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ABSTRACT
Environmental degradation is creating serious challenges for the spring water security in the mountainous

region of South Asia. The freshwater springs meeting the growing water demands of the numerous mountain com‑
munities are under a high strain due to changing climate and land degradation in the region. The current study aims
to assess the spring distribution and vulnerability to land degradation in Khyber Pakhtunkhwa province of Pakistan
using geospatial modeling techniques coupled with ground information. The study revealed a total of 2564 springs
with a density of about 0.06 springs/km2 in the study area. More than ϐifty percent of springs were observed in the
1000–1400 mm rainfall regime, pointing towards a high influence of precipitation in recharging the springs. The
mean soil loss of over 48.8 tons/ha/yr was predicted in the area, the risk of which was found to be very high (>
100 tons/ha/yr) over 12% and high (50–100 tons/ha/yr) over 8.1% of the area. Based on the land degradation
analysis, over 20.4% of the springs appear to be highly vulnerable, 28.4% medium vulnerable, and 51.1% low vul‑
nerable in the region. The restoration of the forest cover over mountain slopes and highland pastures can lessen
overland flows and improve groundwater and spring resources. In‑depth investigations of the hydrogeology and
environmental implications could be helpful for sustainable management of the springs in the region. The study
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would provide a base for developing viable land andwater conservation strategies to improve springwater security
in the region in future.
Keywords: Aquifer Recharge; Groundwater Management; Land Degradation; Spring Hydrology

1. Introduction

The water resources in the mountainous regions
are under increasing pressure owing to an increas‑
ing population and the frequency of extreme climatic
events [1]. Groundwater is a signiϐicant source of water
supply for drinking and other uses worldwide [2], and is
assumed to be more dependable than surface water [3].
Natural springs are known to support sustenance and
livelihoods of many mountain communities and fresh‑
water ecosystems, worldwide [4]. The local communities
rely on the spring water for drinking and household use
since they believe it to be a safer source for drinking and
domestic use than surface flows [5]. The management
of freshwater springs is important to achieve several
Sustainable Development Goals (SDGs), such as reviv‑
ing water resources (SDG‑6), alleviating poverty (SDG‑
1), taking action against food insecurity (SDG‑2), and
reducing climate change effects (SDG‑13) and enhanc‑
ing health and well‑being (SDG‑3). The agriculture sec‑
tor in the Khyber Pakhtunkhwa (KPK) province of Pak‑
istan is facing poor growth performance owing to sec‑
tor’s main problems, such as inefϐicient use of surface
and groundwater resources, inadequate land manage‑
ment and climate change. Signiϐicant efforts and invest‑
ments are required in the land and water development
in the province to increase agricultural growth to keep
up with population growth [6]. Human activities such
as deforestation, land excavation, and overexploitation,
besides extreme climate events, affect the quantity and
quality of the subsurface water, consequently creating
food insecurity issues [7]. Land degradation owing to soil
loss affects not only the soil’s fertility and thewater qual‑
ity but also the recharge sources of groundwater and
springs [8].

On a local to global level, there are knowledge gaps
and a dearth of data on actual water use [9]. Even with
the critical water needs, the majority of springs remain

inadequately surveyed, and little is known about their
conservation status [10]. Although several studies exist
on spring resources of the Himalayas [11,12], currently no
study has been reported on spring distribution and their
response to environmental risks in this Hindu Kush re‑
gion. There is a need to assess the potential of spring
resources and their response to land degradation risks
for future water resource management. The risk of land
degradation due to soil loss can be predicted by estimat‑
ing the intricate relationships between geology, topog‑
raphy, climate, soil, land use, and land cover [13]. A num‑
ber of soil erosionmodeling techniques have been devel‑
oped to forecast soil erosion in highland areas and as‑
sess the movement and deposition of sediments. These
equationswere latermodiϐied, and numerous additional
variables and factors were included. A few of the mod‑
els used to study soil erosion include the Modiϐied Uni‑
versal Soil Loss Equation (MUSLE) [14], Universal Soil
Loss Equation (USLE), Unit StreamPower‑basedErosion
Deposition (USPED) [15], and the Revised Universal Soil
Loss Equation (RUSLE) [16]. A computer‑based variant of
the USLE is called the RUSLE, which includes a new set
of guidelines and algorithms for calculating the cover fac‑
tor, slope length, and steepness factors [17]. It is hypothe‑
sized that the spring distribution is influenced by several
biophysical factors and land degradation risk that need
to be addressed to improve spring water security in this
region.

The present study aims to assess spring distribu‑
tion and vulnerability to land degradation risk owing to
soil erosion in the upper KPK province of Pakistan us‑
ing geospatial techniques coupled with ground informa‑
tion. The Revised Universal Soil Loss Equation (RUSLE)
model was used to evaluate the risk of soil erosion
influencing mountain ecosystem in the study area. The
study would provide a base for developing viable land
andwater conservation strategies to improve spring wa‑
ter security in the region in future.
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2. Geographical Setup
The study area extends over 46,278 km2 within an

elevation range of 366–7,708 m in the northern half of
Khyber Pakhtunkhwa province in Pakistan (Figure 1).
The overall population is around 16.4 million persons,
and there are about 2.4 million households with an av‑
erage household size of about 7 [18]. The major agro‑
ecologies consist of northern drymountains, sub‑humid
valleys, and high rainfall zone. The climate in the north
is subtropical continental highland, withwarm, dry sum‑
mers and frigid, snowywinters. In the southern part, the
climate is humid subtropical, with warm summers and
chilly winters. During the summer (May to September),
temperatures vary between 25 °C and 35 °C. The rainfall

generally occurs within range of 400–1500 mm per an‑
num. The summer rains are usually received during the
monsoon season from June to September, whereas win‑
ter rainfall occurs fromwesterly systems during Novem‑
ber to February. Majority of precipitation in the high‑
lands is in form of snowfall that occurs during the win‑
ter season. The whole area drains into the Indus River,
with the exception of the Kunhar River in Mansehra Dis‑
trict, which drains into the Jhelum River after flowing
down the Kaghan valley. The spring water meets the ir‑
rigation and household requirements of a large number
of local communities who are responsible for the man‑
agement and maintenance of the spring resource under
their purview [5].

Figure 1. Study Area with Districts in the KPK Province of Pakistan.

The region is rich in biodiversity and forest re‑
sources. The coniferous forest is mostly found be‑
tween 1000 and 4000 meters above sea level in the Chi‑
tral, Swat, Upper Dir, Lower Dir, Malakand, Kohistan,
Mansehra, and Abbottabad districts [19]. Popular conif‑
erous forest types include chir pine (Pinus roxburghii),
deodar (Cedrus deodara), blue pine (Pinus wallichiana),
Pindrow ϐir (Abies pindrow), and Morinda spruce (Picea
smithiana). The subtropical dry forests, including phu‑

lai (Acacia modesta), kau (Olea cuspidata), and hopbush
(Dodonaea viscosa) species, exist up to a height of 1,000
m in the districts of Mansehra and Abbottabad. Trees
of Olive, Phulai, Dodonia, and Berberis, as undergrowth,
are observed in the natural flora, which are mainly used
as ϐirewood by the local people. Two different farming
systems exist here: in the leveled valley bottom like in
Swat and parts of Buner, adequate water supplies are
available from rain and snow, as well as surface and
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groundwater for irrigation. In other parts, irrigation
supplies are seasonal due to harsh agro‑climatic condi‑
tions, especially in parts of Shangla andDir, groundwater
plays a signiϐicant role [6]. Raising of food crops, forage
and trees simultaneously on the same piece of farmland
is the characteristic feature here. The primary crops
grown include potatoes, wheat, barley, turnips, spinach,
and various vegetables [20]. The main sources of income
in the area are crop farming, livestock rearing, trade,
business, employment, and tourism.

3. Geology and Hydrogeology
The geology of the area consists of igneous and

metamorphic rocks mainly in the north and center, and
sedimentary rocks towards south [21]. Metamorphic
rocks with igneous rock intrusions make up the moun‑
tainous region. They are separated into the Kohistan se‑
quence to the north of the Main Mantle Thrust (MMT)
and the alkaline intrusion‑related metasediments to the
south of the MMT [22]. Major landforms include allu‑
vial valleys, weathered bedrock, glacier moraines, and
gravelly fans. The soils are somewhat deep, medium‑
textured, and gravelly in the valleys, and sporadic, grav‑
elly, and well‑drained on the mountain slopes. Ground‑
watermainly occurs in rock formations having favorable
porosity and permeability. Primary porosity is typically
very low in crystalline rocks, such as igneous and meta‑
morphic complexes, unless the rock is entirely weath‑
ered at places. Secondary porosity canmanifest as more
or less dense joint patterns brought on by cooling or
tectonism, or it can manifest as isolated fractures and
fault zones. Secondary porosity by solution generally
occurs in easily soluble carbonate rocks like limestone
and dolomite, which are present in various parts of the
area. The majority of sedimentary rocks consist of sat‑
urated zones that can be categorized as aquifers. Un‑
consolidated sand and gravels, permeable sedimentary
rocks like limestoneand sandstone, and crystalline rocks
that are severely weathered or fractured are the preva‑
lent types of aquifers in the region. The folding and fault‑
ing of the underlying rock formations in the majority
of the region [23] result in patchy and irregular aquifers.
Major spring types in the area include artesian springs,
fracture springs, gravity/depression springs, and ther‑

mal springs [24]. Thermal springs release warm water
even during severe cold winters (e.g., ‘Garam Chashma’
in Chitral district). There are perennial springs that
run continuously throughout the year and intermittent
springs that run during precipitation and snowfall sea‑
sons only. The primary recharge factors for groundwa‑
ter and springs are snow precipitation, rainfall, stream
and river flows, and irrigation return flows. In addition
to climate change, human activities like unplanned ur‑
banization, deforestation, and over‑extraction have an
impact on spring recharge. Spring discharge is affected
by precipitation recharge, aquifer water pressure, and
springshed size [5].

4. Data and Methodology

4.1. Preparation of Baseline Data

The thematic data of springs, landforms, land use,
geology, and climate was gathered from various sources,
such as the Survey of Pakistan, Geological Survey, Soil
Survey Department, and Pakistani Meteorological De‑
partment, Islamabad. The GPS (global positioning sys‑
tem) surveyswere conducted to collect land use, soil, hy‑
drological, and socioeconomic data for the study during
the 2019–2022 period. The spatial data layers of phys‑
iography, climate, landforms/soils, land use, and admin‑
istrative boundaries were generated for overlay analysis
in ArcGIS 10.5.1 software. The spring data was studied
under different physiographic regions, slopes, district
administrative units, and rainfall zones in the area. The
Shuttle Radar TopographyMission (SRTM) DEM (Digital
ElevationModel) data of 90mresolutionwasused to cre‑
ate the elevation map and physiographic zones, such as
high mountains (> 3000 m), middle mountains (2000–
3000m), lowmountains (1200–2000m), siwaliks (700–
1200 m), and hilly areas (300–700 m) for spring distri‑
bution analysis. A slope map was developed and classi‑
ϐied into different classes, such as > 30° (steep), 15°–30°
(moderate to steep), 5°–15° (gentle to moderate), and <
5° (flat to gentle) slope for springs’ association and land
degradation analysis [25]. About 11% of the study area
has a flat to gentle slope (< 5°), 31.8% has a gentle to
moderate slope (5°–15°), 43.4%has amoderate to steep
slope (15°–30°), and 13.7% has a steeper slope (> 30°).
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An annual rainfall map was prepared through in‑
terpolation of rainfall data of the 1990–2019 period at
the selected station using the Inverse distance weighted
(IDW) method. In meteorological applications, IDW can
fully comprehend the rainfall pattern through interpo‑
lation of discrete rainfall data between scattered rain
gauges throughout a region [26]. IDW uses the measured
values around the prediction location to predict a value
for any unmeasured location and assigns higher weights
to points that are closest to the prediction location. It
assumes that the local influence at each measured point
decreases with distance. Due to accessibility limitations
in the mountainous terrain, obtaining spring discharges
was challenging; therefore, approximations from earlier
research conducted in this region were used. The typi‑
cal spring discharge in the Himalayan region is between
0.01 and 10 liters per second, with 73% of springs hav‑
ing a discharge of less than 0.01 liters per second [27].

4.2. Preparation of RUSLE Input Data

The RUSLE was used in this study to evaluate the
risk of soil erosion, which is a popular empirical model
that has the capability to forecast the long‑term average
annual soil loss from sheet and rill erosion brought on
by rainfall and runoff [28]. The RUSLE is a popular em‑
pirical model that has the capability to forecast the long‑
term average annual soil loss from sheet and rill erosion
brought on by rainfall and runoff. It is a widely used tool
for evaluating soil erosion, which provides decision sup‑
port for sustainable landscape management in the de‑
graded lands [29]. The factor maps of rainfall erosivity
(R), soil erodibility (K), slope length and steepness (LS),
land cover management (C), and conservation practice

where ‘A’ stands for average annual soil loss in
tons/ha/yr, ‘R’ for erosivity in MJ·mm/(ha·h yr), ‘K ’ for
soil erodibility in t·h/(MJ·mm), and slope length and
steepness ‘LS’, covermanagement ‘C ’, and support prac‑
tice factor ‘P ’ are dimensionless. The factor map layers
were prepared and integrated in the GIS software to cre‑
ate a risk map of soil erosion. The amount of soil lost
from the cultivated areas is directly related to the inten‑
sity and energy of each rainstorm event, which is repre‑
sented by the rainfall erosivity (R‑factor). The link be‑
tween the R‑factor and Fournier index as given in Equa‑
tion 2 was used to compute the R‑factor [30].

LogR = 1.93log
pi2

Pa
− 1.52 (2)

where ‘Pa’ stands for average annual rainfall and ‘pi’ for
monthly rainfall. The composition of sand, silt, clay, and
organicmatter in the soil was used to calculate the erodi‑
bility K‑factor, which represents the susceptibility of soil
particles to detach by rainfall and runoff water [31–33]. It
is crucial to estimate the topographic element accurately
since it has a very unpredictable effect on erosion [28].
Slope is one of themain determinants of the growing risk
of soil loss and landslide occurrence [34]. Steeper slopes
are typically more affected by soil erosion than gentler
slopes. In a similar vein, longer slopes are more likely to
experience erosion than shorter ones. The slope length
and steepness LS factor was computed using the ArcGIS
software’s spatial analyst extension in accordance with
Equation 3 to investigate the topography on soil ero‑
sion [35].

[LS] = Pow([flowacc]× resolution

22.1
, 0.4)×

Pow

(
Sin([slope]× 0.01745)

0.09
, 1.4

)
× 1.4

(3)
where ‘flowacc’ stands for flow accumulation map and
‘slope’ is the slope of the area in degrees. It is predicated
on the idea that soil erosion rises with slope length and
steepness [36]. The cover management C‑factor repre‑
senting impact of cropping andmanagement techniques
on runoff and soil erosion rate, is thought to be the sec‑
ondmost signiϐicant factor affecting soil erosion after to‑

pography [37]. The risk of high erosion rates is typically
decreased by vegetation cover, which dissipates the ki‑
netic energy of raindrops before they reach the soil sur‑
face. Although long‑term ϐield experiments are neces‑
sary for the estimation of the C‑factor, the lack of ex‑
periments has led to the development of several meth‑
ods in the literature to quantify the C‑factor. The RUSLE
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model typically uses referencing studies with C‑factor
values for comparable land use/land cover (LULC) as di‑
rect input. TheC‑factor valueswereassigned to theLULC
map, which represents the intensity of various vegeta‑
tion types in the study area, as vegetation cover provides
security to soil against intense rainfall conditions. Since
there are no widespread preservation practices in the
study area, the support practice (P) factor was given a
value of 1.

Five risk classes of soil erosion were charac‑
terized, i.e., very low (< 5 tons/ha/yr), low (5–25
tons/ha/yr), moderate (25–50 tons/ha/yr), high (50–
100 tons/ha/yr), and very high (> 100 tons/ha/yr) [38].
The risk of soil erosionwas assessed under various slope

classes, physiographic regions, land cover types, and dis‑
tricts of the study area. The flowchart of major steps fol‑
lowed in the study is shown in Figure 2. The risk map
of soil erosion can help decision‑makers create plans
and strategies for reducing soil erosion risk in particu‑
lar zones [17]. The vulnerability of springs was assessed
based on risk of erosion, i.e., high vulnerability (risk
area with > 50 tons/ha/yr erosion), medium vulnerabil‑
ity (area with 5–50 tons/ha/yr erosion), and low risk
(areawith < 5 tons/ha/yr erosion) (Table 1). Finally, op‑
tions for restoration of the degraded lands and sustain‑
able water resource management were identiϐied based
on ground information, literature review, and commu‑
nity perception.

Figure 2. Major Steps Followed for Assessment of Soil Erosion Risk and Spring Vulnerability in the Study Area.

Table 1. Index of Spring Vulnerability to Land Degradation in the Study Area.
Class Soil Erosion (tons/ha/yr) Spring Vulnerability

1 > 50 High
2 5–50 Medium
3 < 5 Low

5. Results and Discussion
5.1. Spatial Data Analysis

The springs showed a varied distribution by phys‑
iography, LULC, slopes, and rainfall zones of the region.
The maximum area is covered by the high mountains
zone (i.e., about 47.1%), followed by middle mountains

(18.3%) and low mountains (17.4%), while the mini‑
mum area is contributed by the hilly area (3%), followed
by the Siwaliks zone (14.2%). Of the 2564 springs found
in the study area, the maximum was observed in low
mountains, i.e., 805, while the least number of springs
were found in the hilly area, i.e., 48 (Table 2 and Fig‑
ure 3). The high concentration of springs observed in
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the low mountains is due to presence of extensive for‑
est cover and receiving higher summer rains than other
regions. About 22.7% and 28.1% springs were identi‑

ϐied in the middle and high mountains lying north of the
province, respectively. Overall, spring density was ob‑
served to be 0.06 springs/km2 in the study area.

Table 2. Spring Distribution in Various Physiographic Regions.

Elevation (m)
Coverage Springs Density

km2 % Number % (Springs/km2)

Hilly area 1408.8 3.0 48 1.9 0.03
Siwaliks 6558.6 14.2 409 16.0 0.06
Lowmountains 8044.7 17.4 805 31.4 0.10
Middle mountains 8489.4 18.3 581 22.7 0.07
High mountains 21776.5 47.1 721 28.1 0.03
Total 46278.0 100.0 2564 100.0

Figure 3. Spring Distribution in Different Physiographic Regions.

Major LULC types identiϐied in the study area in‑
clude 12% forest cover, 50% rangeland, and about 19%
bare ground, i.e., exposed rocks/soils. About 61% of the
springs were identiϐied in the rangeland, 18.4% in the
forest, and 11.1% in the exposed rocks/soils (Table 3).
The forest class indicated a spring density of over 0.09
springs/km2, while the rangeland exhibited a density of
about 0.07 springs/km2. The higher spring densities in
the vegetation classes than in other land use types sug‑
gest that vegetation cover favors moisture conservation
and recharging the spring resource.

About 7.5% (192) of the springs were found over
flat to gentle slopes, 37.2% (954) over gentle to moder‑

ate slopes, 45.2% (1158) over moderate to steep slopes,
and 10.1% (260) over steeper slopes. The steeper slopes
can create risks of landslide, rockfall and erosion, which
could have an impact on the source of springwater. There
were 708 springs identiϐied in the 1,000–1,200 mm rain‑
fall zone, 637 in the 1,200–1,400 mm zone, and 365 in
the 400–600 mm zone (Table 4). Figure 4 displays the
rainfall and spring distribution pattern in the study area.
The spring concentration was less than 300 each in the
1,400–1,600mmand 600–800mmzones. Themaximum
spring density, i.e., 0.17 springs/km2, was observed in the
1,400–1,600 mm zone, followed by 0.11 springs/km2 in
the 1,200–1,400 mm zone (Figure 5). The higher spring
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densities observed in the high‑rainfall zones suggest a
signiϐicant role for precipitation in the formation, distri‑
bution, and recharge of springs. The study of Negi and
Joshi also highlighted the relation of rainfall with spring

discharge in the western Himalayan region [11]. However,
the complex geology, topography, climate, and surface hy‑
drological conditions in the region all contribute to the
variations in spring distribution.

Table 3. Spring Distribution in Various LULC Classes in the Study Area.

Land Use/Cover
Coverage Springs Density

km2 % Number % (Springs/km2)

Forest cover 5,534.1 12.0 473 18.4 0.09
Rangeland 23,231.3 50.2 1563 61.0 0.07
Agriculture land 1,540.5 3.3 27 1.1 0.02
Bare ground 8,848.6 19.1 285 11.1 0.03
Built‑up land 2,768.2 6.0 173 6.7 0.06
Snow/glacier 4,112.2 8.9 43 1.7 0.01
Water bodies 243.2 0.5 ‑ ‑ ‑
Total 46,278.0 100.0 2,564 100.0

Table 4. Spring Distribution in Various Rainfall Zones.

Rainfall (mm)
Coverage Springs Density

km2 % Number % (Springs/km2)

200–400 25.9 0.1 ‑ ‑ ‑
400–600 14,231.0 30.8 365 14.2 0.03
600–800 7,703.7 16.6 278 10.8 0.04
800–1,000 7,545.0 16.3 364 14.2 0.05
1000–1,200 9,796.9 21.2 708 27.6 0.07
1,200–1,400 5,701.8 12.3 637 24.8 0.11
1,400–1,600 1,273.6 2.8 212 8.3 0.17
Total 46,278.0 100.0 2,564 100.0

Figure 4. Spring Distribution in Variable Rainfall Pattern in the Study Area.
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Figure 5. Trend of Spring Densities in Various Rainfall Zones of the Study Area.

5.2. Risk Assessment of Soil Erosion

The study area showed R factor values ranging be‑
tween 54 and 972 MJ/ha mm/year, increasing towards
the southeast (Figure 6). Higher R values indicate a
greater capacity of rainfall to erode ϐields and hillslopes.
The K factor values exhibited variations between 0.15
and 0.18 in the area (Higher erodibility K values indi‑
cate greater likelihood of erosion). The LS values ranged
from 0 to 533 (higher values indicate a greater effect of
slope length and steepness on erosion). The high moun‑

tainous terrain of the Upper Dir, Chitral, Swat, and Kohis‑
tan districts exhibited the highest LS values, which indi‑
cate greater susceptibility of the sloppy/steeper terrain
to soil erosion (Figure6). In accordancewith Fernandez
et al. and Ashraf [25,39], the C‑factor values allocated to
different LULC classes are as follows: forest 0.008, range‑
land0.02, agricultural land0.13, exposed rocks/soils 0.2,
built‑up land 0.05, and snow/glacier and water 0.001
each. More likelihood of erosion from the corresponding
LULC class is indicated by a higher C factor value.

Figure 6. Input Factors of RUSLE for Predicting Soil Loss in the Study Area.
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The risk of soil erosion was predicted high (50–100
tons/ha/yr) over 8.1% and very high (> 100 tons/ha/yr)
over 12% of the area, with mean erosion rate of about
48.8 tons/ha/year in the study area. The low (5–25
tons/ha/yr) and very low risk (< 5 tons/ha/yr) were
noticed in 15.1% and 53.6% of the area, respectively
(Table 5 and Figure 7). The soil erosion at an aver‑
age rate of about 48.8 tons/ha/year in this area is con‑
sistent with the ϐindings of Tariq and Mahmood [13], ac‑
cording to which soil loss ranges from < 50 to over 276
tons/ha/year in the Hind Kush, depending on variations
in the topography and land use. Tahir et al. assessed
change in average soil erosion from 26.5 tons/ha/year
in 2000 to 33.7 tons/ha/year in 2023 in the Mansehra
district of KPK province [40]. Joshi et al. estimated soil
loss of about 25 to 42 tons/ha/year in selected water‑

sheds of the Nepal Himalayas [41]. Whereas, George et
al. predicted erosion rates from 14 to > 40 tons/ha/year
(low in the high vegetation cover and high in the steeper
areas) in different river basins of the Indian Himalayan
region [42]. The mean soil loss was assessed over 35
tons/ha/year in the hilly area, 36.2 tons/ha/year in the
Siwaliks, and 53.7 tons/ha/year in the low mountains. It
was 52.3 tons/ha/year in the high mountains and 46.9
tons/ha/year in themiddlemountains. Themeanerosion
was estimated to be more than 50 tons/ha/year in the
Chitral, Shangla, and Battagram districts, and between
30 and 50 tons/ha/year in the Upper & Lower Dir, Swat,
and Kohistan districts. The higher erosion rates observed
in different physiographic regions and districts are likely
due to the presence of less extensive vegetation cover and
steep topographic terrain associated with fragile geology.

Table 5. Spring Distribution in Different Risk Zones of Soil Erosion in the Study Area.
Soil Erosion Risk

Area Springs
(tons/ha/y) km2 % Number %

< 5 Very low 24,791.9 53.6 1311 51.1
5–25 Low 6,970.8 15.1 348 13.6
25–50 Moderate 5,203.8 11.2 381 14.9
50–100 High 3,766.3 8.1 271 10.6
> 100 Very high 5,545.3 12.0 253 9.9
Total 46,278.0 100.0 2,564 0.06

Figure 7. Soil Loss Severity in Various Districts of the Study Area.
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About 51%of springs (1311)were found under the
very lowrisk class of erosion, 13.6%(348) in the lowrisk
class, and 14.9% (381) in the moderate risk class of ero‑
sion (Table 5). The percentage of springs in the high‑
and very‑high‑risk classes of soil erosion was approxi‑
mately 10.6% and 9.9%, respectively. Overall, 20.4%
of the springs were deemed highly vulnerable, 28.4%
medium vulnerable, and 51.1% low vulnerable, per the
vulnerability assessment based on the soil degradation
analysis (Table 1).

5.3. Resource Management Options

In the past, the springs used to provide signiϐi‑
cant water security to ecosystems and dependent pop‑
ulations. The environmental degradation brought on
by changing climate, urban developments, and overex‑
ploitation of natural resources has rapidly altered the sit‑
uation. Numerous restoration initiatives were started
in different parts of the world. For instance, reintro‑
ducing native tree species in Ghana, promoting farmer‑
managed natural regeneration in Ethiopia and Niger [43],
and stabilizing terraced farmland in Rwanda by planting
fruit and fodder trees [44]. In an effort to encourage con‑
servation and enhance livelihoods, the United Nations
declared 2021–2030 to be the “Decade on Ecosystem
Restoration” [45]. There are currently no signiϐicant prac‑
tices underway to restore the highly eroded land other
than encouraging small‑scale social forestry and grow‑
ing farm trees in the area.

The higher risk zones of erosion are characterized
by steep slopes, heavy rainfall, a dearth of vegetation,
andhighly erodible soils (such as silty or sandy soilswith
weak structure) that accelerate soil loss. The recharge
source of groundwater has been diminished due to a
steady reduction in coniferous and scrub forest cover
and a notable increase in urban development [46]. Rain‑
storms typically result in signiϐicant erosion, including
landslides on mountain slopes with less vegetation [47].
In severely degraded soils, a reversal might not be feasi‑
ble. However, the degraded soils can be adequately re‑
stored through increasing the amount of organic matter
in the soil, protecting exposed soil surfaces, improving
soil structural qualities, andmanaging surface runoff [48].
In the medium risk zones of erosion, reforestation can

potentially stop soil degradation by providing resilience
against topographic and climatic effects [49]. Planta‑
tions on barren slopes can promote soil biodiversity
in addition to reducing soil erosion and averting land‑
slides [50]. In the low‑risk zones of erosion, it is neces‑
sary tomaintain ecosystemhealth, which can provide re‑
siliency against the negative impacts of climate extremes
and the risk of land degradation [51]. As the ϐindings
of this study are based on the geoinformatic analysis
performed within limited time and ϐinancial resources.
However, the research can be improved through con‑
ducting detailed ϐield surveys for comprehensive plan‑
ning and management of the spring resources. Future
strategies and policies that need to be promoted for sus‑
tainable land and water management in this region are
given as follows:

In the wake of increasing rainfall trends observed in
this region [52], an evaluation of the effects of chang‑
ing climate on the springs would be helpful in spring
resource management.
Thorough hydrogeological studies coupled with effec‑
tive community involvement in reviving the springs
are essential for a sustainable supply of spring water.
There is a need to ϐind ways to improve spring wa‑
ter recharge and prevent water loss. Farm ponds and
wetlands may be built for groundwater and spring
recharge, as well as improving the ecosystem health.
Proper land use planning and ecosystem manage‑
ment are necessary to preserve water supplies from
the spring resource.

  The spring discharge may be recorded in response
to precipitation and growing environmental changes
to gain insight into the hydrodynamic operation of
springs in the region.

  Appropriate governance and water policy may be en‑
sured for protecting spring resources, maintaining
water supplies and equitable use of spring resources.

  Improved land management techniques, such as sus‑
tainable farming methods, water management, soil
conservation, rotational grazing and use of precision
farming technologies are essential to mitigate nega‑
tive environmental impacts in the region.

  Terrace farming and contour bunding (barriers built
at the slope’s edge to slow downwater) should be em‑
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phasized for cultivation on sloping lands vulnerable
to high risk of soil erosion.

  The soil’s ability to retain and absorbwater is reduced
when forests are cleared for agriculture or urbaniza‑
tion. Therefore, deforestation should be controlled
due to its serious negative impacts on both the envi‑
ronment and society.

  Capacity buildingof the local communities and institu‑
tions is necessary inwater resourcemanagement and
efϐicient water use.

6. Conclusions
To manage spring resources sustainably, the cur‑

rent study aims to assess the spatial distribution of fresh‑
water springs and their vulnerability to land degrada‑
tion in Khyber Pakhtunkhwa Province, Pakistan. A to‑
tal of 2564 springs were identiϐied in the study area,
with a density of about 0.06 springs/km2. Higher num‑
bers of springs, i.e., 708 springs, were observed in the
1000–1200 mm rainfall zone, 637 in the 1200–1400
mm zone, and 365 in the 400–600 mm zone. The den‑
sity of the springs showed a close relationship with the
rainfall zones, pointing towards a high influence of pre‑
cipitation in recharging the spring resource. A mean
soil loss of around 48.8 tons/ha/year was anticipated
in the area; the risk of this was found to be high (50–
100 tons/ha/year) over 8.1% and very high (> 100
tons/ha/year) over 12% of the area. The low (5–25
tons/ha/yr) and very low (< 5 tons/ha/yr) risks were
noted in 15.1% and 53.6% of the area, respectively. The
high‑ and very‑high‑risk classes of soil erosion were
found to include roughly 10.6% and 9.9% of springs, re‑
spectively. Based on the soil degradation analysis, over
20.4% of springs were identiϐied as highly vulnerable,
28.4% as medium vulnerable, and 51.1% as low vulner‑
able in the study area.

It is essential to preserve spring water in storage
tanks or ponds for household use and farming of high‑
value crops like fruits and vegetables, thereby promot‑
ing livelihoods and food security in the region. An in‑
crease in deforestation and urbanization is anticipated
in this region, which may affect the recharge sources of
groundwater and springs. A series of check dams may

be constructed and plant cover maintained in the higher
reaches to boost spring recharge, besides lowering sed‑
imentation downstream. Restoring the forest cover on
mountain slopes and highland pastures can lessen over‑
land flows and replenish groundwater and spring re‑
sources. A system for documenting broad data on the
patterns of spring and stream flows, water budget, and
microclimate changesmay be developed at the village or
district level for effective water resource management.
Future research is needed to effectively understand the
connections between various watershed features and
spring water hydrology to ensure water security in the
region.
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