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PRIORITIZATION OF SUB-WATERSHEDS FOR EROSION-PRONE IDENTIFICATION: A STUDY OF KIILE WATERSHED, ARUNACHAL PRADESH, INDIA

Abstract
 Watershed prioritization is a strategic procedure used to delineate the most erosion-prone sub-watersheds. Identifying these critical areas is paramount for the effective allocation of resources and the successful implementation of soil and water conservation measures at the watershed level. However, studies concerning the mountainous watershed of Kiile are limited. In this study, the prioritization of 10 sub-watersheds of the Kiile River was done to identify erosion-prone areas using quantitative morphometric analysis. The watershed and its drainage networks were delineated using ALOS PALSAR 12.5 m resolution DEM in ArcGIS 10.4. For prioritisation, morphometric parameters such as linear, areal, and relief aspects were considered and calculated using standard formulae provided by various hydrologists and geomorphologists. Each morphometric parameter was preliminarily ranked based on its relation with soil erodibility. The final prioritization was done based on the compound value (Cp). The analysis result revealed that SW-8 and SW-5 are the most erosion-prone sub-watersheds with the lowest compound value, indicating greater susceptibility to erosion. Based on the results, the sub-watersheds of the Kiile River were categorised into four priority classes: very high, high, medium, and low. The SW-8 and SW-5 fall under the very high priority class, SW-3, SW-4, SW-6, and SW-9 fall under the high priority class, SW-1, SW-7, and SW-2 fall under the medium priority class, and SW-10 falls under the low priority class. This study significantly contributes to the management of mountainous watersheds and may be useful for decision-makers in sustainably managing and conserving the watershed resources.
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1. INTRODUCTION
A watershed is a naturally occurring hydrological unit identified by natural boundaries and distinguished by similar physical, topographic, and climatic characteristics (Javed et al., 2011). Analysis of river morphometry involves quantitatively describing the basin’s geometry to understand the drainage pattern, its hydrological behaviour and the geomorphology of an area (Das, 2021). Morphometric analysis provides significant insights into the topography, erosion level, soil characteristics, and drainage features of the basin (Sarkar et al., 2020). Detailed analyses of river morphometry may reveal how drainage morphometry influences landforms and their characteristics (Latha, 2024). It also offers quantitative data that is useful for hydrologic modelling, watershed prioritization and conservation and management of natural resources (Choudhari et al., 2018). At the watershed level, managing natural resources like land and water has become the most critical due to the growing demand for these resources (Hema et al., 2021). Therefore, there is a need to implement well-planned watershed management practices to combat excessive runoff, inadequate infiltration, increased soil erosion, and low productivity (Choudhari et al., 2018). A pertinent approach to prioritize watersheds through morphometric analysis would aid in better planning. Morphometric parameters have been utilized in various research studies for the characterization of watersheds (Mangan et al., 2019; Mahala, 2020; Prianka et al., 2025) for the assessment of groundwater potential (Jasmin and Mallikarjuna, 2013) and for sub-watersheds prioritization (Javed et al., 2011; Rahaman et al., 2015; Chandniha et al., 2017; Sharma and Mahajan, 2020; Shekar et al., 2023).
Sub-watershed level prioritization has become scientifically significant as it aids in the effective management of natural resources by tackling key challenges such as soil degradation, erosion, floods and droughts (Aher et al., 2014; Golom et al., 2025). In mountainous watersheds, soil erosion is among the most critical issues (Jain and Das, 2010). Due to intricate lithology and uneven terrain, managing the entire river basin may be difficult (Singh et al., 2023) and implementing a conservation plan can be challenging due to limited manpower and resource restrictions (Chowdary et al., 2013). However, this can be achieved by identifying specific areas that require the implementation of management strategies the most. Therefore, watershed prioritization substantially identifies the stressed area by ranking different sub-watersheds in order of varying levels of conservation treatment to be given to such watersheds (Mishra, 2016). In recent times, morphometric analysis has emerged as one of the effective techniques, especially in the area of watershed prioritization (Singh et al., 2021). The Morh watershed in Gujarat was prioritized using morphometric analysis and GIS techniques (Thakkar and Dhiman, 2007). The morphometric characteristics of the Wah Umbah micro-watershed in the East Khasi Hills of Meghalaya were thoroughly examined by researchers (Sarmah et al., 2012). Their studies confirm at least two episodes of quaternary tectonic movements in the area, resulting in drainage anomalies. Similarly, the morphometry of the Bhilanganga catchment, Uttarakhand, was examined to identify priority sub-basins for conservation measures (Khare et al., 2014). Asim et al., (2025) prioritized the sub-watersheds of the upper Ravi Basin, Himachal Himalaya, to identify the most erosion-susceptible sub-watersheds using morphometric and hypsometric analyses. A sub-basin part of Lower Subansiri was characterized and prioritized using multicriteria analysis to comprehend its behaviour to neo-tectonic activity (Sangma et al., 2020). The morphotectonic and morphometric feature of the Chite Lui basin, Mizoram, was studied by geographers (Barman et al., 2021) to prioritized sub-watersheds based on soil erosion and groundwater potential zones. Numerous attempts have also been made to find vulnerable watershed areas for the application of a comprehensive watershed management strategy (Haregeweyn et al., 2012; Das, 2014; Devatha et al., 2015; Dhungel and Fiedler, 2016; Bouguerra and Jebari, 2017).  
In recent times, Remote Sensing (RS) and Geographical Information Systems (GIS) have emerged as convenient tools for evaluating the morphometric parameters of the watersheds (Singh et al., 2020; Das et al., 2025). Koradia and Patel (2025) employed a GIS and remote sensing-based approach to assess erosion risk and prioritize soil and water conservation measures in a semi-arid watershed, demonstrating the effectiveness of integrated morphometric and land-use analyses in erosion management. With the integration of RS and GIS, river morphometry can be studied more effectively than the conventional method (Giri et al., 2020), as GIS provides a better spatial representation of topographic characteristics on the map (Mohammed et al., 2018). The drainage networks and catchment areas can be easily obtained from the Digital Elevation Model (DEM) using automated procedures within a GIS environment Bhatt and Ahmed, 2014). 
1.1 Study Area
The Kiile watershed is located in the intermontane valley of Ziro in the Lower Subansiri district of Arunachal Pradesh. Geographically, it is located between 27º 30ꞌ N to 27º 38ꞌ N latitude and 93º 45ꞌ E to 93º 55ꞌ E longitude with a total area of about 147.44 km² (Figure 1). The study area has an altitudinal variation ranging between 1535m and 2672m. The Kiile watershed has been divided into ten sub-watersheds formed by the ten tributaries such as SW-1 (25.44 km²), SW-2 (11.96 km²), SW3- (25.97 km²), SW-4 (6.25 km²), SW-5 (14.08 km²), SW-6 (9.12 km²), SW-7 (4.71 km²), SW-8 (16.40 km²), SW-9 (9.98 km²) and SW-10 (6.36 km²) and is drained by the Kiile River which flows longitudinally in the north-south direction. Numerous streams and gullies flow from east to west, joining together to drain the area. For the delineation of sub-watersheds, streams with an order of 3rd and above have been considered, and accordingly, 10 sub-watersheds have been demarcated. The remaining area is designated as an inter-basin area that is drained by streams lower than the 3rd order. The inter-basin area occupies 17.17 km2 in the Kiile watershed. The basin appears like an intermontane valley dotted with small isolated hills and presents a typical geomorphological configuration (Rupa, 2007). Geologically, its formation is considered to represent the lacustrine origin (Agarwal et al., 2009). The Geological Survey of India states that the study area is divided into five geological formations, viz. Bomdila Formation, Chilliepam Formation, Hapoli Formation, Khetabari Formation and Tenga Formation (GSI, 2000). The study area is located in a zone of heavy rainfall. The arrival of the monsoon takes place in March/April and lasts until September. The annual rainfall in the area varies between 2240-2910 mm, with peak precipitation occurring in June and July (Patnaik, 2017). 
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Fig. 1. Location Map of the Study Area
Source: Downloaded from https://bhuvan.nrsc.gov.in and generated using ArcGIS 10.4
2.  METHOD AND MATERIAL
      The base map of the study area was prepared using Survey of India (SOI) Toposheet No. 83 E/14 on a 1:50000 scale and Digital Elevation Model (DEM) of Advanced Land Observing Satellite-Phase Array-Type L-Band Synthetic Aperture Radar (ALOS-PALSAR) with 12.5 m resolution downloaded from https://asf.alaska.edu/. to obtain the database for morphometric analysis. The filled DEM was used to compute flow direction as well as flow accumulation. The watershed was delineated using pour points with the help of a hydrology tool available in the ArcGIS environment (Barman et al., 2021; Mahato and Nimasow, 2023). Further, sub-watersheds and inter-basin regions of the Kiile River were determined. Streams with an order of 3 or higher were considered for defining sub-watersheds. Consequently, 10 sub-watersheds were defined. The rest of the study area is designated as an inter-basin area drained by streams with an order lower than 3 as described in Mangan et al., (2019). 
For morphometric analysis, a detailed assessment of linear, areal, and relief aspects was carried out using Haokip et al., (2022) method. Morphometric parameters including stream order (u), stream number (Nu), total stream length (Lu), mean stream length (Lsm), stream length ratio (RL), bifurcation ratio (Rb), basin length (Lb), drainage density, (Dd), stream frequency (Fs), drainage texture (T), form factor (Rƒ), elongation ratio (Re), circulatory ratio (Rc), length of overland flow (Lg), constant of channel maintenance (C), Compactness coefficient (Cc), basin relief (Bh), relief ratio (Rh), ruggedness number (Rn) were calculated using standard formulae suggested by the researchers as presented in Table 1.
        Prioritization of sub-watersheds was carried out by ranking each morphometric parameter based on its relation with soil erodibility. The highest number was determined by the total number of sub-watersheds according to Haokip et al., (2022). Thus, the ranking for the study area ranged from 1 to 10. 
Table 1. Morphometric Parameters and their Formulae
	Sl. No.
	Morphometric parameters
	Formula
	Reference

	1

	Stream order (u)
	Hierarchical rank
	Strahler (1964)

	2
	Stream number (Nu)
	Nu = Total no. of stream segment of order ‘u’
	Horton (1945)

	3
	Stream length (Lu)
	Length of the streams
	Horton (1945)

	4
	Mean stream length (Lsm)
	Lsm= Lu/Nu
Where, Lu= total stream length of order ‘u’
Nu= total no. of stream segment of order ‘u’
	Strahler (1964)

	5
	Stream length ratio (RL)
	RL= Lu/Lu-1
Lu= total stream length of order ‘u’
Lu-1= total stream length of its next lower order 
	Strahler (1964)

	6
	Bifurcation ratio (Rb)
	Rb= Nu/Nu+1
Nu= No. of streams
Nu+1= No. of a segment of higher order
	Schumm (1956)

	7
	Drainage density (Dd)
	D= Lu/A
Lu= Total stream length of all orders
A= Area of the basin
	Horton (1945)

	8
	Stream frequency (Fs)
	Fs= Nu/A
Nu= Total no. of streams of all orders
A= Area of the basin
	Horton (1945)

	9
	Drainage texture (T)
	T= Nu/P
Nu= Total no. of streams of all orders
P= Perimeter of the basin
	Horton (1945)

	10
	Form factor (Rf)
	Rf= A/Lb²
A= Area of the basin
Lb²= Square of the basin length
	Horton (1945)

	11
	Elongation ratio (Re)
	Re= 2√A/ℼ/Lb
A= Area of the basin
ℼ= 3.14
Lb= Length of the basin

	Schumm (1956)

	12
	Circulatory ratio (Rc)
	Rc= 4ℼA/ P²
ℼ= 3.14
A= Area of the basin
P²= Square of the perimeter
	Miller (1953)

	13
	Length of overland flow (Lg)
	Lg= 1/(2* Dd)
Dd= Drainage density
	Horton (1945)

	14
	Constant of channel maintenance (C)
	C= 1/Dd
Dd= Drainage density
	Schumm (1956)

	15
	Compactness coefficient (Cc)
	Cc= P/2√ℼA
P= Perimeter of the basin
ℼ= 3.14
A= Area of the basin
	Horton (1945)

	16
	Basin relief (Bh)
	Bh= H-h
H= Maximum elevation in meter
h= Minimum elevation in meter
	Schumm (1956)

	17
	Relief ratio (Rh)
	Rh= Bh/Lb
Bh= Basin relief
Lb= Basin length
	Schumm (1956)

	18
	Ruggedness number (Rn)
	Rn= Bh*Dd
Bh= Basin relief
Dd= Drainage density
	Schumm (1956)


A rank of 1 was allocated to the morphometric parameter having the greatest impact on accelerating the process of erosion, while 10 indicated the least effect on the erosion process. Following the ranking of each morphometric parameter for 10 sub-watersheds, the rank values were summed and averaged to derive a compound value (Cp) as expressed the listed authors (Prabhakar et al., 2019; Abdeta et al., 2020; Odiji et al., 2021; Tukura et al., 2021). Final prioritization was done by assigning ranks to the Cp value of each sub-watershed. The sub-watershed with the lowest Cp value was assigned the highest priority rank (1), indicating more susceptible and vulnerable to soil erosion. Likewise, the least priority number (10) was assigned to the sub-watershed having the highest compound value, indicating a lesser risk related to soil erosion (Chandniha and Khansal, 2017; Malik et al., 2019; Rakesh et al., 2019). The detailed methodology adopted for the morphometric analysis of the Kiile River is shown in Figure 2.
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Fig. 2. Methodology Flow Chart
Source: Developed by the Authors
3. RESULTS 
The Kiile watershed covers a geographical area of 147.44 Km², which has been divided into ten Sub-watersheds, viz, SW-1, SW-2, SW-3, and so on. The area and perimeter of 10 sub-watersheds are shown in Table 2. In terms of area coverage, SW-3 is the largest sub-watershed with an area of 25.97 km2, and SW-7 is the smallest sub-watershed covering an area of 4.17 km2. The perimeter of the Kiile watershed is measured as 57.12 km. Whereas, for all the sub-watersheds, the perimeters range between 11.79 and 24.93 km. The SW-10 has the shortest perimeter, and the SW3 has the longest perimeter. The morphometric analysis revealed that the Kille River is a 6th-order river formed by 764, 171, 36, 11, 2, and 1 number of 1st, 2nd, 3rd, 4th, 5th, and 6th-order streams, respectively. The total length of the watershed’s stream is 425.62 km. Its drainage pattern at the higher elevation varies from dendritic to sub-dendritic, whereas at the lower elevation, it is parallel to sub-parallel. Analysis of various morphometric parameters of the Kiile watershed is presented below.
	Sub-watersheds
	Area (km2)
	Perimeter (km)

	SW-1
	25.44
	24.66

	SW-2
	11.96
	16.89

	SW-3
	25.97
	24.93

	SW-4
	6.25
	14.31

	SW-5
	14.08
	21.64

	SW-6
	9.12
	14.24

	SW-7
	4.71
	13.5

	SW-8
	16.4
	20.3

	SW-9
	9.98
	14.96

	SW-10
	6.36
	11.79

	Kiile watershed
	147.44
	57.12


Table 2. General Information on the Kiile and its Sub-watersheds










Linear Parameters
Stream order (u):
The analysis of stream order is the most fundamental step in assessing any drainage basin (Mahala, 2020). Several hydrologists and geomorphologists have suggested different schemes of stream ordering, such as Gravelius (1914); Horton (1945); Strahler (1964). The streams of the Kiile watershed have been ranked according to Strahler's stream ordering system (Figure 3). The smallest fingertip tributaries are designated as order 1, and when two first-order channels join, a segment of order 2 is formed (Strahler, 1964). The stream order of each sub-watershed is mentioned in Table 3.
Stream Number (Nu):
It is the total count of stream segments found in each order (Horton, 1945). In the study area, 
there is a total of 985 streams, of which 764 are 1st-order streams, along with 171, 36, 11, 2, and 1 as 2nd, 3rd, 4th, 5th, and 6th-order streams, respectively. 
Stream Length (Lu):
Stream length refers to the total length of streams across all hierarchical orders (Barman et al., 2021). In a watershed, a longer stream length reveals a flatter river plain and a smaller length indicates the steepness of the gradient with fine texture (Strahler, 1964). The Kiile watershed has a total stream length of about 425.62 km. The 1st order stream has a total length of about 210.55 km, 2nd order stream has 103.25 km, 3rd order stream has 65.86 km, 4th order stream has 26.48 km, 5th order stream has 6.11 km, and 6th order stream has 13.37 km, respectively (Table 3).
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Fig. 3. Stream Order
Stream Length Ratio (RL):
The stream length ratio (RL) is the ratio of the average stream length of an order to the average stream length of its previous order (Horton, 1945). The (RL) value of the Kiile River ranges between 1.27 to 4.38, the highest (RL) value was observed in the 6th order stream, while the lowest was recorded in the 5th order stream. The RL value range in all sub-watersheds are 0.67-5.73 (SW-1), 1.67-3.97 (SW-2), 0.92-2.58 (SW-3), 1.12-3.81 (SW-4), 0.25-4.08 (SW-5), 0.7-4.08 (SW-6), 3.57-5.48 (SW-7), 2.6- 4.11 (SW-8), 1.01-3.44 (SW-9), and 1.71-2.13 (SW-10). In most of the sub-watersheds, the higher RL values were mostly observed in the 3rd order stream. The difference in the value of the stream length ratio is due to the slope and characteristics of the topography (Pande et al., 2017).
Bifurcation Ratio (Rb):
The bifurcation ratio is described as the ratio of the number of streams of a specific order (Nu) to the number of streams of the subsequent higher order (Nu+1) (Schumm, 1956). A higher Rb value signifies intense overland flow (increased soil erosion) and reduced recharge for the sub-watershed (Prabhakar et al., 2019). Normally, in flat plain areas Rb value is minimum found to be 2; however, in mountainous regions, it varies between 3 and 4 (Horton, 1945). The Kiile River showed an average bifurcation ratio of 3.99. In most sub-watersheds, the highest Rb value occurs in the 2nd  and 3rd  order stream, whereas for the entire Kiile watershed, the highest value of Rb is found in the 5th order and the lowest in the 6th order stream. Among the sub-watersheds, the highest mean Rb value is recorded from SW-7.

Basin Length (Lb):
Basin length signifies the length of a basin that is adjacent to a drainage channel (Schumm, 1956). It serves as the main channel of the watershed where the majority of the water flows. Among 10 sub-watersheds, the SW-3 has the longest basin length of 9.76 km, and SW-10 has the shortest basin length (3.76 km) (Table 3).
[bookmark: _Hlk211374209]Table 3. Morphometric Analysis: Linear Parameters
	Sub-watersheds
	Stream order (u)
	Number of streams (Nu)
	Total stream length 
	Mean stream length 
	Stream length ratio (RL)
	Bifurcation ratio (Rb)
	Basin length (Lb) (km)

	
	
	
	(Lu) (km)
	(Lsm) (km)
	
	
	

	SW-1
	1st
	130
	37.93
	0.29
	        -
	         -
	7.76

	
	2nd
	30
	14.8
	0.49
	1.68
	4.34
	

	
	3rd
	5
	14.08
	2.81
	5.73
	6
	

	
	4th
	2
	3.82
	1.91
	0.67
	2.5
	

	
	5th
	1
	1.9
	1.9
	0.99
	2
	

	
	Average
	 
	 
	 
	2.26
	3.71
	

	
	Total
	 168
	 72.53
	 
	 
	 
	

	SW-2
	1st
	60
	15.04
	0.25
	        -
	        -
	5.24

	
	2nd
	15
	6.21
	0.41
	1.64
	4
	

	
	3rd
	4
	6.52
	1.63
	3.97
	3.75
	

	
	4th
	1
	3.79
	3.79
	2.32
	4
	

	
	Average
	 
	 
	 
	2.64
	3.91
	

	
	Total
	 80
	 31.56
	 
	 
	 
	

	SW-3
	1st
	133
	38.9
	0.29
	         -
	           -
	9.72

	
	2nd
	27
	20.27
	0.75
	2.58
	4.92
	

	
	3rd
	5
	6.98
	1.39
	1.85
	5.4
	

	
	4th
	2
	5.62
	2.81
	2.02
	2.5
	

	
	5th
	1
	2.61
	2.61
	0.92
	2
	

	
	Average
	 
	 
	 
	1.84
	3.7
	

	
	Total
	 168
	 74.38
	 
	 
	 
	

	SW-4
	1st
	29
	8.13
	0.29
	          -
	         -
	5.87

	
	2nd
	6
	2.92
	0.48
	1.65
	4.67
	

	
	3rd
	3
	5.49
	1.83
	3.81
	2
	

	
	4th
	1
	2.05
	2.05
	1.12
	3
	

	
	Average
	 
	 
	 
	2.19
	3.22
	

	
	Total
	 39
	 18.59
	 
	 
	 
	

	SW-5
	1st
	74
	21.04
	0.28
	       -
	          -
	8.27

	
	2nd
	14
	12.63
	0.9
	3.21
	5.28
	

	
	3rd
	2
	7.37
	3.68
	4.08
	7
	

	
	4th
	1
	0.95
	0.95
	0.25
	2
	

	
	Average
	 
	 
	 
	2.51
	4.76
	

	
	Total
	 91
	 41.99
	 
	 
	 
	

	SW-6
	1st
	50
	12.7
	0.25
	       -
	       -
	5.42

	
	2nd
	8
	9.57
	1.19
	4.76
	6.25
	

	
	3rd
	2
	3.51
	1.75
	1.47
	4
	

	
	4th
	1
	1.23
	1.23
	0.7
	2
	

	
	Average
	 
	 
	 
	2.31
	4.08
	

	
	Total
	 61
	 27.01
	 
	 
	 
	

	SW-7
	1st
	25
	5.48
	0.21
	         -
	         -
	4.96

	
	2nd
	3
	2.26
	0.75
	3.57
	8.33
	

	
	3rd
	1
	4.11
	4.11
	5.48
	3
	

	
	Average
	 
	 
	 
	4.52
	5.66
	

	
	Total
	 29
	 11.85
	 
	 
	 
	

	SW-8
	1st
	102
	23.37
	0.23
	        -
	        -
	7.05

	
	2nd
	26
	13.46
	0.5
	2.17
	3.92
	

	
	3rd
	6
	8.26
	1.3
	2.6
	4.34
	

	
	4th
	1
	5.78
	5.35
	4.11
	6
	

	
	Average
	 
	 
	 
	2.96
	4.75
	

	
	Total
	135
	50.87
	 
	 
	 
	

	SW-9
	1st
	56
	16.2
	0.28
	         -
	         -
	5

	
	2nd
	12
	6.81
	0.56
	2
	4.67
	

	
	3rd
	2
	3.86
	1.93
	3.44
	6
	

	
	4th
	1
	1.95
	1.95
	1.01
	2
	

	
	Average
	 
	 
	 
	2.15
	4.22
	

	
	Total
	 71
	 28.82
	 
	 
	 
	

	SW-10
	1st
	37
	9.24
	0.23
	       -
	          -
	3.76

	
	2nd
	11
	5.05
	0.49
	2.13
	3.72
	

	
	3rd
	3
	2.49
	0.97
	1.97
	3.67
	

	
	4th
	1
	1.24
	1.66
	1.71
	3
	

	
	Average
	 
	 
	 
	1.93
	3.46
	

	
	Total
	 52
	18.02
	 
	 
	 
	

	Kiile watershed








	1st
	764
	210.55
	0.27
	         -
	        -
	15.21

	
	2nd
	171
	103.25
	0.6
	2.23
	4.46
	

	
	3rd
	36
	65.86
	1.82
	3.03
	4.75
	

	
	4th
	11
	26.48
	2.4
	1.31
	3.27
	

	
	5th
	2
	6.11
	3.05
	1.27
	5.5
	

	
	6th
	1
	13.37
	13.37
	4.38
	2
	

	
	Average
	 
	 
	 
	2.45
	3.99
	

	
	Total
	985
	425.62
	 
	 
	 
	



Areal Parameters
Drainage Density (Dd):
Drainage density influences the infiltration rate and vegetation cover of the watershed (Macka 2001). The drainage density of a watershed is determined by relief features, climate, infiltration capacity, rock types, length of streams and arrangement of stream segments (Smith 1956). The Dd determines the runoff rate in the watershed by measuring the correlation between precipitation and slope gradient (Kaliraj et al., 2015). The Dd for the entire watershed is 2.886 km/ km2 (Table 4). High drainage density indicates low vegetation cover, impermeable sub-surface, and greater surface runoff (Pophare and Balpande, 2014). Whereas, low drainage density as recorded in SW-7 (2.515 km/ km²) indicates dense vegetation cover with permeable sub-surface or high infiltration capacity and low surface runoff (Figure 4a).
Stream Frequency (Fs):
Stream frequency refers to stream count per unit area (Horton, 1945). There is a strong association of stream frequency with drainage density across all sub-watersheds, as stream flow increases with an increase in drainage density (Gajbhiye et al., 2014).  A high stream frequency indicates greater runoff, which leads to a higher risk of soil erosion (Prabhakar et al., 2014). In the study area, the SW-8, SW-9, and SW-10 show higher (Fs) values among other sub-watersheds and hence are liable to more surface runoff. The (Fs) of the Kiile watershed is 6.680 km2. Thus, the watershed shows a high stream frequency, suggesting greater runoff due to its steep slope and high relief (Srinivasa et al., 2004).
Drainage Texture (T):
The drainage texture as defined by Horton (1945), is the ratio of the total streams in a watershed 
to its basin parameter. Drainage texture also refers to the relative spacing of streams per unit length (Singh, 1980). Smith (1950) classified the drainage texture into five categories i.e. extremely coarse (< 2), coarse (2-4), moderate (4-6) fine (6-8), and extremely fine (> 8). The Kille watershed has a drainage texture of 17.244, whereas the sub-watersheds range from 2.148 to 6.812 (Table 4). SW-1, SW-3, and SW-8 have fine drainage textures, and SW-4 and SW-7 have coarse drainage textures. Generally, a higher value of drainage texture indicates lower infiltration capacity, which directs more erosion and vice versa (Altaf et al., 2014). The entire Kiile watershed exhibits a significantly high drainage texture, whereas its sub-watersheds have coarse to moderate drainage texture.
Form Factor (Rf):
The ratio of the basin area to the square of the basin length is known as the form factor (Horton, 1945). The form factor value would always be smaller than 0.78 for a perfectly circular basin (Gajbhiye et al., 2014). The basin will be more elongated the smaller the form factor value is (Sreedevi et al., 2013). The form factor for the entire watershed is 0.637. Thus, the (Rf) value indicates that the Kiile watershed is close to circular. However, the (Rf) values for sub-watersheds vary between 0.181 to 0.450 (Table 4). SW-4 has the lowest (Rf) value (0.181) and is more elongated than SW-10, which has the highest (Rf) value (0.450) among all sub-
watersheds. 
Elongation Ratio (Re):
According to Schumm (1956), the elongation ratio is defined as the ratio of the diameter of a circle with the same area as the basin to the longest possible basin length. The elongation ratio for ten sub-watersheds is shown in (Table 4). The SW-10 has the highest Re value (0.755), and SW-4 has the lowest Re value (0.480). A high elongation ratio signifies sufficient percolation and low runoff (Sreedevi et al., 2013). The elongation ratio also determines the shape of the watershed, which can be divided into five categories based on these values: circular (0.9–1), oval (0.8–0.9), less elongated (0.7–0.8), elongated (0.5–0.7), and more elongated (< 0.5) (Pareta and Pareta, 2018). The elongation ratio for the Kiile watershed is 0.900, as shown in (Table 4). This value indicates that the Kiile watershed is oval-shaped and characterized by high peak flow for a short duration (Nag et al., 2020).
Circulatory Ratio (Rc):
Circulatory ratio (Rc) measures how much of a watershed’s surface area corresponds to the 
surface area of a circle whose circumference matches that of the watershed (Miller, 1956). The Rc value of a watershed is affected by the stream’s length and frequency, land use/land cover attributes, geological aspects, climatic conditions, and slope characteristics (Patel et al., 2013). In a circular basin, water flows faster in comparison to an elongated basin. The Rc value less than 1 signifies a basin that is more elongated and irregular with a structurally controlled drainage system (Rudraiah et al., 2008). The SW-7 exhibits the lowest Rc value (0.324) indicating an elongated shape with medium to low relief while in SW-10 the highest Rc value of 0.574 was recorded. The Rc for the whole watershed is 0.567 indicating a nearly circular-shaped basin that experiences peak flood runoff during the monsoon.
Length of Overland Flow (Lg):  
Overland flow differs from surface runoff as it denotes the volume of water that travels over the ground following the precipitation. Whereas, surface runoff refers to the volume of water that flows down the channel to a particular discharge point (Arefin et al., 2024). Horton (1945) asserts that the length of the water over the surface is referred to as overland flow before it is concentrated into a defined flow channel. The higher Lg values indicate low relief and a slower runoff process (Magesh et al., 2013). Conversely, a low Lg value shows high relief and a faster runoff process (Benzougagh et al., 2022). Table 4 presents the Lg value for each sub-watershed, which varies from 0.161 and 0.198. The SW-8 has the lowest Lg value among sub-watersheds, while the highest Lg value was recorded from SW-7 and SW-2 (Figure 4c). Thus, SW-8 is characterized by rapid surface runoff to the stream channel. The Lg value for the whole watershed is 0.173 km, signifying a low Rc value indicating rapid discharge of rainwater into stream channels and making it vulnerable to flash floods, especially during the peak monsoon season.
Constant of Channel Maintenance (C):
The proportion of the area of the basin to the length of all streams is known as the constant of channel maintenance, and its value is reciprocal to the drainage density (km/sq.km) (Schumm, 1956). Environmental factors like climatic regime, rock composition, vegetation cover, slope features, etc., affect the constant of channel maintenance (Chandrashekar et al., 2015). A low C value denotes less chance of percolation or infiltration and a higher possibility of surface runoff (Bhagwat et al., 2011). According to Schumm (1956), landforms are categorised according to the constant of channel maintenance into five groups: highly erodible (<0.2), moderately erodible (0.2-0.3), moderately low erodible (0.3-0.4), low erodible (0.4-0.5) and least erodible (>0.5). The (C) value of the Kille watershed is 0.346 km/sq.km. The C values for each of the sub-watersheds are shown in (Table 4) (Figure 4d).
Compactness Coefficient (Cc):
Horton (1945) defined the compactness coefficient as the ratio between the perimeter of a catchment area and that of a similar circular region. The value of the compactness coefficient in a circular basin is usually equal to 1, and precipitation concentration in the main channel is likely faster in a circular basin (Altaf et al., 2014). The more elongated a watershed is, the higher its compactness coefficient (Kadam et al., 2019). The value of Cc is affected by climate conditions, vegetation covers and lithology, serving as an indicator of the basin’s infiltration efficacy (Bhat et al., 2019). The Cc values for all sub-watersheds were calculated as SW-1 (1.380), SW-2 (1.379), SW-3 (1.381), SW-4 (1.618), SW-5 (1.629), SW-6 (1.330), SW-7 (1.757), SW-8 (1.401), SW-9 (1.336), and SW-10 (1.321) (Table 4). The SW-7 has the highest Cc value of (1.757), among all sub-watersheds, while SW-10 has the lowest Cc value of (1.321) (Figure 4e).
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Fig. 4 a. Drainage density, b. Stream frequency, c. Length of overland flow,
d. Constant of channel maintenance, e. Compactness coefficient, f. Ruggedness number
Table 4. Morphometric Analysis: Areal parameters 
	Sub-watersheds
	Dd
	Fs
	T
	Rf
	Re
	Rc
	Lg
	C
	Cc

	SW-1
	2.851
	6.603
	6.812
	0.422
	0.731
	0.525
	0.175
	0.350
	1.380

	SW-2
	2.638
	6.689
	4.736
	0.435
	0.740
	0.526
	0.189
	0.379
	1.379

	SW-3
	2.864
	6.469
	6.738
	0.274
	0.590
	0.524
	0.174
	0.349
	1.381

	SW-4
	2.974
	6.240
	2.655
	0.181
	0.480
	0.383
	0.168
	0.336
	1.618

	SW-5
	2.982
	6.463
	4.205
	0.205
	0.510
	0.377
	0.167
	0.335
	1.629

	SW-6
	2.961
	6.688
	4.283
	0.310
	0.627
	0.564
	0.169
	0.337
	1.330

	SW-7
	2.515
	6.157
	2.148
	0.191
	0.491
	0.324
	0.198
	0.397
	1.757

	SW-8
	3.101
	8.231
	6.650
	0.329
	0.652
	0.499
	0.161
	0.322
	1.401

	SW-9
	2.887
	7.114
	4.745
	0.399
	0.708
	0.560
	0.173
	0.346
	1.336

	SW-10
	2.833
	8.176
	4.411
	0.450
	0.755
	0.574
	0.176
	0.352
	1.321

	Kiile watershed
	2.886
	6.680
	17.244
	0.637
	0.900
	0.567
	0.173
	0.346
	1.327


 [Dd: Drainage density; Fs: Stream frequency; T: Drainage texture; Rf: Form factor; Re:  Elongation ratio; Rc: Circulatory ratio; Lg: Length of overland flow; C: Constant channel maintenance; Cc: Compactness coefficient]
Relief parameters
Basin Relief (Bh):
Basin relief (Bh) refers to the elevation difference. It represents the maximum vertical distance from the highest and the lowest points of a sub-basin (Sridevi et al., 2013). The SW-3 and SW-5 show the highest basin relief of 1109m and 912m, respectively. Whereas the SW-8 and SW-10 have the lowest basin reliefs, 346m and 434m, respectively. The basin relief has a substantial influence on river carrying capacity, sediment transport, steepness of slope, and flood frequency (Schumm and Hadley, 1961).
Relief Ratio (Rh):
The relief ratio (Rh) measures the relationship between the maximum watershed relief and the
 maximum watershed length that runs parallel to the primary drainage line (Lindsay and Seibert, 2013). Generally, the high Rh value describes the characteristics of an elevated region, whilst low values reflect the characteristics of valleys and pediplains (Asode et al., 2016). Elevated regions are characterized by increased runoff and potent erosion. In the study area, SW-7 has the highest Rh value (0.128) and SW-8 has the lowest Rh value (0.049), respectively. 
The relief ratio of the Kiile watershed is recorded as 0.074 (Table 5).
Ruggedness Number (Rn):
Strahler (1964) described the ruggedness number (Rn) as the product of maximum basin relief and drainage density. The evaluated ruggedness number for the study area’s sub-watersheds ranges between 1.034 and 3.171 (Table 5) (Figure 9). The geology, geomorphology, slope, steepness, vegetation cover, and climate of an area significantly determine the ruggedness index of the area (Mahala, 2020). The high ruggedness numbers indicate structural complication and vulnerability to erosion and vice versa (Jothimani et al., 2020). The Rn value of the Kiile watershed is 3.293.



Table 5. Morphometric Analysis: Relief Parameters
	Sub-watersheds
	Maximum elevation (m)
	Minimum elevation (m)
	Basin relief (Bh) (m)
	Relief ratio (Rh) (km)
	Ruggedness number (Rn)(km)

	SW-1
	2262
	1513
	749
	0.096
	2.149

	SW-2
	2165
	1513
	652
	0.124
	1.714

	SW-3
	2622
	1513
	1109
	0.114
	3.171

	SW-4
	2197
	1513
	684
	0.116
	2.031

	SW-5
	2425
	1513
	912
	0.110
	2.717

	SW-6
	2182
	1508
	674
	0.124
	1.968

	SW-7
	2146
	1508
	638
	0.128
	1.601

	SW-8
	1854
	1508
	346
	0.049
	1.072

	SW-9
	2123
	1513
	610
	0.122
	1.372

	SW-10
	1947
	1513
	434
	0.115
	1.229

	Kiile watershed
	2622
	1494
	1128
	0.074
	3.293



Ranking and Prioritization of Sub-watersheds
The ranking of different morphometric parameters, including linear, areal, and relief characteristics for each sub-watershed, was performed based on morphometric values and their relationship with soil erodibility. Morphometric parameters including drainage density (Dd), stream frequency (Fs), drainage texture (T), bifurcation ratio (Rb), and ruggedness number (Rn) exhibit a positive relationship with soil erosion hence, the highest value of these parameters was given a rank of 1, and the next highest value was given a rank of 2 and so on (Singh et al., 2021; Das, 2014; Jithimani et al., 2020; Puno and Puno, 2019). The morphometric parameters such as form factor (Rf), elongation ratio (Re), circulatory ratio (Rc), length of overland flow (Lg), constant of channel maintenance (C), and compactness coefficient (Cc) have a negative relationship with soil erosion hence, their lowest value depicts more vulnerability to soil erosion in a watershed. Accordingly, the lowest value of these parameters was given a rank of 1, the next lowest value was given a rank of 2, and so on (Singh et al., 2017; Singh et al., 2021; Das, 2014; Javed et al., 2009; Jothimani et al., 2020; Puno and Puno, 2019). After ranking each parameter for all ten sub-watersheds, a compound factor value was computed by adding the rank values of all parameters of each sub-watershed and dividing it by the total number of parameters to arrive at a compound value (Javed et al., 2009; Khandey and Javed, 2016; Nitheshnirmal et al., 2019; Ali et al., 2024). In the present study, it has been divided by eleven (number of parameters). The final prioritization was done by assigning the highest priority rank of 1 to the sub-watershed having the least compound value. This implies that the sub-watershed with the highest priority infers the greatest risk associated with surface runoff, peak flow, and soil erosion (Abdeta et al., 2020). Likewise, the last priority rank 10 is given to the sub-watershed having the highest compound value (Chandniha et al., 2017; Malik et al., 2019; Rakesh et al., 2023), signifying a lesser risk associated with soil erosion. In this study, SW-8 and SW-5 have the lowest compound value and fall in the very high priority; SW-3, SW-4, SW-6 and SW-9 fall in high priority, SW-1, SW-7, and SW-2 fall in medium priority, and SW-10 falls in the low priority class (Figure 5.). Detailed rankings of all morphometric parameters and final priority rankings of ten sub-watersheds are shown in Table 6 and Table 7, respectively.


Table 6. Priority Rankings of Morphometric Parameters of 10 Sub-watersheds
	Morphometric parameters
	Sub-watersheds

	
	SW-1
	SW-2
	SW-3
	SW-4
	SW-5
	SW-6
	SW-7
	SW-8
	SW-9
	SW-10

	Bifurcation Ratio (Rb)
	3.710
(7)
	3.910
(6)
	3.700
(8)
	3.220
(10)
	4.760
(2)
	4.080
(5)
	5.660
(1)
	4.750
(3)
	4.220
(4)
	3.460
(9)

	Drainage density (Dd)
	2.851
(7)
	2.638
(9)
	2.864
(6)
	2.974
(3)
	
2.982
(2)
	
2.961
(4)
	2.515
(10)
	3.101
(1)
	2.887
(5)
	2.833
(8)

	Stream frequency (Fs)
	6.603
(6)
	6.689
(4)
	6.469
(7)
	6.240
(9)
	6.463
(8)
	6.688
(5)
	
6.157
(10)
	
8.231
(1)
	7.114
(3)
	8.176
(2)

	Drainage texture (T)
	6.812
(1)
	4.736
(5)
	6.738
(2)
	2.655
(9)
	4.205
(8)
	4.283
(7)
	2.148
(10)
	6.65
(3)
	4.745
(4)
	4.411
(6)

	   Form factor
(Rf)
	0.422
(8)
	0.435
(9)
	0.274
(4)
	0.181
(1)
	
0.205
(3)
	0.31
(5)
	0.191
(2)
	0.329
(6)
	0.399
(7)
	0.45
(10)

	Elongation ratio (Re)
	0.731
(8)
	0.740
(9)
	0.590
(4)
	0.480
(1)
	0.51
(3)
	0.627
(5)
	0.491
(2)
	0.652
(6)
	0.708
(7)
	0.755
(10)

	Circulatory ratio (Rc)
	0.525
(6)
	0.526
(7)
	0.524
(5)
	0.383
(3)
	0.377
(2)
	0.564
(9)
	0.324
(1)
	0.499
(4)
	0.56
(8)
	0.574
(10)

	Length of overland flow (Lg)
	0.175
(7)
	0.189
(9)
	0.174
(6)
	0.168
(3)
	0.167
(2)
	0.169
(4)
	0.198
(10)
	0.161
(1)
	
0.173
(5)
	0.176
(8)

	Constant of Channel maintenance (C)
	0.35
(7)
	0.379
(9)
	0.349
(6)
	0.336
(3)
	0.335
(2)
	0.337
(4)
	
0.397
(10)
	0.322
(1)
	0.346
(5)
	0.352
(8)

	Compactness Coefficient (Cc)
	1.38
(5)
	1.379
(4)
	
1.381
(6)
	1.618
(8)
	1.629
(9)
	1.33
(2)
	1.757
(10)
	1.401
(7)
	1.336
(3)
	1.321
(1)

	Ruggedness number (Rn)
	2.135
(3)
	1.719
(7)
	
3.176
     (1)
	2.034
(4)
	2.719
(2)
	1.995
(5)
	
1.604
     (8)
	1.072
(10)
	1.761
(6)
	1.229
(9)

	Sum of rankings (x)
	65
	78
	55
	54
	43
	55
	74
	43
	59
	81

	Total no. of parameters (y)
	11
	11
	11
	11
	11
	11
	11
	11
	11
	11

	Compound parameter value (Cp) (x/y)
	5.90
	7.09
	5.00
	4.90
	3.90
	5.00
	6.72
	3.90
	5.18
	7.36


Note: values in parentheses indicate priority/rank



Table 7. Final priority ranking based on compound factor value
	Sub-watersheds
	Compound value
	Priority rank
	Priority Class

	SW-1
	5.9
	5
	Medium

	SW-2
	7.09
	7
	Medium

	SW-3
	5
	3
	High

	SW-4
	4.9
	2
	High

	SW-5
	3.9
	1
	Very high

	SW-6
	5
	3
	High

	SW-7
	6.72
	6
	Medium

	SW-8
	3.9
	1
	Very high

	SW-9
	5.18
	4
	High

	SW-10
	7.36
	8
	Low











Table 8. Details of priority classes of sub-watersheds 
	Priority class
	Range of final priority
	Sub-watersheds count
	Sub-watersheds number
	Total area (km2)

	Very high
	              < 4.90
	2
	SW-8 and SW-5
	30.48

	High
	4.90 - 5.18
	4
	SW-3, SW-4, SW-6, and SW-9
	51.32

	Medium
	       5.90 - 7.09
	3
	SW-1, SW-7, and SW-2
	42.11

	Low
	               >7.09
	1
	SW-10
	6.36



The morphometric analysis revealed that the maximum sub-watersheds of the study area fall in the high-priority class, covering an area of 51.32 km2 (Table 8). Whereas, 42.11 km2 formed by three sub-watersheds (SW-1, SW-7, and SW-2) fall in the medium-priority class.
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Fig.5 Prioritization of sub-watersheds
DISCUSSIONS
In this study, ten sub-watersheds of the Kiile River were prioritized using morphometric analysis to understand their hydrological behaviour and vulnerability to soil erosion. The analysis of morphometric characteristics of the Kiile River reveals that the main River of the study area is a 6th- order that exhibits dendritic to sub-dendritic at the higher elevation and parallel to sub-parallel at the lower elevation. The bifurcation ratio value indicates that structural disturbances moderately influence the study area, although the SW-7, which has the highest (Rb) value, is significantly controlled by lithology and geological structures in controlling drainage characteristics, a pattern also noted by Pasham et al., (2024) in structurally influenced basins and by Rao et al., (2023) in a similar study on northeastern watershed. The drainage density and stream frequency are highest in SW-8, indicating impervious rock, low vegetation cover, and greater surface runoff, which is comparable to the observations of Pophare and Balpande (2014), who reported similar relationships between these parameters and surface characteristics. The drainage density, stream frequency, and drainage texture of the entire watershed indicated a moderately permeable subsurface or infiltration capacity, with greater runoff on steep slopes and rapid discharge of rainwater. The form factor indicates the elongated nature of the basin. The form factor value for the entire watershed is (0.637), which indicates that the watershed is close to a circular shape. The highest value of elongation ratio among sub-watersheds is measured at SW-10 (0.755), indicating a less elongated basin characterized by a shorter flow path and faster runoff. The lowest Re value was recorded from SW-7 (0.491), signifying a strong dependence of landscape formation on hydrologic and geomorphic processes on landscape development, a relationship also observed by Kaliraj et al., (2015) in similarly dissected terrains. The lowest circulatory value observed in SW-7 (0.324) indicated a more elongated and irregular basin with a structurally controlled drainage system. While in SW-10, the highest Rc value of (0.54) was recorded, suggesting a more or less circular shape with maximum run-off during the monsoon. The length of overland flow is lowest in SW-8, signifying rapid discharge of rainwater into the stream channel, making the sub-watershed vulnerable to flash floods, especially during the peak monsoon season. Whereas SW-7, with the highest (Lg) value, signifies greater infiltration capacity compared to other sub-watersheds. The constant of channel maintenance, which provides the infiltration and runoff capacity of the basin, shows low to moderate permeability or infiltration capacity in all sub-watersheds with moderate to high runoff. This observation aligns with the findings of Mahala (2020), who showed that basins with lower infiltration capacities exhibit higher runoff potential under similar hydrological conditions. The Basin relief and relief ratio of the Kiile watershed reveal steep slopes with high runoff and moderate to active erosional processes. The high ruggedness number of the Kiile watershed suggests a higher susceptibility to soil erosion due to the structural complexity associated with the area’s relief characteristics. 
4. CONCLUSION
Prioritization of sub-watersheds is essential for effective watershed management, as it allows identification of the most vulnerable areas requiring conservation interventions. In this study, ten sub-watersheds were evaluated using eleven morphometric parameters of linear, areal, and relief aspects, with final ranking based on a compound factor value. The results indicate that SW-8 and SW-5 fall under the very high priority class, making them highly susceptible to soil erosion. Appropriate conservation measures, such as constructing drainage structures to channel runoff and afforesting steep slopes to stabilize soil and reduce runoff, are recommended for these sub-watersheds. The SW-3, SW-4, SW-6 and SW-9 are classified as high priority, SW-1, SW-2, and SW-7 as medium priority and SW-10 as low priority (Figure 5). The study demonstrates the effectiveness of integrating GIS and remote sensing in morphometric analysis for sub-watershed prioritization and erosion risk assessment. However, integration of these analyses with appropriate soil erosion models, such as the Revised Universal Soil Loss Erosion (RUSLE), could provide more precise soil loss estimates. Hence, the study can be extended further in future with the application of an appropriate soil loss model, which may provide crucial information for planners and decision-makers and may help in implementing targeted conservation measures in the area.
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