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Abstract

Watershed prioritization is essential in sub-watershed (SW) natural resource management. The Swat River watershed in the
Hindukush mountains of Pakistan's Khyber Pakhtunkhwa province covers an area of 5337 km2. Using an Advanced
Spaceborne Thermal Emission and Reflection Radiometer digital elevation model with a resolution of 30 m obtained from
the United States Geological Survey (USGS), the present study identified 17 SWs (SW1-17) with drainage patterns ranging
from dendritic to sub-dendritic in nature. The SWs were assessed for their susceptibility to erosion via GIS-based
assessment using a morphometry-based compound factor (CF) approach. A total of 15 linear, aerial, and relief
morphometric characteristics were identified and analyzed. The SWs were ranked for each morphometric parameter based
on its contribution to the erodibility of the SW. A ranking of 1 indicated that the SW had the greatest susceptibility to erosion
for that parameter and a ranking of 17 indicates that it had the lowest. These rankings were summed to calculate the CF,
which thus indicated the combined influence of these characteristics on the erosion susceptibility of the SW (a lower CF
indicated a higher susceptibility to erosion). The SWs were consequently divided into four groups based on their
susceptibility to erosion using the calculated CF: very high, high, moderate, and low susceptibility. SW8, SW12, and SW15
had the lowest CFs (8.0, 8.9, and 8.9, respectively) and were thus extremely vulnerable to erosion. In contrast, SW1, SW2, and
SW4 had the highest CFs (13.4, 13.8, and 11.8, respectively) and were the least vulnerable to erosion. The very high-priority
SWs were characterized by the presence of fifth-order streams, a length of overland flow of 1.20-1.61, a very high basin
relief of 1720-2937, the highest relief ratio of 102.10-205.24, a low shape factor of 1.51-2.67, and a farm factor of 0.37-
0.66. The present study demonstrates that the key morphometric characteristics that impact soil erosion are basin form and
relief parameters, such as the basin relief and relief ratio. This study illustrates that the CF approach to determining the
susceptibility of SWs to soil erosion is extremely valuable for planners and decision-makers for soil conservation efforts at
the SW level.

1. Introduction

Soil and water are considered the two most important natural resources for both human subsistence and the social and
economic development of a region (Debelo et al., 2017). Soil is a finite resource that is vital for food production, carbon
sequestration, biodiversity enhancement, and water and climate regulation (Arshad and Martin, 2002). Thus, soil
degradation is regarded as a severe global environmental concern (Powlson et al., 2011; Pimental and Burgess, 2013),
particularly given the need to feed a rapidly growing global population. Soils globally are subject to both natural degradation
processes affected by the climate (e.g., rainfall volume, frequency, intensity, and duration), soil type, slope, and terrain
(Ghabbour et al., 2017) and anthropogenic effects associated with rapid population growth, economic development,
changing climatic patterns, land cover changes, inappropriate land use, and inadequate land management (Keesstra et al.,
2016).

Soil erosion is the removal and transfer of the Earth's top layer via mobile geomorphic processes such as water, wind, and
glaciers. Of these agents, water has the highest impact on soil erosion; the UNEP (1997) reported that human-induced soil
degradation had affected 1.964 billion ha worldwide, of which 1.903 billion ha was due to the action of water and 0.548
billion ha to the action of wind. According to a recent estimate by Borrelli et al. (2017), the potential annual loss of soil is 35
Pg yr', with a worldwide increase in soil erosion of 0.86 Pg yr' (2.5%) between 2001 and 2012, mostly due to agricultural
expansion and land cover changes. Soil erosion is also expected to increase at the highest rates in Sub-Saharan Africa,
South America, and Southeast Asia.

To prevent soil erosion, it is important to locate the primary sources of sediment production and identify the watershed
characteristics that are indicative of these sources. This is because the primary mechanism of sediment generation and
transport into the fluvial system is soil erosion caused by a range of geomorphic processes. By locating these sources and
identifying the indicators, those watersheds that require immediate intervention via sediment control management to avert
soil loss can be prioritized. The primary method of transit for sediment in streams is via suspended load (Hillier, 2000), with
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reservoirs often the final resting place for the silt created by soil erosion. This process reduces the storage capacity of
reservoirs (Eroglu et al., 2010; Vaezi et al., 2017; Tundu et al., 2018), with an annual loss of storage capacity of around 0.5%
to 1% due to reservoir sedimentation (Chuenchum et al., 2020). At this rate, it is anticipated that, by 2050, many reservoirs
worldwide will have lost half of their current capacity. In addition, Walling (2011) reported that sedimentation has reduced
the storage capacity of reservoirs by 40% in Asia.

Warsak Dam was erected on the Kabul River in Pakistan's Khyber Pakhtunkhwa province, 30 km northwest of Peshawar. It
was the first project of its kind after Pakistan's independence, and it cost PKR 394.98 million to complete in 1960. However,
the resulting reservoir silted up after only three years of operation, dramatically reducing its water storage capacity. De-
silting the reservoir is not an option because doing so would cost more than building a new dam. In addition, the water flow
into the reservoir increases by 50% from April to September, leading to the transport of large volumes of abrasive debris,
thus causing the turbines to wear out rapidly (Sabir et al., 2013; Duarte, 2019).

Several methodologies have been developed for the assessment of soil erosion and sediment output, including directly
quantitative approaches and those based on watershed prioritization using geomorphometric factors. Some of the most
significant of these techniques include the Hybrid Computational Intelligence Model (Arabameri et al., 2020), Revised
Universal Soil Loss Equation (RUSLE) (Mohammad et al., 2020; Chuenchum et al., 2020), Universal Soil Loss Equation
(USLE) (Magsoom et al., 2020), Integrated Universal Soil Loss Equation (Pham et al., 2018), Chemical, Runoff and Erosion
from Agriculture Management System (CREAMS) (Rekolainen and Posch, 1993), Ephemeral Gully Erosion Model (EGEM)
(Gudino et al., 2018; Karydas and Panagos, 2020), Erosion Productivity Impact Calculator (EPIC) (Tan and Shibasaki, 2003),
European Soil Erosion Model (EUROSEM) (Berberoglu et al., 2020), Groundwater Loading Effect of Agricultural Management
Systems (GLEAMS) (DeMars et al., 2018), Instituto Nacional Para La Conservacion De La Naturaleza (ICONA) model
(Bayramin et al., 2003; Esmaeili et al., 2020), Water Erosion Prediction Project (WEPP) (Brooks et al., 2016), weight of
evidence and evidential belief function (Gayen and Saha, 2017), and morphometry-based compound factor (CF) approach
(Hembram and Saha, 2020; Sadasivam et al., 2020; Jothimani et al., 2020).

Watershed prioritization has recently been facilitated by advances in Geographic Information System (GIS) and remote
sensing (RS) technology (Chen et al., 2020; Mundetia et al., 2018). These technologies, combined with machine-learning
methodologies, produce promising results when modeling natural resources (Avand et al., 2020; Hosseini et al., 2020). In
particular, machine learning has been shown to outperform traditional techniques in the assessment of the risk of soil
erosion (Mosavi et al., 2020a; Amiri and Pourghasemi, 2020). This soil erosion risk assessment helps to clearly identify
vulnerable regions so that soil erosion management plans can be devised and implemented (Azareh et al., 2019; Mosavi et
al., 2020b). The current study thus aims to identify sub-watersheds (SWs) vulnerable to soil erosion in the Swat River
watershed using the geomorphometric CF approach. The findings will be useful in preserving valuable land and water
resources within the watershed.

2. Study Area

Swat River watershed, also known as the Swat Valley, is part of the Swat district, which is a high-altitude region in the
Hindukush mountains of Pakistan's Khyber Pakhtunkhwa province. Geographically, it is located at a latitude of 34°31'45" to
35°52'25" N and a longitude of 72°05'02" to 72°45' 20" E. The Swat district is bordered by Dir in the west, Malakand district
in the south, Buner in the southeast, Shangla in the east, Gilgit Baltistan in the north, Kohistan in the northeast, and Chitral in
the northwest. According to the 2017 census, it had a total population of 2.309 million people and a total area of 5337 km?
(GoP, 2018). It connects China to Central Asia and Europe. Swat was a prominent hub for Gandharan Buddhism and
Hinduism until the 10th century (Vidale and Olivieri, 2002). The Swat district was an autonomous state until 1969, when it
was annexed by Pakistan. The length of the Swat Valley is 146 km, with the width of the valley averaging 30—35 km. The
main river in the study area is the Swat River, which flows from the confluence of the Ushu and Gabral Rivers in the Kalam
Valley and is fed by glacier melt and springs. It flows for 160 km from north to south, joining the Panjkora River in Qalangi
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and eventually emptying into the Kabul River at Charsadda. The Swat River basin is split into 17 SWs (Nasir et al., 2020).
The Daral, Gabral, Lalkoo, and Harnoi Streams are key western tributaries, while the Ushu and Beshigram Streams are
important eastern tributaries. Swat means “pure water” in Sanskrit, and the river is also known as Suvastu in Reg Veda
(Shah et al., 2016).

3. Methods

3.1 Data and GIS analysis

The primary data source for the present study was an Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) digital elevation model (DEM) with a resolution of 30 m acquired from the United States Geological Survey (USGS).
This study uses geospatial modeling and morphometric analysis of the Swat River watershed to identify its physical
features and explain the soil erosion processes in the SWs. The SWs were delineated using Arc Hydro software and the
DEM, which provided a reasonable depiction of the topography (Waikar and Nilawar, 2014). The DEM was processed to
extract various drainage basin parameters such as the slope and drainage network (Wakode et al., 2013; Buccolini et al.,
2012).

To increase the accuracy of the DEM for stream network extraction, sinks were removed from the data using Arc Hydro.
Sinks are groups of cells that have the same height, generating gaps in the DEM and disrupting cell communication. A flow
accumulation grid was created from a flow direction grid, while a threshold area of 1%, which has been recommended by
Martins and Giga (2015) and Azizian and Shokoohi (2015), was utilized to extract the stream network from the flow
accumulation grid. This form of GIS- and DEM-based parameterization of a watershed offers a rapid approach to
morphometric analysis (Grohmann et al., 2007; Kacem et al., 2006).

3.2 Morphometric parameterization

In the present study, the morphometric characteristics used to identify the SWs susceptible to erosion were the stream
number, stream order, stream length, bifurcation ratio, drainage density, stream frequency, length, width, length—width ratio,
texture ratio, shape factor, circulatory ratio, elongation ratio, and drainage texture. Table 1 presents the linear and aerial
morphometric parameters and their mathematical formulas. The stream order was determined using the Strahler (1964)
system due to its simplicity and extensive use in morphometric research. In Strahler's system, the smallest unbranched
tributary is classified as a first-order stream and, when two first-order streams merge, they become a second-order stream.
The trunk stream, which is supplied by multiple-order streams, is a basin's highest-order stream. The number of streams in
each order was tallied and their length recorded. The Arc Hydro extension of Arc Map 10.5.2 was used to calculate the
morphometric characteristics and subsequently determine the susceptibility of the SWs to erosion using the process
illustrated in Fig. 2, which was adapted from Hembram and Shah (2020).

Table 1. Morphometric parameters and their mathematical formulas (compiled from Horton, 1945; Smith, 1950; Strahler,
1964; Cutter, 2008; and Rahaman et al., 2015).
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SN | Morphometric Parameters Formulas/Definitions References
0
1 Stream Order {u) Hierarchical rank Strahler (1564)
2 Streamn Number (Mu) Mumber of streams
3 ﬁ Streamn Length (Lu) Length of stream (kma) Horton (19435
8 Ro= N, 4 Schumms
e - — Rb=bifurcati - LIS
4 Bifurcation Ratio (Rb) Nu etion Tt (1956)
Mu=total number of stream segments
Mu+l= number of streams m next hizher order
Lg= 2
5 5 | Length of Overland Flow D Lz=lenzth of overland flow Horton (1945)
g D=drainage density
Bh=H- K L 5
6 | & | BasinRelief (Bh) - 7 U Bucbasingeis | Horton (1945)
g = H=maximuwm relisf and h=minivwm relief
K| . . 5 R=8hLb Reereliaf ratio Horton (1943)
7 Relief Ratio (Rr) U | Bh= basin relief (maximum-minizum relisf)
Lb=bazin lensth
D= L_U
g Drainage Density (Dd) A D=drainage density Horton (1932)
A= baszin arez (km™)
E Nu
_ = .
g Drainage Frequency (Fs) A Fe=dramage frequency Horton (1932)
A= basin area (km’)
Rt= % Ei= dramage texture
10 Drainage Texture (Rt) s Horton (1045)
Mu=total no. of stream of all ordars
@ P=perimatar ufif:!te bazin (k)
= Rf= AllL b Ef= form £
11 | § | Farm Factor Abasnae ) Horton (1032)
-] Lb'=square of the bazin length
o =
LbTA = ; Gregory and
12 Shane Fact Lb =squara of the bazin langth =
g | Shape Factor =basin area Walling (1973)
- Re=4mx AT 54
13 Circulatory Ratio e | A=Basin Area (k) Miller (1953}
E‘" P=Parimeter (km)
S | - i A Schumms
i ) o 0= LD)\-(F)R&:emmrm (1956)
14 Elongation Ratio
A=basin area (km?) ' =3.14
Lb=bazin lensth
Ce= Pl Pu Ce= compactness coefficient
15 Compactness Coefficient P= watershed perimater Horton (1945)
Pu= penimater of the cucle of the watershed
AI23

3.3 Integrating watershed morphometry and erosion susceptibility assessment

Variation in a watershed's geomorphometric parameters impact the prevalence of soil erosion, thus these parameters are
widely used to determine susceptibility to soil erosion (Bhattacharia et al., 2020). This susceptibility for the 17 SWs in the
Swat River watershed was evaluated analytically with GIS/RS by quantifying the morphometric characteristics and
processes and using them to rank the SWs according to the potential risk of erosion. Geomorphometric parameters can be
classified into two groups based on their geomorphometric properties and their contribution to the potential soil erosion risk.
Group 1 includes parameters that have a positive association with soil erosion, which means that the higher the value of
these parameters, the greater the risk of erosion (Kadam et al., 2019). This group includes the drainage density, drainage
frequency, bifurcation ratio, drainage texture, length of overland flow, and basin relief. Group 2, on the other hand, includes
geomorphometric parameters that are negatively associated with soil erosion, i.e., the higher their value, the lower the risk of
erosion. Group 2 comprises basin form factors such as the farm factor, circulatory ratio, and elongation ratio. These

parameters are summarized in Tables 2 and 3.

Table 2. Basic and landscape attributes for the Swat River sub-watersheds (SWs)
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SWs

SW1
Sw2
Sw3
SW4
SW5
SW6
Sw7
SW8
SW9
SW10
SW11
SW12
SW13
SW14
SW15
SW16
SW17

Basin
Area

(km?)

1221.2
789.71
271.15
181.48
153.62
433.92
76.33

146.30
63.67

190.74
155.99
104.62
204.66
15.92

37.53

55.34

274.03

Perimeter

(km)

202.27
182.40
82.84
61.87
60.50
110.57
40.07
53.59
37.15
71.96
55.40
49.13
71.05
20.41
27.48
41.61
80.31

Max.
Elevation
(m)

5856
5946
4823
5707
3992
4071
4607
4296
3517
2883
2794
2779
3003
1495
3137
1892
3002

Min.
Elevation

(m)

1959
1953
1406
1677
1235
1033
1579
1359
1262
859
777
1077
952
720
1235
742
882

Difference
in
Elevation

(m)

3897
3993
3417
4030
2757
3038
3028
2937
2255
2024
2017
1702
2051
775

1902
1150
2120

Perimeter
of the
circle of
the
watershed
(km)
177.11
193.78
59.42
81.36
40.53
54.04
61.20
41.60
33.08
114.15
48.24
83.17
71.76
4412
24.21
69.01

54.76

Table 3. Linear, aerial, and relief morphometric parameters for the Swat River SWs.
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Basin
Length
(km)

60.91
55.88
24.69
15.50
18.22
32.28
10.66
14.86
12.21
20.25
12.16
13.09
13.91
4.16

10.01
7.90

22.23

Longest
Flow
Path
(km)

49.80
47.77
24.32
16.11
22.19
36.03
13.86
14.31
14.88
22.22
12.08
16.67
19.93
5.03

10.53
11.71
2416

Gradient/km

78.25
83.59
140.50
250.16
124.25
84.32
218.47
205.24
151.55
91.09
166.97
102.10
102.91
154.08
180.63
98.21
78.25



E Linear Relief Aerial Parameters
7 U|Nu |Rb | Re | Lg | B | Rr | Dt |Dd | Fs | €c| Re| Re| Ba| Rf
Group 1 GROUP 2

SW1 6| 2511 | 438 [ 1270 | 131 | sme7| mas | 1241 153 | 205 | 114 | 00| 031 304 | 033
SW2 6 1397 | 438 | 0497 127 | 3993 g3sg | 876 | 157 | 202 ] 084 | 051 044 | 355 025
SW3 5 462 | 446 | 0362 147 | sa17| 14050 338 | 136 170 ] 139 | 031 057 225 | o4
SW4 3 336 | 435 | 0470 | 123 | 430 | 25006 | 343 | 162 | 134 ]| 076 | 064 | 034 | 132 076
SW5 4| 260 718 | 03584 | 126 | 757 | 12425 | 430 139 | 169 | 149 | 041 | 074 | 216 | 046
SWo 5 737 | 450 | 03519 | 132 | sp33| masa| 667 | 151 169 | zos | 0s1| o047 | 240 042
SW7 4 123 | 4.66 | 0511 142 | sgze | 21m47 | 307 | 141 | 161 ] 065 | 058 | 088 | 149 | 067
S5W§ 5 231 | 3.70 | 0518 161 | o937 | 20524 | 431 124 [ 157 ] 129 | 062 | 064 | 1351 066
SWo 4 102 | 446 | 0651 | 141 | o9pss| 1spss| 275 | 14z | nen | viz | 046 | o040 234 | 043
SW10 5 307 | 477 | 0331 135 | 2024 o1ge | 427 | 148 | 160 ) 063 | 050 067 | 215 047
SWI1 3 312 | 447 | o488 | 138 | o2p17| 1geo7 | €3 | 145 | zoo| 115 | 065 | 04| 131 076
S5Wli2 5| 182 | 368 | 0322 | 120 | 9oz | 10000 | 370 | L6 | 173 | 059 | 056 | 079 | 203 | 049
SW13 6| 363 | 351 | 0339 | 144 | aps1| 10001 | S14| 139 | 178 | 059 | 049 | 043 | 21| 047
SWi4 4 33| 282 | 0789 | 114 775 | 15808 | 162 | 176 | 207 | 046 | 034 | 064 | 109 | 092
SW15 4 69 | 420 | 0.601 139 | o2 | 1mpe3 | 251 | 144 [ 183 ] 114 | 043 | 068 | 267 | 037
5Wla 5 98 | 3.04 | 0.841 120 | 1180 ggzy | 236 | 167 | 177 ] 060 | 055 | 050 | 113 | o089
SW17 3 472 | 438 | 0465 | 120 | o120 gmas | 388 | 168 | 172 ] 147 | 049 | 051 180| 05%F
Average | 4.8 | 482.1 | 4.34 | 0.610 133 | 486 [ 152 | 105 | 045 | 0359 | 205 | 033
U: Stream Order No. Nu: Total Stream No. Rb: Bifurcation Ratio R1: Stream Length Ratio
Lg: Length of Overland Flow ~— Bh: Basin Relief Rr: Relief Ratio Dt: Drainage Texture
Dd: Drainage Density | Fs: Stream Frequency | Cc: Compactness Coefficient | Re: Circulatory Ratio
Re: Elongation Ratio Bs: Shape Factor Rf Farm Factor

The CF approach was used to rank SWs according to their vulnerability to erosion. This technique is based on knowledge-
driven modeling (Todorovski and Dzeroski, 2006). This approach translates a qualitative understanding of a phenomenon
based on scientific knowledge into a quantitative assessment that gives equal weight to all criteria, thus it can only be used
for comparative assessment. This method has been widely utilized to quantify erosion risk at the watershed level (Panday et
al., 2009; Javed et al., 2009; Londhe et al., 2010; Chen et al., 2011; McCloskey et al., 2011; Mosbahi et al., 2012, Jang et al.,
2013; Altaf et al.,, 2014; Farhan and Anaba, 2016; Balasubramanian et al., 2017; Singh and Singh, 2018; Bhattacharya et al.,
2019; Nitheshnirmal et al., 2019; Hembram and Shah, 2020).In the CF approach, the value of the CF depends on the total
number of SWs (Altaf et al., 2014). Because the Swat River watershed has 17 SWs, they were assigned a rank of 1 to 17 for
each of the assessed parameters. For the Group 1 parameters, the SW with the highest value was ranked at 1, while the SW
with the lowest value was ranked 17th. In contrast, for the Group 2 parameters, the SW with the lowest value was ranked
first and that with the highest was ranked 17th. Table 4 summarizes the rankings of the SWs according to each of the
geomorphometric parameters.After ranking the SWs for all of the specified parameters, the rankings for a given SW were
added and divided by the total number of parameters to obtain its average rank, which is referred to as the CF. The CF
represents the combined influence of all parameters in a specific SW on the erosion susceptibility of that SW. Equation 1
was used to determine the CF (Altaf et al., 2014; Das, 2014; Patel et al., 2012; Balasubramanian et al., 2017):

1 n
G
P Nf=s where Cpis the CF of an SW, Riis the rank of that SW for a geomorphometric parameter, and nis the number of

geomorphometric parameters

Table 4: Ranking of individual SWs based on selected linear, aerial, and relief morphometric parameters and calculation of
the compound factor (CF).

Page 7/28



Linear Parameters Relief Parameters Aerial Parameters

Fl

= H

= o S

e Nu|Rh‘Lu Lg‘Bh‘Rr Dt|Dd‘Fs Cc‘Rc‘Re‘Bs‘Rf S 5 Eg.

- & 8
SW1 17 12 17 8 15 1 17 10 16 g 13 17 2 8 145 12.08 Low
SW2 16 13 16 7 16 3 16 11 15 11 16 14 1 11 147 1225 Low
SW3 13 o 13 16 14 10 12 2 7 5 6 9 6 5 103 8.58 High

SW4 11 7 12 10 9 1 13 13 12 2 10 14 12 122 10.17 | Moderate

LN

SWS5 8 17 9 ] 17 17 8 12 5 3 12 4 7 3 24 7.83 High
SWé 15 16 15 9 13 4 15 9 6 2 6 13 4 2 112 033 | Moderate
SW7 5 14 5 14 12 16 5 4 4 13 4 2 13 13 26 8.00 High
SW§ 7 5 7 17 11 15 9 1 1 6 3 7 12 6 81 6.75 V. High
SW9 4 10 3 13 9 11 4 5 2 9 10 16 5 9 20 7.50 High

SW10 9 15 10 10 il 5 7 g 3 14 7 6 8 14 111 025 | Moderate

Swi1 10 11 8 11 5 13 13 7 14 7 1 12 15 7 118 9.67 | Moderate
Swi2 6 4 6 2 3 7 ] 14 9 16 5 3 10 16 o7 8.08 High
SwWi13 12 3 11 15 7 8 10 3 11 10 g 15 a 10 117 9.75 | Moderate
SwWi4 1 1 1 1 1 12 1 17 17 17 15 g 17 17 113 942 | Moderate
SW15 2 6 2 12 4 14 3 6 12 g 11 ] 3 g 78 6.50 V. High
SW16 3 2 4 3 2 6 2 16 10 15 14 1 16 15 101 842 High
SwW17 14 8 14 4 8 2 14 15 g 4 9 11 11 4 118 9.67 | Moderate
U: Stream Order No. Nu: Total Stream No. Rb: Bifurcation Ratio RI: Stream Length Ratio
Lg: Length of Overland Flow  Bh: Basin Relief Ry: Relief Ratio Dt: Drainage Texture
Dd: Drainage Density ‘ Fs: Stream Frequency | Ce: Compactness Coefficient | Re: Circulatory Ratio
Re: Elongation Ratio Bs: Shape Factor Rf: Farm Factor

4. Results And Discussion
4.1. Linear parameters
4.1.1 Stream order (U)

Several stream ordering methods have been employed to characterize and study drainage basins, including those proposed
by Horton (1945), Strahler (1964), Shreve (1966), and Hodgkinson et al. (2006). However, because of its simplicity, the
Strahler stream order system was adopted in the present study. In this system, the smallest unbranched tributary is
classified as a first-order stream. When two first-order streams meet, they form a second-order stream. The trunk stream,
which is supplied by multiple-order streams, is a basin's highest-order stream. Based on this classification, it was found that
SW1 and SW2 contained sixth-order streams, while the Swat River was a seventh-order stream. The streams in all of the
SWs were arranged in a dendritic pattern, which is indicative of textural homogeneity and no morphological control. The
number of streams in each order is presented in Table 3 and Fig. 3A.

4.1.2 Stream number (Nu)

The total number of stream segments from each stream order is referred to as the stream number (Nu). Table 3 and Fig. 3B
present the number of streams in Swat River SWs. The analysis revealed that WS1 and WS2 had the highest number of
streams, with 2511 and 1597, respectively. In general, the number of streams decreases as the stream order increases within
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a watershed. The number of streams in a watershed indicates its permeability and capacity for infiltration. A higher number
of streams suggests that the watershed's soil and lithology are less permeable, resulting in greater runoff.

4.1.3 Bifurcation ratio (Rb)

The bifurcation ratio (Rb) is a dimensionless number that represents the ratio of streams in a lower order to the number of
streams in the next higher order (Schumn, 1956). The distribution of the mean bifurcation ratio for the Swat River SWs is
displayed in Table 3 and Fig. 3C. The analysis revealed that SW5 had a mean bifurcation ratio of 7.18, while SW14 had the
lowest ratio (Rb=2.82). A high bifurcation ratio indicates that the SW is under strong structural control, whereas a low ratio
suggests that the SW is subject to fewer structural disruptions (Hembram and Saha, 2008). The difference in the bifurcation
ratio between SWs is determined by the watershed's lithology, soil properties, and configuration (Strahler, 1957). For
example, in comparison to circular basins, elongated watersheds have a higher ratio (Ali et al., 2018). Suresh (2007) argued
that a bifurcation ratio of 3—5 suggests that surface geology has little influence on the drainage pattern. Elongated basins
with a higher bifurcation ratio exhibit a low but prolonged flow, whereas circular basins with a low bifurcation ratio
experience sudden peaks in water flow (Harinath and Raghu, 2013).

4.1.4 Stream length ratio (R))

As defined by Horton (1945), the stream length ratio is the geometrical relationship between the mean stream length and the
stream order. In general, as the stream order increases, the stream length decreases. Changes in the stream length ratio are
related to variation in the slope and topography of an SW (Waikar and Nilawar, 2014), and this has a substantial impact on
runoff and soil erosion (Horton, 1945). Table 3 and Fig. 3D present the regional distribution of the stream length ratio for the
Swat River SWs which ranged from 0.465 for SW17 to 1.271 for SW1.

4.2. Aerial parameters

4.2.1 Drainage density (Dy)

The drainage density (D) is the ratio of the length of all stream segments within a drainage basin to the drainage area, and
it thus represents the relationship between form attributes and geomorphic processes in action (Welling, 1973). It is
indicative of land usage and infiltration and the reaction time between rainfall and outflow. A high drainage density
indicates high runoff and thus high soil erosion (Roger, 1980). It also indicates the erosive potential of runoff and the
erodibility of the surface, and it is a measure of the drainage efficiency of watershed streams. Geology/lithology and plant
cover influence the drainage density. Sedimentary rocks with high permeability minimize surface runoff and, as a result,
have a low drainage density. In contrast, a high drainage density reflects a low plant density and the limited infiltration
capability of the watershed. The drainage density of the SWs ranged from 1.62 for SW14 to 12.41 for SW1, with an average
of 4.96 (Table 3 and Fig. 4A).

4.2.2 Drainage frequency (Fs)

According to Horton (1945), the drainage frequency is the number of stream segments per unit area. It is a key measure for
understanding the erosion risk of watersheds. The drainage frequency represents the degree of the dissection of the basin
and is largely determined by the basin's lithology, plant cover, soil infiltration capacity, catchment relief, drainage network
texture, and precipitation (Parveen et al. 2012). It is derived by dividing the total number of streams by the drainage basin
area. The average drainage frequency in the research region was found to be 1.52. The maximum drainage frequency was
2.07 for SW14, while the lowest was 1.57 for SW8 (Table 3 and Fig. 4B).

4.2.3 Length of overland flow (Lg)
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The length of overland flow (Lg) is the distance that water travels over the ground surface before being concentrated within
a stream channel. It is calculated as half of the drainage density (Horton, 1945). The length of overland flow is inversely
related to the average channel slope and is considered to be one of the most significant characteristics determining both the
hydrologic and hydrographic development of drainage basins (Horton, 1945; Patel et al., 2012; Mokarram and
Sathyamoorthy, 2015; Farhan and Anaba, 2016). The average length of overland flow for the SWs ranged from 1.20 to 1.61
for SW17 and SW8, respectively (Table 3 and Fig. 4C.)

4.2.4 Drainage texture (Dy)

The drainage texture (D,) is the ratio between the total number of streams of all orders and the perimeter of the drainage
basin (Horton, 1945). This ratio represents the relative spacing of streams. Smith (1950) categorized drainage texture as
extremely coarse (>2), coarse (2-4), moderate (4-6), fine (6—8), and very fine (>8), with a higher drainage texture generally
indicating a higher sensitivity to erosion. The drainage texture is determined by the precipitation, vegetation, geology, soil
type, soil permeability, and basin relief. The drainage texture for the study area was 1.33, representing a highly coarse
texture. However, it ranged from 1.62 to 12.41 for SW14 and SW1, respectively, representing a very fine to a very coarse
textural range (Table 3 and Fig. 4D).

4.2.5 Compactness coefficient (Cc)

According to Gravelius (1914), the compactness coefficient of a watershed is the ratio of the watershed perimeter to the
circumference of the circle encompassing the watershed area. It is also known as the Gravelius index (Gl). The compactness
coefficient is independent of the size of the watershed; rather, it is determined by its slope (Horton, 1945). Circular
watersheds have a shorter period of concentration before peak runoff, hence a compactness coefficient of less than 1.0
indicates greater divergence from a circular shape (Altaf et al., 2013). A higher compactness coefficient indicates a circular
watershed and greater erosion, whereas a lower compactness coefficient indicates the elongation of the watershed and
hence reduced susceptibility to erosion (Farhan and Anaba, 2016). The average compactness coefficient of the Swat River
basin was 1.05, indicating increased erosion; however, it varies from 2.05 to 0.60 for SW6 and SW16, respectively (Table 3
and Fig. 5A).

4.2.6 Circulatory ratio (R¢)

The circulatory ratio (R) is the ratio of the area of the drainage basin (Au) to the area of a circle (Ac) with the same
perimeter as the drainage basin (Miller, 1953). The length and frequency of the stream, lithology, land use/land cover,
watershed relief, slope, and climatic conditions of the watershed all influence the circulatory ratio (Farhan and Anaba, 2016).
Watersheds with a circulatory ratio of 0.4 to 0.5 are considerably elongated (Miller, 1953). A low, moderate, and high
circulatory ratio indicates the younger, mature, and older stages of the geomorphic cycle of a watershed, respectively
(Magesh et al., 2011). The lower the circulatory ratio, the greater the infiltration and slower the discharge, lowering the risk of
erosion. The average circulatory ratio computed for the study area was 0.45, suggesting that the basin is characterized by
moderate to low relief and that the drainage pattern is less affected by its structure. It also suggests that the stream
frequency and drainage density have a minimal impact on the extent to which the basin surface is affected by degradation
processes. A value for the coefficient close to 1 reflects the fan-shaped basin's proclivity for high peak discharge (Parveen et
al,, 2012). SW4 had the highest circulatory ratio (0.64), while SW2 had the lowest (0.31; Table 3 and Fig. 5B).

4.2.7 Elongation ratio (Ry)

According to Schumm (1956), the elongation ratio is the ratio between the diameter of a circle with the same area as the
basin and the maximum length of the basin (L,,,)- The elongation ratio varies from 0.6 to 1.0 depending on the geological
units and climate, with <0.7 classified as elongated, 0.8-0.9 as oval, and >0.9 as circular (Waikar and Nilawar, 2014). The
average elongation of the study area was 0.59, suggesting an elongated basin and steep slopes (Table 3 and Fig. 5C). The
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highest elongation ratio (0.90) was calculated for SW16, while the lowest (0.31) was calculated for SW1. Elongation ratios
ranging from 0.6 to 0.8 are generally associated with steep slopes, high relief, and a high rate of erosion (Strahler, 1964).

4.2.8 Shape factor (B,)

The shape factor, which reflects the shape of the basin, can be calculated by dividing the square of the maximum length of
the basin by its total area (Horton, 1945). The shape of the drainage basin, along with its length and ratio, affects the rate of
sediment generation and water accumulation. The average shape factor for the Swat River basin was 1.93, indicating a
somewhat elongated shape, but it varied from 0.93 to 3.95 for SW11 and SW2, respectively, suggesting that an elongated
shape is most common among the SWs, leading to a longer basin lag time (Table 3 and Fig. 5D).

4.2.9 Form factor (Ry)

The form factor is the ratio of the drainage area to the square of the drainage basin length (Horton, 1945). The form factor
is often used as an empirical measure of the basin shape. According to Harinath and Raghu (2013), if the form factor is
lower than 0.5, the basin may have a flatter flow for a longer duration, while if it is higher than 0.5, the basin has higher
peaks for a shorter duration. For a perfectly circular basin, the form factor will always be greater than 0.78; a value smaller
than this is indicative of an elongated basin. The average form factor for the Swat River basin was 0.55, suggesting a
semicircular shape. The highest form factor was found for SW14 and lowest for SW2 (0.92 and 0.25, respectively; Table 3
and Fig. 6A).

4.3. Relief characteristics

4.3.1 Basin relief (By,)

The basin relief, which is also known as total relief, is the difference between the elevation of the highest and lowest point
on the drainage basin (Schumm, 1956). Basin relief is indicative of the potential energy of a drainage system and is an
important factor in understanding the degradational /erosional processes in the catchment area. The higher Bh value
indicates a high potential erosional energy, especially during intense rainstorms and flooding. The calculated Bh value Swat
River SWs is ranging from 775m to 4030m (Table 3 and Fig. 5B).

4.3.2 Relief ratio (Rr)

The relief ratio is defined as the ratio between the basin relief (Bh) and the maximum basin length (Lb). Schumm, (1956)
reported a close relationship between the relief ratio and sediment loss per unit area. The relief ratio of the Swat River SWs
ranged from 0.25 to 0.92 (Table 3 and Fig. 5C).

5. Soil Erosion Susceptibility Analysis

In the present study, the soil erosion risk was assessed using the morphometry-based CF approach, which is effective for the
evaluation of land-surface processes between similar entities such as watersheds (Ameri et al., 2018). The CFs for each of
the 17 SWs were computed by summing the rank values for all 15 linear, aerial, and relief parameters selected for the study
and dividing the total by the total number of parameters. The results of the analysis are shown in Table 4 and Fig. 7. The CF
ranged from 8.0 to 13.83; the SW with the lowest CF had the highest susceptibility to erosion, while that with the highest CF
had the lowest susceptibility. The SWs were subsequently divided into four groups based on the CFs: those with a CF of
8.00-9.00 were classified as having a very high susceptibility, 9.01-10.49 as having a high susceptibility, 10.50-11.49 as
having a moderate susceptibility, and 11.50—13.83 as having a low susceptibility to erosion. Fig. 8 presents the
classification of the Swat River SWs according to the CF. Overall, three of the SWs (SW8, SW12, and SW15; 18% of the total)
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were in the very high-susceptibility group (8.0, 8.9, and 8.9, respectively), while SW1, SW2, and SW4 were in the low-
susceptibility group (13.4, 13.8, and 11.8, respectively).

The very high priority SWs had high to moderate values for Group 1 linear and relief morphometric parameters, including the
presence of fifth-order streams, an overland flow length of 1.20-1.61, a very high basin relief of 1720-2937, a relief ratio of
102.10-205.24, a shape factor of 1.51-2.67, and a farm factor of 0.37-0.66. These SWs are characterized by loamy soil,
with dry farming and grazing taking place on the lower slopes and pines covering the higher slopes. The geology ranges
from amphibolite to greenschist and basalt.

6. Validation Of The Results

To validate the results of the present study, they were compared with the soil, land use/land cover, geology, slope, and
gradient map of the study area (Fig. 9). It was found that the SWs identified as very highly vulnerable to soil erosion have
loamy soil where dry farming is undertaken. Agriculture accounted for 23.72% of the land area of the very highly susceptible
SWs, compared to 23.02%, 21.76%, and 17.76% of the SWs with high, moderate, and low susceptibility (Fig. 10). According
to Phinizi and Ngetar (2019), soil loss in the forested area decreased from 1989 to 2001 from 0.033 to 0.032 tons/ha'year
1. In contrast, on agricultural land, the soil loss increased from 0.339 tons/hayear” to 0.376 tons/ha”year" from 1989 to
2017. In terms of the geology, the majority of the study area contains igneous and metamorphic rocks, including
amphibolite, greenschist, granite, and basalt. A small area in the south contains quaternary alluvium deposits.

The slope and gradient of the SWs appeared to be an important factor in determining the vulnerability of the SWs to soil
erosion. Fig. 11 summarizes the slope distribution for each of the erosion-susceptibility classes. It was found that almost
60% of the area of the very highly susceptible SWs had a slope of 29.50-47.12°, compared to only 29.12%, 31.73%, and
44.38% in the high-, moderate-, and low-susceptibility SWs. Similar results were obtained from the gradient analysis (Fig.
9E), with the gradient of very highly susceptible SWs the highest at 180.7-250.2 m/km. The slope has a strong influence on
soil erosion (Rather et al., 2017; Balasubramanian et al., 2017), which is why, even though 40.12% of the land area of the
SWs with a very high erosion risk had forest cover, their steep gradient still increased their susceptibility. According to Zingg
(1940), the volume of soil erosion increases with an increase in the slope gradient, which was later supported by Tang and
Chen (1997). Renner (1936) also reported that the percentage of the eroded area varies with the slope gradient, with a
critical slope gradient of 40.5°. This is similar to Liu et al. (2001), who found that the critical slope gradient for optimal soil
erosion was between 41.5° and 50°, while Horton (1945), Chen (1985), and When-hong (1993) reported it to be 57°, 25°, and
41°, respectively. It has been argued that the slope is an important factor that influences the generation of overland flow and
soil erosion (Liu et al., 2001). The stress of overland flow, the erosion-resistance capacity of the soil, and the lithology and
overland flow velocity are the main factors that determine the degree of soil erosion on a sloped surface. However, the slope
gradient, rainfall intensity, infiltration capacity of the soil, soil structure, LULC, and length of overland flow also affect the
rate of soil erosion. Soil erosion resistance decreases with an increase in the slope gradient (Liu et al., 2001).

Overall, the analysis of the soil, geology, land use, slope gradient, and field observations were in agreement with the results
derived from the CF approach for the determination of erosion susceptibility. This suggests that the adopted methodology
for the prioritization of SWs for erosion management produces reasonable results.

Conclusion

The present study demonstrated that a DEM together with GIS is an efficient tool for the delineation of a drainage network at
the SW level and analysis of the associated geomorphometric parameters. The geomorphometry of various linear, aerial,
and relief parameters for soil erosion susceptibility in the geospatial environment was found to be suitable for the
prioritization of SWs in terms of soil erosion management.
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The assessment of the soil erosion susceptibility of Swat River SWs using the morphometry-based CF approach in the
geospatial environment revealed that three SWs (SW8, SW12, and SW15; 18% of the total) were prioritized as very highly
susceptible to soil erosion, while SW7, SW9, SW10, and SW16 were classified as highly susceptible (23% of the total). A total
of 7 SWs (SW3, SW5, SW6, SW11, SW13, SW14, and SW17) were categorized as moderately susceptible (41% of the total),
while SW1, SW2, and SW4 had a low susceptibility (18% of the total). The present study revealed that the major
morphometric parameters that influence soil erosion were the basin shape and relief parameters, including the basin relief
and relief ratio.

Soil erosion is influenced by a range of environmental factors such as the temporal and spatial distribution of rainfall, its
intensity and size of the raindrops, the amount and frequency of rain, runoff volume, and velocity. However, it is clear that
watershed characteristics such as the slope gradient, aspect, shape, and length of the channel area have a significant
impact on the rate of soil erosion. The CF approach used in the present study is one of the most widely used approaches for
erosion susceptibility at the SW level. It is simple to employ but has some inherent disadvantages, particularly that it is only
applicable to comparative studies. However, the prioritization of SWs using the CF approach remains useful for planners
and decision-makers in terms of devising soil conservation strategies.
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Figure 1

Location of the Swat district, Khyber Pakhtunkhwa, Pakistan
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Figure 2

Research methodology adopted from Hembram and Shah (2020).
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Figure 3

Linear morphometric attributes of the Swat River SWs: A stream order, B number of streams, C bifurcation ratio, and D
stream length ratio
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Figure 4

Linear and aerial morphometric attributes of the Swat River SWs: A drainage density, Bdrainage frequency, C length of
overland flow, and D drainage texture
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Figure 5

Aerial morphometric attributes of the Swat River SWs: A compactness coefficient, Bcirculatory ratio, C elongation ratio, and
D shape factor
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Figure 6

Relief morphometric attributes of the Swat River SWs: A basin relief, B relief ratio, and C form factor
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Figure 7

Classification of the Swat River SWs based on their erosion susceptibility determined using the CF approach.
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Figure 8

Locations of the Swat River SWs and their susceptibility to erosion based on their CF.
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Figure 10

Land use distribution for the Swat River SWs categorized based on their erosion susceptibility.
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