused by greater num-
bers of 1st and 2nd streams orders (Kumar et al., 2011). The analysis revealed that lowest Rb 
value was recorded in SW-6 ranked 8, denoting good subsoil permeability thus low runoff 
contrary to SW-2 ranked 1, recorded the highest Rb values signifying low subsoil perme-
ability thus maximum susceptibility to soil erosion (Bhattacharya et al., 2019).

5.2.9 � Length of overland flow (Lo)

According to Horton (1945), Lo represents the length of water flowing over the surface 
before it gets concentrated into a specific drainage network. Hence, according to Horton 
(1932) Lo independently affects the physiographic and hydrologic development of the 
basin drainage. Lo is lower in steeper slopes while higher for gentle slopes. Consequently, 
it has a direct relation with channel slope. As shown in Table 6, the length of overland flow 
varies from 0.22 km to 0.34 km. If the Lg value is between 0.2 and 0.3 km indicating the 
presence of moderate ground slope, moderate infiltration associated with moderate runoff. 
SW-5 ranked 1 has the highest Lo value indicating potential erosion because the rainfall 
might take a long duration to reach a given drainage network, thus increasing the suscepti-
bility to erosion in opposite to SW-2 recorded lowest Lo value denoting moderate infiltra-
tion and low runoff.

5.3 � Shape/Areal parameters

Areal aspects consist of circularity ratio, elongation ratio, form factor, compactness coef-
ficient, basin shape and constant of channel maintenance.

5.3.1 � Circularity ratio (Rc)

Circular ratio is one of the most important areal parameters defined by Miller (1953) as the 
ratio of basin area to the area of a circle having the same circumference as the basin. Typi-
cally circular shapes have higher Rc and indicate permeable subsoil surface and moderate 
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to high relief, whereas elongated shape has low Rc suggests impermeable surface and low 
relief. For different sub-watersheds, Rc values vary from 0.35 to 0.68 (Table  6). SW-1 
ranked 1 recorded the low Rc value, while SW-4 recorded highest Rc value, hence ranked 
8.

5.3.2 � Form Factor (Rf)

According to Horton (1932), this dimensionless areal parameter represents the ratio of 
basin area to the square of basin length. A perfectly circular basin the form factor value 
is less than 0.7854, while a form factor greater than 0.8 indicates high peak flow of short 
duration. Given in Table 6, the analysis of form factor revealed a variation from 0.24 to 
0.32 which indicates elongated shape for sub-watersheds with lower peak flow of longer 
duration. The most susceptible sub-watershed was SW-1 while the least erosion prone was 
SW-2 having low to high form factor values, respectively.

5.3.3 � Elongation ratio (Re)

Elongation ratio depends on climate and geological development of a terrain (Rudraiah et. 
al., 2008). Elongation is always categorized in 4 classes: 0.9–1.0 (circular), 0.8–0.9 (oval), 
0.7–0.8 (less elongated), 0.5–0.7 (elongated) and ˂0.5 (more elongated). Low relief obvi-
ously has Re approaching 1.0, while Re values that range from 0.6 to 0.8 are commonly 
found in steep slope area (Dar et al. 2013). Re values given in Table 6 show that Teesta 
River basin is elongated in shape thus associated with steep slope and high relief since Re 
values of sub-watersheds were found between 0.5 and 0.7. In the study area, the Re varia-
tion was 0.58 in SW-1 and 8 to 0.64 in SW-2 thus ranked 1 and 8, respectively.

5.3.4 � Compactness coefficient (Cc)

A basin is more elongated if the Cc values are lower, while a basin is circular if Cc values 
are higher. Cc for Teesta River basin varies from 1.21 to 1.70. This means that sub-water-
sheds are elongated in shape, i.e., poor discharge capacity. SW-4 recorded the lowest Cc 
value thus ranked 1, and SW-1 recorded the highest Cc value, hence ranked 8.

5.3.5 � Basin shape (Bs)

Basin shape is analyzed using basin length and basin area. Result given in Table 6 revealed 
that, in sub-watersheds, basin shape values range from 3.13 to 4.11 denoting elongated 
shape of the sub-watersheds. Consequently, the basin inefficiently discharges the amount 
of runoff which is easier in a circular basin. The lower the Bs values, the more erosion 
and vice versa. Therefore, SW-2 (Ranked 1) is the most susceptible as compared to SW-1 
(Rank 8) which is less susceptible to erosion.

5.3.6 � Constant of channel maintenance (C)

Throughout the eight sub-watersheds of Teesta River basin, the constant of channel main-
tenance range from 3.21 to 4.7. Lower C values for SW-6 denote less structure control on 
weak structure control on low permeable surface compared to the SW-2 having higher C 
values that indicates more structure control on high permeable surface.
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5.4 � Relief parameter

5.4.1 � Basin relief/total relief (H)

Total relief (H) is simply the difference in elevation between maximum and the mini-
mum points of a basin. H has a strong correlation with hydrological characters of a basin 
(Schumm, 1956). In addition, H indicates the steepness, which increases the erosion inten-
sity in a drainage basin and the geomorphic activities throughout the basin. In sub-water-
sheds, basin relief values range from 2008 to 4558 m. Basin relief determine the erosion 
potential or erosion susceptibility in the drainage network. For instance, the low H value 
recorded in SW-2 ranked 8 denotes low erosion potential as compared to the high H value 
observed in SW-6 showing high susceptibility to soil erosion thus ranked 1.

6 � Discussion

6.1 � Sub‑watersheds prioritization based on morphometric parameters

Table  6 and Fig.  6 give the information about erosion susceptibility of sub-watersheds 
based on morphometry. The results revealed that with respect to morphometric parameters, 
SW-4 and SW-7 with Cp values 4.62 and 6.12, respectively, fall in “very high priority” 
sub-watersheds; while SW-5 and SW-8 that have Cp values 6.25 and 6.62, respectively, 
belong to “high priority” category; SW-6 and SW-3 with Cp values of 6.87 and 7 apper-
tained to “medium priority” group; and finally SW-1 and SW-2 that have Cp values of 8.12 
and 8.37, respectively, belong to the “low priority” category.

The sub-watersheds SW4, SW7, SW8 and SW5 are critical sub-watersheds, which con-
tribute largest amount of soil in the entire watershed. The main reason behind this is these 
sub-watersheds have highest slope. Slope determines the erosional as well as geomorphic 
process. The slopes of these sub-watersheds are more unstable hence; its susceptibility to 
erosion is more. The SW3 and SW6 fall in medium priority because of moderate slope less 
drainage density. The SW1 and SW2 falls under low priority to susceptibility of the erosion 
because of less degree of slope compared to other sub-watersheds.

6.2 � Sub‑watersheds prioritization based on land cover parameters

Seven major land cover classes were generated for the study area such as water body, dense 
forest, sparse forest, snow, barren land, agriculture and built-up area (Fig. 7). In this study, 
identification of land cover types was based on the strong contribution of land cover in 
accelerating land degradation in form of erosion. The ground verification exercise (post-
classification) was undertaken, from which 349 ground truth samples were collected.

The maximum likelihood classification (MLC) generated an overall accuracy of 
95.98% (Table  7), with a Kappa coefficient of 0.98. This accuracy falls in the accepta-
ble; range > 80%, suggested for erosion risk assessment using land covers classes (Foody, 
2002). Based on the potential effect of a specific land cover type to trigger erosion, the 
ranks were assigned to a particular land cover category. Then after, for the prioritization 
of each sub-watershed, compound values were assessed considering LC category ranking. 
The lowest priority is given to the larger snow land, cultivation area, more vegetative cover 
and larger built-up, while the highest priority was given to smaller snow land, cultivation 
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area, lesser vegetative cover and larger barren land. The summarized sub-watersheds LC 
statistics, Cp values and prioritization are shown in (Table 8).

It has been found that water body that comprises perennial rivers, streams, lakes and 
pond covered 40.03 Km2 (1.63%), dense forest the predominant land cover category with 

Fig. 6   Morphometry-based watershed prioritization map of the study area
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40% density of tree canopy occupied 77.8.63 km2 (31.73%), sparse forest such as shrubs, 
agroforestry area and land with tree canopy density between 10 and 40% covered 764.45 
km2 (31.15%), snow covered 331.38 km2 (13.5%), barren land that comprises sediments, 

Fig. 7   Land use land cover classification map of study area
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exposed rocks, landslides zones and degraded forest area covered 296.2 km2 (12.08%), 
agriculture land occupied 181.22 km (7.38%), and built-up area shared 62.11 km2 (2.53%).

The analysis of compound values as illustrated in (Table 8) revealed that the sub-water-
sheds SW-3, SW-4 and SW-5 that have Cp values of 3.83, 4 and 4, respectively, were given 
“very high priority” rank, SW-8 and SW-6 that have Cp values of 4.33 and 4.5, respec-
tively, were ranked as “high priority” sub-watersheds, SW-1 and SW-7 that have Cp values 
of 5.33 and 5.5, respectively, were assigned “medium priority” rank, and “low priority” 
was assigned to SW-2 having Cp value of 5.83 (Fig. 8).

7 � Assessment of level of susceptibility to erosion based 
on the combination of land cover and morphometric

Finally, the sub-watersheds were evaluated and prioritized into a multi-criteria analysis 
based on individual ranking of each morphometric and land cover parameters. Therefore, 
eight major classes have been classified such as 1, 2, 3, 4, 5, 6, 7 and 8.

The results presented in Table 9 and Fig. 9 indicate that SW4 and SW5 having the first 
and second lowest Cp values (3.39 and 4) were found to be the most susceptible to ero-
sion, consequently were ranked 1 and 2 indicating the highest prioritized sub-watersheds. 
The SW-8 and SW-3 were the third and fourth vulnerable sub-watersheds with Cp values 
of (4.22 and 4.39) ranked 3 and 4, respectively. The SW-6 and SW-7 have the same Cp 
values of (4.56) rated 5 and 6 denoting “medium priority.” The SW-2 and SW-1 that have 
Cp values of (5.39 and 5.67) ranked 8 and 7 could be the least prioritized sub-watersheds. 
Figure 10 shows the actual soil erosion field photographs. The a and b photographs cover 
the Lower Teesta basin and c, d, e and f which covers middle Teesta basin. Through these 
photographs, easily the problem of soil severity can be understood. The soil erosion sus-
ceptibility map of the Middle and Lower Teesta watershed based on combined effect of 
morphometry and land cover will be a guideline for making policies at State and National 
level regarding reducing soil erosion.

Table 7   Accuracy assessment of land use land cover classification

DF Dense forest, S snow, W water body, B built-up, Ag agriculture, SF sparse forest, BL barren land

Reference data

DF S W B Ag SF BL Ground 
truth total

User’s accuracy

Classification data
DF 45 2 2 49 98
SW 50 50 100
W 1 50 51 98.03
B 45 2 2 49 100
Ag 50 50 100
SF 46 4 50 100
BL 49 50 98
Column Total 46 50 50 46 52 48 57 349
Producer’s Accuracy 90 100 100 90 100 192 98
Overall accuracy [(45 + 50 + 50 + 45 + 50 + 46 + 49)/349] × 100 = 95.98%
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Fig. 8   Land cover-based watershed prioritization map of study area
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Fig. 9   Watershed prioritization ranking map of study area based on the combined impact of morphometry 
and land cover



553Identification of erosion‑prone areas using morphometric…

1 3

8 � Conclusion

The present study demonstrated the usefulness of Geo-informatics based on multi-criteria 
method integrated drainage characteristics and land cover categories for identification of 
risk potential areas. Integration of the morphometric parameters and land cover categories 
complemented by field verification rather than using conventional method is important to 
understand hydrogeological behavior of a drainage basin and measure explicitly the level 
of susceptibility of erosion of sub-watersheds, and hence indicate erosion hotspot areas 
that are indispensable for the adoption and development of the finest practices of manage-
ment or indigenous technical system for the sustainable development of land and water 
resources. The result that come from this study shows that Teesta River basin is a sixth-
order river, dendritic drainage type, it is dominated by high relief and slope, elongated in 
shape indicating lower peak flow of longer duration, it is well developed and undistorted 

Fig. 10   Field photographs
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natural system with the mean bifurcation ratio of 3.879, and dense forest and sparse for-
est are the most predominant land covers shared 31.73% and 31.1%, respectively. Efforts 
should be made in sub-watersheds 4 and 5 considered as the most prioritized sub-water-
sheds followed by SW-8 and 3. While SW-6 and 7 need medium priority, SW-1 and 2 
could be given the least priority for mitigation. Therefore, the outcomes are served as an 
instrument to ensure sustainable use of natural resources.
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