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Abstract: This study evaluated the effectiveness of soil and water conservation structures for soil
erosion control by applying a semi-distributed Soil and Water Assessment Tool (SWAT) model in
various small watersheds of the Chakwal and Attock districts of Pothwar, Pakistan. The validated
model without soil conservation structures was applied to various ungauged small watershed
sites with soil conservation stone structures. The stone bund-type structure intervention was used
in the model through the modification of the Universal Soil Loss Equation (USLE) to support
the practice factor (P-factor), the curve number, and the average slope length for the sub-basin
(SLSUBBSN). The structures had significant effects, and the average sediment yield reduction caused
by the soil conservation stone structures at these sites varied from 40% to 90%. The sediment yield
and erosion reductions were also compared under conditions involving vegetation cover change.
Agricultural land with winter wheat crops had a higher sediment yield than fallow land with crop
residue. The fallow land facilitated sediment yield reduction, along with soil conservation structures.
The slope classification analysis indicated that 60% of the agricultural area of the Chakwal and
Attock districts lie in a slope range of 0–4%, where considerable potential exists for implementing soil
conservation measures by installing soil conservation stone structures. The slope analysis measured
the suitability of conservation structures in the semi-mountainous Pothwar area in accordance with
agriculture practice on land having a slope of less than 5%. The SWAT model provides reliable
performance for erosion control and watershed management in soil erosion-prone areas with steep
slopes and heavy rainfall. These findings can serve as references for policymakers and planners.
Keywords: SWAT modeling; soil erosion; land management; soil conservation stone structures

1. Introduction
Soil is a precious natural resource that covers Earth’s land surfaces, and it contributes to basic human
needs like food, clean water, and clean air, as well as being a major carrier for biodiversity. There have
been antecedents (from 3500 B.C to 17th century) of soil knowledge and its relationship with human
practices before soil scientific studies. Soil is an integrated discipline within soil sciences, geography,
and land management, and it was developed in parallel with agriculture [1,2]. In the globalized world
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of the 21st century, soil sustainability depends not only on management choices by farmers, foresters,
and land planners but also on political decisions on rules and regulations; it also requires a large effort
of awareness raising and the communication of issues related to the degradation of soils and land by
scientists, civil society organizations, and policy makers [3]. Estimations have shown that worldwide,
75% of land is degraded due to physical, chemical, and biological processes [4]. Soil erosion has a severe
impact on the degradation of quality fertile topsoil. Worldwide, soil erosion losses are the highest in the
agro-ecosystems of Asia, Africa, and South America, averaging 30–40 t ha−1 year−1 , and it is the lowest
in the United States, Europe, and Australia, averaging 5–20 t ha−1 year−1 [5,6]. The multifunctional use
of land is needed within the boundaries of the soil–water system to achieve land degradation neutrality,
avoid further land degradation, and promote land restoration [7]. Keesstra et al. [7] introduced four
concepts (systems thinking, connectivity, nature-based solutions, and regenerative economics) in a
more integrated way to accomplish land degradation neutrality in an effort to achieve the soil-related
Sustainable Development Goals (SDGs). A robust soil–water system is essential to achieve interlinked
SDGs through smart planning based on a socio–economical–ecological systems analysis [3,7].
Agricultural land degradation in rainfed mountainous areas is a major onsite problem (the
removal of top soil) that also causes offsite effects, such as downstream sediment deposition in fields,
floodplains, and water bodies. The costliest offsite damages occur when the soil particles enter lakes or
river systems [8,9]. Annual soil loss in the middle Yellow River basin of China amounts to 3700 t km−2 ,
the largest sediment-carrying river in the world [10]. The world’s 13 large rivers carry 5.8 billion
tons of sediments to reservoirs every year [11]. The Indus River in Pakistan ranks third in the world,
with an annual sediment load of 435 million tons in the Tarbela dam, which has lost about 35% of
initial reservoir capacity (11,600 Mm3 ) [12]. Water and soil are the most crucial natural resources for
agriculture and livestock production. Globally, water resource deterioration caused by soil erosion is
a growing concern. An estimated productivity loss of US$13–28 billion annually in drylands can be
attributed to soil erosion as well [13].
In Pakistan, dryland farming is practiced on 12 Mha of the Pothwar Plateau, the northern
mountains, and the northeastern plains. Soil erosion is a severe problem due to erratic rainfall, varied
soil slopes, and land use. A lot of land has been converted into gullies that are difficult to restore.
Different studies related to soil erosion severity have been conducted in the Pothwar region. Hussain et
al. evaluated the soil erosion parameters and estimated the annual sediment loss in small watersheds
of the Dhrabi River using the Soil and Water Assessment Tool (SWAT) model. The annual sediment
yield ranged from 2.6 to 31.1 t hm−2 for the non-terraced catchments, while it ranged from 0.52 to
10.10 t hm−2 for the terraced catchments [14]. Iqbal et al. studied runoff plots in the Dhrabi watershed
in Chakwal Pakistan; cultivated slopes produced the highest soil loss (8.96 Mg ha−1 ) annually compared
to both undisturbed gentle and steep slopes at approximately 2.08 and 4.66 Mg ha−1 [15].
Nasir et al. applied the Revised Universal Soil Loss Equation (RUSLE) and a Geographic
Information System (GIS) at the small mountainous watershed of Rawal Lake near Islamabad.
The predicted annual soil loss ranged from 0.1 to 28 t ha−1 [11]. Similarly, Ahmad et al. reported
annual soil loss rates of 17–41 t ha−1 under fallow conditions, as well as an annual rate of 9–26 t ha−1
under vegetative cover in the Fateh Jang watershed with a slope of 1–10% [16]. Saleem et al. assessed
the annual soil erosion (70–208 t ha−1 ) of the Pothwar region using the RUSLE model integrated with a
GIS [17]. Bashir et al. estimated the soil erosion risk using the Coordination of Information on the
Environment (CORINE) model in the Rawal watershed. The annual soil loss ranged between 24 and
28 t ha−1 , with a high erosion risk (26%) in areas with steep slopes and low vegetative cover [18].
The highest estimated record of soil erosion was 150–165 t ha−1 year−1 in the Dhrabi watershed of
the Pothwar region [12]. Nabi et al. reported that in the Soan watershed of Pothwar, the soil loss rates
in barren and shrub land were 63.41 and 53.41 t ha−1 year−1 , respectively, whereas those in low and
high cropping intensity land were 34.91 and 25.89 t ha−1 year−1 , respectively [19]. Vegetation cover on
sloped ground helps to reduce soil loss; however, during field preparation and cultivation, surface soil
becomes pulverized and easily eroded, causing acute topsoil erosion due to the removal of vegetation
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cover. Therefore, during the cultivation of sloping land, measures should be adopted to stop fertile
surface soil loss caused by substantial rainfall–runoff. If such measures are not applied, agricultural
land may turn barren in only a few years. Vegetation cover is a key measure for soil protection against
water erosion; it reduces the flow velocity of surface runoff by increasing surface roughness, in addition
to increasing the infiltration rate of soil [20–22].
Considerable increase in sediment yield at the expense of soil development poses a major threat
to soil and water resource development. Though water erosion is a function of many environmental
factors, its assessment and mitigation at the watershed level are complex phenomena; this is due
to the unpredictable nature of rainfall and topographic heterogeneities, climate, and land use–land
cover variability, as well as other watershed features for the specified areas under study. In addition,
inappropriate land management practices and human activities increase the dynamics of these factors.
At present, many models with a broad spectrum of concepts—which are classified as spatially
lumped, spatially distributed, empirical, regression, semi-distributed eco-hydrological models,
and factorial scoring models—are in use for modelling the rainfall–runoff–soil erosion and sediment
transport processes at different scales [23]. The empirical models are generally the simplest, limited to the
conditions and parameter inputs for which they have been developed. For example, the Universal Soil
Loss Equation (USLE) [24], the Agricultural Non-Point Source Pollution Model (AGNPS) [25], and the
Sediment Delivery Distributed (SEDD) model [26]. In conceptual models, a watershed is represented
by a storage system, such as the SWAT [27], the Large Scale Catchment Model (LASCAM) [28], or the
European Modeling and Simulation Symposium (EMSS) [29]. Physics-based models rely on the
solution of fundamental physical equations and are used for the quantification of physical processes.
Areal Nonpoint Source Watershed Environment Response Simulation (ANSWERS) [30]; Chemicals,
Runoff, and Erosion from Agricultural Management Systems (CREAMS) [31]; the Watershed Erosion
Simulation Program (WESP) [32]; Système Hydrologique Européen Sediment (SHESED) [33]; and the
European Soil Erosion Model (EUROSEM) [34] are some examples of physically based erosion and
sediment transport models.
This research was conducted in ungauged micro-watersheds of the Chakwal and Attock districts
of the Pothwar region. Soil erosion and water loss are extreme hazards in this area due to cultivated
highland slopes where timely soil and water conservation strategies and remedial measures are
required for sustainable crop productivity. A large number of loose stone structures have been built
by public departments and farmers themselves to reduce the soil erosion and moisture conservation
upside of these structures. There are few measurement points for rainfall and runoff, and most of the
watersheds are ungauged; both of these issues hamper model calibration and validations. The purpose
of the study was to evaluate the effectiveness of soil and water conservation structure for soil erosion
control using the SWAT model. The calibrated and validated model related to soil erosion was adopted
from Hussain et al. [14], where an experimental setup was used to monitor the soil and water loss from
agricultural catchment. The collected data were used to calibrate and validate soil erosion parameters
using the SWAT model.
This validated model was further modified for the application of soil and water conservation
structures, eventually to be recommended by this study as a strategy to counteract the soil erosion
with soil and conservation structures at a broader scale. Several studies related to soil and water
conservation intervention were carried out to control soil erosion at the field and sub-watershed scale
within the Gumara-Maksegnit watershed in the northern Highlands of Ethiopia [35–37], while Melaku
et al. predicted the impact of soil and water conservation structures on runoff and erosion processes
using the SWAT model [38]. However, studies on the impacts of soil and water structures on the
erosion process at the watershed scale that have used the SWAT model have been limited.
Our study was localized to the micro-watersheds with soil and water conservation structures
installed through the cooperative project coordinated by the International Centre for Agricultural
Research in the Dry Areas (ICARDA), the Centre of Excellence in Water Resources Engineering,
(CEWRE), and the Soil and Water Conservation Research Institute (SAWCRI). To the best of our
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knowledge, no study has been conducted to evaluate the effectiveness of these structures to control
soil erosion in the Pothwar region. The study results may encourage the stakeholders to extend this
practice to a larger scale by knowing the quantitative benefits of soil conservation structures. Therefore,
the SWAT model was adopted due to the availability of a comprehensive agricultural management
database, as well as a reduced time and cost [39–41]. In this context, the objective of this work was to
evaluate the effectiveness of soil and water conservation structures for soil erosion control using the
SWAT model in the micro-watersheds of the Chakwal and Attock districts.
2. Materials and Methods
2.1. Pothwar Region and Study Watersheds Description
Determining the relationship between rainfall, runoff, and soil erosion was imperative in the
Pothwar rainfed region for creating applicable soil and water conservation mechanisms, as well as for
enhancing crop productivity. Considering the long-term sustainability and productivity of eroded land,
the present study focused on the Chakwal and Attock districts of the Pothwar plateau between 32◦ 300
and 34◦ north latitudes and 71◦ 450 and 73◦ 450 east longitudes, as shown in Figure 1. The region has an
arid-to-semiarid climate with hot summers and cold winters [42]. The plateau land comprises broken
gullies, low hill ranges, and a flat to gently undulating topography. The textural classification varies
from sandy to silt and clay loam, and the land consists of poor-to-fertile soil derived from sandstone
and loess parent material [43].
The rainfall pattern is unpredictable with a high intensity; 60–70% of the total rainfall occurs during
the monsoon season (from mid-June to mid-September). The average annual rainfall varies from 250
to 1675 mm, with a decreasing trend from the north to the south. After rainfall, soil crusting decreases
the infiltration rate and aeration and increases the soil strength, which reduces plant emergence and
exposes the soil surface to erosion [44]. The soil loss rate becomes relatively high with higher intensity
rainfall–runoff over greater slope lengths and steepness levels.
Out of the total 1.82 Mha of the Pothwar region, approximately 0.77 Mha (43%) are cultivated,
and the remaining is mostly grazing land. Only 4% of the cultivated area has irrigated agriculture,
while the remaining area is under rainfed agriculture [45]. Rainfall plays an important role in crop
production. The principal crops of the area are wheat, maize, bajra, barley, pulses, groundnut, fruits,
and vegetables. Without adequate protection, the effects of rainfall–runoff erosion on this highly
erodible soil are severe, causing extensive fertile soil loss [19], endangered soil and water conservation
structures, and reservoir depletion through sedimentation. Moreover, this raises doubts regarding the
viability of existing and future soil and water conservation schemes.
The high rate of erosion creates a silting problem in the small dams of the Pothwar area. For the
sustainable agricultural and socioeconomic development of the region, the government has started
various projects for watershed development in the upstream of storage reservoirs, such as the Watershed
Management Program by Pakistan’s Water and Power Development Authority (WAPDA).
Similarly, soil and water conservation activities have also been carried out in the Pothwar region
for erosion control and land development through a series of Barani area development projects.
The application of the loose stone structures project of SAWCRI (Soil and Water Conservation Research
Institute, Chakwal) with ICARDA (International Center for Agricultural Research in the Dry Areas)
for erosion control resulted in the development of some environmentally friendly and cost-effective
resource conservation technologies.
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Table 1. Study watershed site descriptions.
Site Name

Land Use System

Area (ha)

Mean Land Slope (%)

Chakwal

Winter wheat and
fallow land

2.75
5.37
1.25
2.64
2.33

7.15
4.35
3.75
3.52
2.31

Dhoke Dhamal
Dhoke Hafiz Abad

Attock

Winter wheat and
fallow land

7.03
3.22

3.86
4.80

* Catchment-25

Chakwal

Winter wheat

2.0

10.5

Kohkar Bala
Khandoya
Khaliq Gully
Ashraf Gully
Chak Khushi

District

* used for SWAT calibration and validation due to the availability of measured flow and sediment data.

2.2. Soil and Water Conservation Structures
In the Pothwar region, the terrace land use system and the wide and deep gullies are used for
field crop production. The agriculture fields are usually not flat; however, various field terraces are
situated at different elevation levels (Figure 2a). Farmers make earthen embankments (bunds) to retain
rainwater and conserve soil moisture. When heavy rainstorms occur, the terrace land use system often
fails due to the breaching of the field embankments/bunds. This is mainly caused by the hydraulic
shear failure of the soil under saturated conditions. The disturbance of soil organisms can aggravate
the impact. Figure 2b shows such terrace failures, which increase the surface runoff and soil erosion,
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resource-poor farmers is adversely affected. To reduce this problem, the eroded areas need sustainable
rehabilitation to ensure food security in the region. With the collaboration work of SAWCRI and
ICARDA, loose stone structures were installed in the upper, middle, and lower parts of terraced
watersheds, as shown in Figure 2c,d.
The idea is to retain water in a terrace until a certain rainfall amount (without overflowing the
terrace) and then to divert the excess rainfall in a non-erosive way. First, this increases the infiltration
and improves the amount of plant-available water; secondly, it reduces soil erosion by reducing the
amount and kinetic energy of the flowing water. On average, a water height of approximately 4–6
inches can be held back in the fields. The crest of the structures is kept raised 6–9 inches from the
soil surface to encourage in situ rainwater conservation. The height of the sidewalls of a structure
should
be equal to the height of the field bund/embankment where the structure is to be installed.
The
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SY = 11.8 Q
×q
× area
.K
.C
.P
. LS
. CFRG ,
(1)
as follows:

 yield (t), Qsurf is the surface
0.56 runoff (mm ha−1), qpeak is the peak discharge (m3
where SY is the sediment
SY = 11.8 Qsurf × q

× areahru

.KUSLE .CUSLE .PUSLE .LSUSLE .CFRG ,

(1)

peak
hydrological response unit (ha). KUSLE (0.013 (t.m2.hr)/(m3.t.cm)),
s−1), and areahru is the area of the
CUSLE, PUSLE, and LSUSLE are the USLE parameters. CFRG is the coarse fragment
factor.
where SYThe
is the
sediment yield (t), Qsurfofisthe
thestream
surface
runoff (mm ha−1 ), qpeak
is the peak discharge
sediment transport capacity
channel is a direct function
of the channel peak
−1 ), and area
(m3 svelocity,
is
the
area
of
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hydrological
response
unit
(ha).
K
(0.013
(t.m2 .hr)/(m3 .t.cm)),
hru
which
is used in the SWAT model, as shown in Equation (2): USLE

CUSLE , PUSLE , and LSUSLE are the USLE parameters.
CFRG is the coarse fragment factor.
T = αv ,

(2)

(t m−3) is the transport capacity of a channel, v (m s−1) is the channel peak velocity, and α
where
and b are constant coefficients.
The channel peak velocity was calculated using Manning’s formula in a reach segment, as
presented in Equation (3):
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The sediment transport capacity of the stream channel is a direct function of the channel peak
velocity, which is used in the SWAT model, as shown in Equation (2):
Tch = αvb ,

(2)

where Tch (t m−3 ) is the transport capacity of a channel, v (m s−1 ) is the channel peak velocity, and α
and b are constant coefficients.
The channel peak velocity was calculated using Manning’s formula in a reach segment, as presented
in Equation (3):
1
v = Rch 2/3 Sch 1/2 ,
(3)
n
where n is Manning’s roughness coefficient, Rch (m) is hydraulic radius, and Sch (m m−1 ) is the channel
bed slope.
Channel aggradation (Sedagg ) and channel degradation (Seddeg ) in tons were computed in the
channel segment using the criteria presented in Equations (4) and (5):
if sedi > Tch : Sedagg = (sedi − Tch ) × Vch & Seddeg = 0,
i f Tch > sedi :

Seddeg = (Tch − sedi ) × Vch × Kch × Cch & Sedagg = 0,

(4)
(5)

where sedi (t m−3 ) is the initial concentration of sediment, Cch is the channel cover factor, Kch is the
channel erodibility factor, and Vch (m3 ) is the channel segment water volume.
Sedout (t) is the total sediment transported out of the channel segment, which was computed using
Equation (6):

 Vout
Sedout = sedi + Seddeg − Sedagg ×
,
(6)
Vch
where Vout (m3 ) is the volume of water leaving the channel segment at each time step, sedi (t) is the
sediment inflow concentration at each time step, Sedagg (t) is the channel aggradation, Seddeg (t) is
channel degradation at each time step, and Vch (m3 ) is volume of channel segment water at each
time step.
Soil erosion is a direct function of the slope length and steepness, and it increases due to increases
in shear stress. Thus, a major influence of the slope on erosion appears to be exerted through its
impact on runoff velocity, and the sediment transport capacity of runoff increases with the increasing
flow velocity.
2.4. SWAT Model Input and Setup
The requisite spatial data (DEM, land use, and soil data) and temporal data (rainfall and
temperature) were prepared for the SWAT model setup. A physical topographical survey of the
watersheds was conducted using a GPS. The DEM of each watershed was generated using point-source
elevation data in a geographic information system by applying the inverse distance weighting (IDW)
method, as shown in Figure 4. The winter wheat land use classification was used according to cropping
practice, and the soil type was sandy loam for all small watersheds based upon the soil textural analysis.
The daily precipitation and temperature data were collected from the SAWCRI Chakwal for six years
from January 2010 to April 2015.
After the preparation of the requisite data file for model input, ArcSWAT9.3 was used to
automatically delineate sub-watersheds and to generate a stream network based on the DEM.
An appropriate database of sub-basin parameters and a comprehensive topographic report of the
watersheds were generated. The sub-watersheds topographic report was rechecked for area, slope,
location of outlet, and soil textural class according to the physical characteristics to make appropriate
database changes. SWAT coding conventions were used to reclassify the land use and soil maps into
HRUs based on the unique land use, soil class, and slope class in the overlaying section.
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The weather station location and lookup tables of daily precipitation and temperature (maximum
and minimum) data were loaded to link them with the required files. First, the model was simulated for
each watershed with validated parameters adopted from Hussain et al. [14] without the consideration
of the conservation structures, and then interventions of the soil and water conservation structures
were made by modifying the parameters for surface runoff and sediment yield. The setup of model
for each watershed with and without the consideration of the conservation structures is shown as the
right and left of Figure 4, respectively.
The locations of each soil and water conservation structure were marked and used for the correct
delineations of sub-basins. The demarcated sub-basins indicated the boundary of the agriculture fields,
while the structures were the outlet of each field in model setup when the conservation structures were
considered. The ideal factors that describe the effect of stone bunds are the USLE support practice
factor
(P-factor), the curve number, and the average slope length for the sub-basin (SLSUBBSN).
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deep upstream, in order to trap coarse sediment as bed load, while the suspended load was collected
separately in 20 liter plastic buckets covered with a plastic sheet.
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Scenario 4 (S4): The model was applied for soil erosion estimation on land with structures under
the same conditions as S3.
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3. Results
After the preparation of requisite input file, including different selected parameters, the model was
applied to all selected sites for the evaluation of the effectiveness of soil conservation structures. For this
purpose, the model was first run without soil conservation structures, and then conversation structures
were modeled to see their effectiveness. The model was also applied for the above-mentioned four
different scenarios related to field practices being adopted by the farmers in the area.
The modeled period was from 2009 to 2011 for Catchment-25. The runoff and sediment yield
data collected during 2009–2010 were used for model calibration, while the 2011 data were used for
validation. Some of the appropriate parameters were adjusted (Table 2) until the predicted runoff
and sediment yield approximately matched the measured ones at the outlet (Figure 6). To determine
the most sensitive parameters for model calibration, the sensitivity analysis was performed in the
ArcSWAT interface using five parameters for sediment yield (Table 2): USLE practice factor (PUSLE ),
USLE conservation practice factor (CUSLE ), USLE soil erodibility factor (KUSLE ), the linear parameter
for calculating the maximum amount of sediment that can be re-entrained during channel sediment
routing (SPCON), and the exponent parameter for calculating sediment re-entrained in channel
sediment routing (SPEXP). The PUSLE factor was found to be the most sensitive parameter during
model calibration using sensitivity analysis. Moreover, the obvious correspondence (coefficient of
determination (R2 ) = 0.80 and Nash–Sutcliffe efficiency (NSE) = 0.70) of the hydrographs of the
observed and simulated surface runoff and sediment yield indicated that the SWAT is capable of
simulating the hydrological regime of small watersheds in the Pothwar region (Figure 6).
3.1. Model Application without Conservation Structures
After separately setting up the SWAT model for each watershed, the model simulation was
performed with the default set of parameters in the default setting. Then, the soil erosion parameters
(Table 2) were used for sediment yield simulation in each watershed. The modeled period was from
2010 to 2015. We estimated that all the watersheds generated a maximum sediment yield in 2010,
while a minimum sediment yield was simulated in 2012. This indicated that the sediment yield is a
direct function of runoff and rainfall intensity. In 2010, Khaliq Gully model estimation was 59.3 t ha−1 ,
while in 2012, it was 2.3 t ha−1 . Similarly, the Ashraf Gully, Khokar Bala, Chak Khushi, Dhoke Dhamal,
Dhoke Hafiz Abad, and Khandoya watershed models produced annual sediment yields of 25, 37.6, 1.6,
15.3, 32.3, and 45.9 t ha−1 , respectively, in 2010 (Table 3).
3.2. Model Application with Conservation Structures
After the model application without conservation structures with calibrated soil erosion parameters,
the model was applied to the small watersheds using soil and water conservation structures. The model
setting was done in accordance with the location of conservation structures for the correct delineations
of sub-basins. The intervention of the soil and water conservation structures was made by modifying
the surface runoff and sediment yield parameters, as given in Table 2. The SWAT provides various
options to consider soil and water conservation structure impacts [59] including: (i) surface runoff may
be modified through the adjustment of the runoff ratio (curve number) and/or the consideration of a
micro-pond (pothole) at the related HRU level, which also impacts the soil erosion, and (ii) impacts on
the sediment yield levels may be modified via the adjustment of the support P-factor and/or the slope
length and steepness factor (LS) of the MUSLE [60]. The ideal factors that describe the effect of stone
bunds are the USLE support P-factor, the curve number, and the SLSUBBSN.
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Table 2. Soil erosion parameters used during the model’s application without conservation structures
(pre-condition) also used for Catchment-25 calibration. Post-condition parameters represent the
Table
2. Soil erosion parameters used during the model’s application without conservation structures
conservation structures. SPEXP: exponential channel sediment routing factor; SPCON: linear channel
(pre-condition) also used for Catchment-25 calibration. Post-condition parameters represent the
sediment routing factor; USLE_C: conservation practice factor; USLE_K: soil erodibility factor;
conservation structures. SPEXP: exponential channel sediment routing factor; SPCON: linear channel
SLSUBBSN: the average slope length for the sub-basin; HRU_SLP: average slope steepness of the
sediment
routing
factor;unit
USLE_C:
conservation
factor; USLE_K: soil erodibility factor;
hydrological
response
(HRU) input
tables; CN: practice
curve number.
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3.3. Soil Erosion Estimation and Effect of Conservation Structures
The sediment yield results were compared under each condition, as shown in Table 3, by modifying
the SWAT parameters representing the conservation structures. The six parameters were modified
according to the slope characteristics of the small watersheds and field conditions, in addition to
being modified according to the terraced and contoured section of the SWAT user’s manual [59] and
a literature review [61–64]. Soil and water conservation structures, such as stone bunds, act as vital
measures in the reduction of flow velocity, surface runoff, soil erosion, and slope length in a watershed
system [65]. Suitable parameters that signify the effect and importance of loose stone structures are
the SLSUBBSN, land management practice parameter (USLE_P), and the CN2 for rainfall–runoff
conversion [61].
The impact of stone bund soil and water conservation structures was simulated through the
reduction of the CN2 for surface runoff ratio modification, as well as the adjustment of the P-factor to
account for trapped sediments at the stone bunds. Table 3 presents a significant sediment yield reduction
achieved by incorporating the parameter values recommended for stone structures. The average annual
sediment yield reduction varied from 40% to 98%; the Khokar Bala site showed the maximum reduction.
The average five-year sediment yield reduction engendered by structures at various sites varied from
54% to 98%, and these results are relatively comparable to the findings of various studies [61,63,66].
Betrie et al. indicated that 6–69% sediment reductions in the Upper Blue Nile River basin were
caused by stone bunds [61]. A field-scale study in the northern part of Ethiopia by Gebremichael et al.
indicated a 68% sediment yield reduction was engendered by stone bunds [66]. In addition, Herweg
and Ludi conducted a study at plot scale in the Eritrean highlands and Ethiopia, and they reported
72–100% sediment yield reductions engendered by stone bunds [63]. Based on the plot experiments
carried out in 2013, stone bund structures were found to reduce surface runoff by approximately
60–80% and sediment yield between 40% and 80% [67]. This is consistent with other plot experimental
findings reported by Adimassu et al., where stone bunds were found to reduce the sediment yield by
roughly 50% compared to untreated plots [68]. The effect of conservation structures on sediment yield
reduction was elucidated by Oweis and Ashraf in the Dhrabi watershed, and it was found that the
average soil loss rates in 2009 without and with structures were calculated were 47 and 37.98 t ha−1
year−1 , respectively, with a 20% reduction. However, the maximum soil loss rates without and with
structures were 2716.17 and 1731 t ha−1 year−1 , respectively, with a 37% reduction [69].
The large variation in sediment reduction with conservation structures was observed due to the
watershed topography and the numbers of soil and water conservation structures. For example, the
Khokar Bala site showed the maximum 98% reduction because this site has a 90% area at a 0–10%
slope (Table 3) and a total of 13 soil and water conservation structures. Based on the field observation
findings: (i) The conservation structures require regular maintenance because non-meshing can cause
stones to slide, which may lead to the displacement of the whole structure, and (ii) the structures were
not designed according to the hydraulic characteristics of the surface flow. Downstream damage of the
structures was common due to the non-availability of downstream energy dissipation arrangements.
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Table 3. The effect of stone structures on the sediment yield reduction.
Sediment Yield (t ha−1 ) Reduction Due to Stone Structures
Year
2010
2011
2012
2013
2014
2015
Ave.

Khokar Bala

Khandoya

Khaliq Gully

Ashraf Gully

Chak Khushi

Dhoke Dhamal

Dhoke Hafiz Abad

W.O.S.

W.S.

% Red.

W.O.S.

W.S.

% Red.

W.O.S.

W.S.

% Red.

W.O.S.

W.S.

% Red.

W.O.S.

W.S.

% Red.

W.O.S.

W.S.

% Red.

W.O.S.

W.S.

% Red.

37.6
21.9
3.9
28.7
13.8
21.1
-

0.9
0.4
0.1
0.7
0.2
0.3
-

97.6
98.1
98.5
97.7
98.6
98.8
98.2

45.9
26.3
5.5
21.1
18.9
32.5
-

14.6
7.7
0.5
4.1
8.7
15.6
-

68
70.5
90
80.5
54
52
69.2

59.3
25.8
2.3
32.9
27.6
34
-

30.3
15.3
0
14.6
11.9
25.2
-

49
40.6
100
55.7
57
25.9
54.7

25
10.7
0.9
14
11.6
14.5
-

10.4
2.6
0
3.5
2.2
3
-

58.5
75.8
100
75.2
81.1
79
78.3

1.6
0.9
0*
1.1
0.8
0.9
-

0.8
0.4
0
0.2
0.2
0.1
-

49.4
58.8
100
78.2
69.7
92.1
74.7

15.3
6.7
0.6
8.9
7.4
9.4
-

8.3
2.3
0
2.2
1.8
0.9
-

45.7
66.3
98.2
75
75.4
90.3
75.2

32.3
14.2
1.26
18.5
15.3
18.6
-

13.5
4.6
0.56
9.4
5.2
9.1
-

58
67
55
49
66
51
57.6

W.O.S.: without structures; W.S.: with structures; % Red: percent reduction; 0 * = 0.0001.
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3.4. Soil Erosion Estimation under Different Scenarios
The scenarios were developed to estimate the further reduction in soil erosion associated with
land use change under soil conservation structures. The scenarios were developed according to the
scientific literature of land use and vegetation cover importance to assess soil erosion and farmer’s
common cropping practices in the study region. Vegetation cover increases the infiltration rate [70],
reduces the erosive velocity of surface runoff, and plays a key role in resisting water erosion. A trivial
variation in vegetative cover can produce considerable effects in overland flow [71]. Vegetation cover
is a key factor in controlling and reducing surface runoff and water erosion on agricultural land [72].
The analysis of the various scenarios (Table 4) revealed that the sediment yield level was higher in
S1 and S2 than in S3 and S4. This indicated that the sediment yield level is higher on agricultural land
than on fallow land with crop residue. In the comparative analysis of S1 and S2, the average sediment
yield decreased to 1.25 t ha−1 , whereas in S3 and S4 (fallow land with crop residue), the average
sediment yield decreased to 0.85 t ha−1 . The results disclosed that land use change facilitates sediment
yield reduction, in addition to soil conservation structures.
Table 4. Effect of different scenarios on sediment yield reduction (S represents land use scenario and SY
is the sediment yield i.e., the amount of sediment received at the outlet of each watershed in a given
period of time).
Watershed Name

S1
(t ha−1 )

S2
(t ha−1 )

SY Reduction
(t ha−1 )

S3
(t ha−1 )

S4
(t ha−1 )

SY Reduction
(t ha−1 )

Khokar Bala
Khandoya
Khaliq Gully
Ashraf Gully
Chak Khushi
Dhoke Dhamal
Dhoke Hafiz Abad

32.1
48.75
25.98
10.95
2.6
12.6
24.4

29.5
47
24.75
10.15
2.2
11.56
20.8

2.6
1.75
1.23
0.8
0.4
1.04
3.6

29.3
42.28
17.1
7.91
2.01
11.9
18.2

28.6
41.18
16.5
7.04
1.98
11.1
17.3

0.7
1.1
0.6
0.86
0.03
0.8
0.9

Notably, a visual observation of the various structures revealed that the effects of the structures on
soil erosion control generally extended to a 4–5 m radius from the center of the structure crests during
high flow seasons; the water was accumulated and sediment was deposited upstream of the structures.
3.5. Spatial Analysis of Slope Ranges for Attock and Chakwal Districts
As reported by various researchers, the soil loss is minimal on sloping land with vegetation cover;
however, when the available vegetation cover is removed, soil loss becomes more significant as a
function of the slope length and slope steepness. The stream power, as a function of the shear stress
and flow velocity, is the basic criterion for assessing the erosion of soil particles caused by overland
flow. The shear stress and flow velocity are directly proportional to the slope steepness. This means
that the steeper the land slope is, the greater the shear stress becomes, consequently increasing the
potential for soil erosion.
Additionally, when soil conservation structures are installed in a field, farmers focus on cultivating
agricultural crops in the areas above and below such structures. Considering these factors, this section
estimated the potential area that would benefit from the installation of structures in Chakwal and
Attock. Accordingly, the suitable slopes for stone structures and agricultural practices were analyzed
at the district level based on the slope characteristics of selected sites. The areas under various slopes
in the small watersheds were calculated and are shown in Table 5.
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Table 5. The areas under different slopes in small watersheds of the Chakwal and Attock districts.
Category

Ashraf
Gully

Khaliq
Gully

Chak
Khushi

Dhoke
Dhamal

Dhoke
Hafiz Abad

Category

Khokar
Bala

Khandoya

Slope (%)

Area (%)

Area (%)

Area (%)

Area (%)

Area (%)

Slope (%)

Area (%)

Area (%)

0–2
2–5
5–10

63
30
7

50
42
8

97
3
-

81
17
1

72
22
6

0–5
5–10
10–15

65
25
10

70
19
11

All selected watershed sites were found to have a maximum slope area of less than 5%. This is
because the selected sites were used for agricultural production. Farmers have graded the land as
suitable for crop production and generating less surface runoff. The agricultural practices are only
possible on soil that has a slope of less than 8%; otherwise, land grading must be carried out. The same
has been suggested by various authors. A USLE experiment conducted at the SAWCRI office concluded
that only a slope of less than 10% is acceptable for agricultural practices under rainfed conditions.
A slope classification analysis was performed to check the areal installation applicability of the soil
and water conservation structures on district level, as shown in Table 6. The maximum proportions of
the areas in the Attock and Chakwal districts with less than 20% slope were 94% and 94.5%, respectively.
The table shows that approximately 60% of the area of the Attock and Chakwal districts lies in a slope
range of 0–4%, whereas 30% lies in a slope range of 4–10%. The minimum slope areas were considered
according to the findings of Betrie et al., who recommended that stone bunds should be applied in
low-slope areas for soil conservation [61]. However, the effectiveness of the structures depends on the
local topography and soil and land use–land cover conditions. Considering the topographic conditions,
considerable potential exists for implementing soil conservation measures through the installation
of stone structures. However, the appropriate maintenance of the structures is crucial for sustaining
their effectiveness.
Table 6. Slope classification analysis of the Chakwal and Attock districts.
Slope Category

Chakwal
Area

Attock

Area

Area

Area

(%)

(km2 )

(%)

(km2 )

(%)

0–4
4.1–10
10.1–20
20.1–40
40.1–90

4095
1913
547
233
75

60
28
8
3
1

3918
1786
472
165
55

61
28
7
3
1

4. Discussion
The previous research study conducted by Hussain et al. [14] in the Dhrabi River Catchment
indicated that erratic and intensive rainfall during the rainy season generated several peak runoff
events, exposing the steep sloped areas to potentially severe soil erosion. For example, in Catchment-25,
a total 400 mm rainfall was accumulated from eleven erosive rainstorms in 2009, where a maximum
of 108 mm day−1 rainstorms generated 46.2 mm runoff and a 6.86 t ha−1 sediment yield. Similarly,
the total soil loss during the 2010 investigation period was 31.13 t ha−1 [14]. In the SWAT, the erosive
impact of rainfall is generally estimated in terms of peak runoff generation, so the results obtained
during calibration and validation are represented in Figure 6 for surface runoff and sediment yield.
The analysis was performed for each total rainfall event and the respective total surface runoff and
sediment yield generated by each event. The overall statistical results indicated that the performance
of the SWAT was satisfactory and that the simulated values generally matched the corresponding
observed values well. However, model adequacy should be further evaluated by how well the
model captures high and low rainfall events, specifically regarding the replication of fluctuations in
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the resulting hydrographs and sediment yields. The graphical results (Figure 6) revealed that the
SWAT was able to satisfactorily reproduce most of the low flow and sediment yield events (due to
low rainfall events), although some relatively low sediment yields were considerably overpredicted,
e.g., sediment yield events on 7 August 2011. In contrast, it was also found that the SWAT typically
underestimated or overestimated high flow and sediment yield events in response to high rainfall
events. For example, a maximum intensity rainstorm on 29 July 2010 resulted in the overestimation
of surface runoff and sediment yields, while another maximum intensity rainstorm on 29 July 2009
resulted in underestimations. These discrepancies may have occurred due to inaccuracies in observed
climate, runoff, and sediment data, such as some of the rainfall events, not being measured properly;
this, in turn, could have led to underestimations or overestimations of runoff peaks. Another possible
reason could be related to short, rapid rainfall events, which could have led lead to an overestimation
discrepancy because small catchments have low times of concentration and thus a low capacity to
minimize peak runoff. In addition, the CN technique cannot accurately predict runoff for days that
experience several storms. The underestimation and/or overestimation of sediment yield was also
observed during high intensity rainstorm events, which may have been due to uncertainties in runoff
simulation measurements, as well as uncertainties in model parameterization. This may have also been
due to the observed data used for model calibration and validation. Relatively short term events with
several storms having high intensity may not have been captured well by the sampling of sediment
data, including inaccurately high loads being measured during short term events, which led to an
overestimation in sediment yield. The literature data findings indicated that the semi-mountainous
region of Pothwar is rainfed and soil erosion is a serious issue due to the steep slope and heavy rainfall.
The calibration and validation of the SWAT was successfully performed using parameters mentioned
in Table 2 for surface runoff and sediment yield. Similar studies, such as the sediment simulation
results by Betrie et al. [61] reported good agreement between the model daily sediment predictions and
the observed concentrations at the El Diem gauging station (Ethiopia–Sudan border). SWAT studies for
smaller watersheds in the northeast and northwest of Ethiopia have tended to show weaker hydrologic
results [73,74], which is an indication that it may be difficult to accurately represent the processes
and obtain better results for smaller watersheds. Keeping in view the literature studies, the validated
SWAT model was applied to small watersheds of the Pothwar area with and without soil and water
conservation structures.
The calibrated and validated model parameters were adopted for ungauged small watersheds for
the simulation of sediment yield without the consideration of soil and water conservation structures.
The soil and water conservation structures were modeled with the modification of appropriate
parameters, and then the effectiveness of these structures in terms of reduction of soil erosion was
calculated. The results showed that the soil and water conservation structures constructed by the
farmers and the SAWCRI department reduced the soil losses in the small watersheds of the Pothwar
region. The results showed that the watersheds in the case of without soil and water conservation
structures had higher sediment losses than the watersheds with soil and water conservation structures,
given similar climatic and land use patterns. The intervention of soil and water conservation structures
measures by the mobilization of the community has a significant soil loss reduction to protect their
land from the rainfall-driven soil erosion. To the best of our knowledge, no one has reported the
effectiveness of soil and water conservation structures for the reduction of soil erosion in the Pothwar
region or in Pakistan. This is the first study in this area where the SWAT model has been used for the
evaluation of effectiveness of soil and water conservation structures for soil erosion control. For this
purpose, appropriate parameters responsible for soil erosion were modified according to the type
of soil and water conservation structures, as performed by different researchers in literature such as
Betrie et al. [61] in the Upper Blue Nile River basin, Gebremichael et al. [66] in the northern part of
Ethiopia, and Melaku et al. [38] in the Gumara Maksegnit watershed in northwest Ethiopia. The SWAT
model has been found to be a useful tool for understanding the hydrologic processes and the sediment
dynamic in the study area watersheds, and it assessed the impacts of soil and water conservation
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structures on the erosion process. It was observed that severe erosion led to higher soil losses in some
watersheds dominated with gullies, such as the Khokar Bala site. This is substantiated by the photo
taken in Figure 7, which shows the development of deep gullies in the upper parts of the watershed that
were found to contribute higher soil erosion losses and to generate higher sediment load at the outlet.
The model results indicated that soil and water conservation structures might considerably
decrease soil loss by 40–90% in small watersheds of the Pothwar region. Herweg and Ludi conducted
a study at the plot scale in the Eritrean highlands of Ethiopia and reported 72–100% sediment yield
reductions engendered by stone bunds [63], which was close to the current finding of the soil loss
reduction level due to soil and water conservation structures. Similarly, Betrie et al. [61] indicated
6–69% sediment reductions in the Upper Blue Nile River basin caused by stone bunds, and their results
were in agreement with our findings. The average annual sediment yield estimated by the SWAT
model without the consideration of soil and water conservation structures in all selected sites was
in the range of 8.05–30.31 t ha−1 . Our findings were in agreement with other studies conducted in
the Pothwar region such as those from Hussain et al. [14], who estimated the annual sediment loss
(ranged from 2.6 to 31.1 t hm−2 ) in small watersheds of the Dhrabi River Catchment, while Ahmad et
al. [16] reported annual soil loss rates of 9–26 t ha−1 in the Fateh Jang watershed (Attock) with a slope
of 1–10%. Similarly, Nasir et al. [11] predicted an annual soil loss that ranged from 0.1 to 28 t ha−1 at
the small mountainous watershed of Rawal Lake in Rawalpindi. The literature data findings indicated
that the semi-mountainous region of Pothwar is rainfed and soil erosion is a serious issue due to steep
slope and heavy rainfall. The region receive erratic rainfall during a short rainy season and almost
70% precipitation occurs during monsoon [75,76]. The comparative studies on sediment and soil loss
confirmed the results of the current study conducted in small watersheds of the Pothwar region.
The soil and water conservation structures are effective measures in reducing the soil erosion
problems in the Pothwar region that have varied land slopes. This study reveals that considering the
topographic conditions, loose stone soil and water conservation structures should be installed in areas
with a slope range of 0–10%, and wire-meshed stone structures should be installed in areas with a
slope range of 6–10%. Proper energy dissipation arrangements should be implemented to prevent
downstream erosion.
5. Conclusions
In this research, we performed SWAT watershed modeling to describe the driving hydrological
and sediment transport related processes of small watersheds. The effectiveness of soil and water
conservation structures for soil erosion control was assessed with a SWAT model. Stone bund-type
structure interventions were done in the model through modification of the USLE support P-factor,
the curve number, and the SLSUBBSN. The model results revealed that a 40–90% sediment yield
reduction could be achieved using soil conservation structures. Thus, soil and water conservation
structures are effective options for soil erosion control in rainfed areas. The land use change
scenario results revealed that vegetation cover facilitated sediment yield reduction, in addition
to soil conservation structures. An all-inclusive interpretation of the quantitative model results may be
misleading because no model can fully simulate all the physical processes of soil and water interactions
in a real sense. Some assumptions were made during modeling; however, based on the results, we
suggest to policymakers and planners that more than 60% of the area in the Attock and Chakwal
districts has potential for soil and water conservation structures.
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