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Abstract: The live storage of Pakistan’s major reservoirs, such as the Tarbela reservoir, has decreased
in recent decades due to the sedimentation load from the Upper Indus Basin, located in High
Mountain Asia. The government of Khyber Pakhtunkhwa took the initiative in 2014 and introduced
the Billion Tree Afforestation Project (BTAP). They planted one billion trees by August 2017, mostly
in hilly areas. In 2018, the Government of Pakistan also launched a project of 10 billion trees in five
years. We assessed the effect of different land-use and land-cover (LULC) scenarios on the water
yield and sediment load in the Tarbela reservoir of Pakistan. The soil and water assessment tool
(SWAT) model was used to predict the impacts of the LULC changes on the water yield and sediment
load under three distinct scenarios: before plantation (2013), after planting one billion trees (2017),
and after planting ten billion trees (2025). The model calibration and validation were performed
from 1984 to 2000 and 2001 to 2010, respectively, using the SUFI2 algorithm in SWAT-CUP at the
Bisham Qila gauging station. The statistical evaluation parameters showed a strong relationship
between observed and simulated streamflows: calibration (R2 = 0.85, PBIAS = 11.2%, NSE = 0.84)
and validation (R2 = 0.88, PBIAS = 10.5%, NSE = 0.86). The validation results for the sediment
load were satisfactory, indicating reliable model performance and validity accuracy (R2 = 0.88,
PBIAS = −19.92%, NSE = 0.86). Under the LULC change scenarios, the water yield’s absolute mean
annual values decreased from 54 mm to 45 mm for the first and second scenarios, while the third
scenario had an estimated 35 mm mean annual water yield in the Tarbela reservoir. The sediment
load results for the second scenario (2017) showed a 12% reduction in the sediment flow in the Tarbela
reservoir after 1 billion trees were planted. In the third scenario (2025), following the planting of
10 billion trees, among which 3 billion were in the Tarbela basin, the sediment load was predicted to
decrease by 22%. The overall results will help to inform the water managers and policymakers ahead
of time for the best management and planning for the sustainable use of the water reservoirs and
watershed management.
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1. Introduction

The world’s water resources are adversely affected by rising temperatures, abrupt rain-
fall patterns, and human interventions, e.g., land-use and land-cover (LULC)
changes [1–3]. The unpredictable rainfall patterns and increased temperatures result from
unmeasured manmade industrial progress that is causing climate change [3,4]. Developing
nations are paying the price for global climate trends [5]. Pakistan is a developing country
that has hilly areas in the north, flat areas in the middle, and a sea in the south. The storage
capacity of reservoirs reduces due to heavy rainfall and snow melting in northern areas,
resulting in heavy sediment flow with surface runoff from north to south [6], creating flood
situations in the middle areas. The reduced storage capacity of reservoirs in the Indus River
Basin will limit the 20% water supplies for agricultural land in the Rabi season by 2050 [7].
There is an imminent need for appropriate catchment management for water reservoirs in
Pakistan, and such sustainable measures require precise predictions of the water yield and
sediment load from the catchment.

Sediments flow with surface runoff due to soil erosion. Soil erosion and surface
runoff depend upon the precipitation (snowfall and rainfall) and land cover [8]. In the
recent decade, deforestation in the northern region of Pakistan has increased soil erosion
and runoff [9]. Urbanization increases runoff, which results in an increase in the flow of
sedimentation and reduces the infiltration [10]. One of the past studies [11] suggested that
sediments in the river flows of the Indus basin were significantly reduced over the past
three decades. However, they highlighted that this reduction was due to rainfall reduction
and the Karakoram anomaly. The barren topography could pose serious environmental
concerns regarding water yield and soil erosion in arid and semi-arid catchments [12].
Therefore, LULC changes could play a major role in controlling the surface runoff and the
sediment load in river flows.

In the Tarbela reservoir, surface runoff has the most significant and substantial positive
relationship with sedimentation [13]. Thus, a seasonal link between the surface runoff
and the bulk of the sediment was discovered while observing sedimentation trends. As a
result, the entering sediment rate is also high during the monsoon season, which is when
the flow is most significant because of higher liquid precipitation and meltwater [14,15].
It was determined that the sedimentation rate of the Tarbela reservoir varies seasonally,
with the highest rate occurring during a monsoon. Among the three independent vari-
ables of temperature, rainfall, and inflow, inflow had the most substantial impact on the
sedimentation of the Tarbela reservoir. By global standards, the flow regime of the Indus
is relatively stable from year to year, with a prominent peak in the annual hydrograph
occurring between June and September due to regular snowmelt inputs from the upper
rains on the lower catchment [16]. Due to sediment flow, the storage capacity of the Tarbela
reservoir is reduced and the flood level is raised [17]. In the four provinces of Pakistan,
thousands of people died or migrated due to floods between 1950 to 2015. Every year, a
decrease of 1 to 2% of the total storage capacity occurs in the reservoirs of Pakistan [6].

Afforestation and reforestation greatly impact the flow of runoff and sediments by
changing the LULC [18]. Pakistan’s forestation has decreased from about 3.3% to 1.9%
since 1990 [19]. To meet the country’s water requirement and provide a step toward climate
change mitigation and adaptation, the provincial government of Khyber Pakhtunkhwa
(KPK) took the initiative and introduced the Billion Tree Afforestation Project (BTAP) in
2014 and claimed they would plant one billion trees by 2017 [20,21]. In this project, a
350,000 ha area was covered with forestation. Over different topographies, suitable species
of trees were planted [19]. The project was divided into three phases: the first phase
was started in 2014 and completed in 2015, covering the southern region of the KPK; the
duration of phase 2 was from 2015 to 2016, covering the Hazara region; and the third
phase was completed in 2017 and covered the Malakand region. In the BTAP, 88.75% of
the planted trees grow properly [22]. On 3 September 2018, the Prime Minister of Pakistan
announced the planting of ten billion trees countrywide, from which three billion will be
planted in the upper Indus basin area. The Ten BTAP project is expected to be completed
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by the end of 2024 [23]. We hypothesized that plantations in the BTAP project would create
a positive impact by reducing the sediment load in the Indus River flow and consequently
lower the sedimentation in the Tarbela reservoir.

Hydrological modeling is a suitable tool to assess such impacts of plantation on
sedimentation. The SWAT (Soil and Water Assessment Tool) model is one of the best
models for evaluating the hydrological response due to LULC changes in watersheds with
various soil, climate, and management conditions [24]. The SWAT evaluates long-term
watershed components at monthly and daily scales [25]. With little information, the SWAT
model did well at locating hydrological components worldwide [16]. Many studies were
conducted using the SWAT model to assess the fluctuation in sedimentation load and
surface runoff in Pakistan’s critical reservoirs by considering changes in the slope, soil type,
climate data, and grassland [26]. Before the BTAP, the SWAT model was used to assess
the sedimentation load in the Tarbela reservoir [14,27]. Ijaz et al. [12] applied the SWAT
model in the Gomal River catchment to investigate the water yield and sediment load.
They assessed the impact of different precipitation datasets on simulations. However, they
did not consider the impact of LULC changes. Hosseini and Khaleghi [28] investigated
sediment load uncertainties under climate change. They did not consider LULC changes
in their simulations. Similarly, Ali et al. [29] did not investigate the effect of forest cover
changes while investigating the runoff and sediment load in Upper Indus Basin using the
SWAT model. Despite the certain socioeconomic implications of the BTAP project, none of
the published studies examined the surface runoff and sedimentation flow at the Tarbela
reservoirs after the BTAP plantation. Saddique et al. [18] applied the SWAT model to
quantify the impacts of the LULC in an adjacent catchment. However, they mainly focused
on the snow cover changes. Therefore, in this work, we used the SWAT model to calculate
the effect of the LULC on the sediments and streamflow.

We investigated the study’s hypothesis of whether and how much increasing the
plantation size would impact the water yield and reduce the Tarbela reservoir’s sediment
load. The main objective was to quantify the impacts of the grown plantations under
the BTAP on the water yield and sediment load in the Tarbela reservoir of Pakistan. We
developed three simulation scenarios with different LULC datasets and used the SWAT
model. In the first case, the LULC data before the BTAP planting was used to determine the
sedimentation and streamflow. The second scenario used LULC data after the planting of
1 billion trees. We used projected LULC changes data in the third scenario with the planting
of 3 billion trees in our study area. This research will greatly impact the socioeconomic
conditions of Pakistan. This is important because studying the water storage capacity
of the Tarbela reservoir is imperative to providing the data needed for its management.
Proper management of the Tarbela reservoir would allow for sustainable water supplies
to support the growing population and conservational flows under climate change. The
quantitative impacts of BTAP plantations on runoff and sedimentation were assessed in this
study. Based on our findings, recommendations were drawn for proactive policymaking
and management strategies.

2. Materials and Methods
2.1. Study Area

The drainage basin of the Tarbela Dam was the research’s study area (Figure 1); it is
one of Pakistan’s largest reservoirs, with an installed capacity of 3478 MW [30]. Pakistan’s
Tarbela Dam Project (TDP) is the backbone of the country’s hydropower resources. It is
the largest dam in the world in terms of structural volume and landfill. Sedimentation
has reduced the massive body of water generated behind the dam [14]. In the mid-1960s
and 1970s, feasibility and engineering studies that investigated Tarbela Dam noted the
possible sedimentation concerns that would undoubtedly arise a few years after the dam’s
construction. Its live storage capacity was 11.96 BCM after construction. Now its capacity is
reduced to 7.64 BCM due to sedimentation [23]. Tarbela Dam is located on the Indus River
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in Haripur and Swabi district and is situated at 34◦05′23” N and 72◦41′54” E. Its height is
143 m above sea level.
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Figure 1. Tarbela reservoir catchment.

The highest temperatures of up to 40 ◦C occur during the summer and temperatures as
low as 3 ◦C occur in winter. Relative humidity plays a part during the monsoon season and
can reach up to 50%. The annual precipitation is 593 mm/yr in the Upper Indus Basin [31],
which is the catchment area for the Tarbela reservoir. The information on meteorological
stations is provided in Table 1.

Table 1. Meteorological stations, their locations, and their elevations.

Station Latitude Longitude Elevation
(m.a.s.l.)

Average Rainfall
(mm/yr)

Astore 35.2190 74.8741 3709 305
Basham 34.9111 72.8663 1757 1259
Bunjhi 35.6431 74.6342 3715 1151
Chilas 35.4222 74.0946 3462 197
Gilgit 35.8819 74.4643 3381 159

Guppies 36.1667 73.4000 4107 168
Kakul 34.1875 73.2618 1419 1309
Skardu 35.3247 75.5510 4088 189

2.2. SWAT Model

To simulate hydrological processes, the SWAT requires precise data, such as climate
variables, LULC, geography, and river basin management [32]. Because similar qualities
within sub-basins can be merged into hydrological response units, this makes the model
easier to use. The replication results were immediately added to the sub-basins throughout
the basin’s length, and the HRUs were separated. The SWAT can be discretized depending
on the grid or aggregated, in addition to the commonly used HRU discretization [33]. In
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this study, we used an HRU-based discretization scheme. A flowchart of the methodology
is presented in Figure 2.
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2.3. Data Preparation
2.3.1. Digital Elevation Model (DEM), Land Use, and Soil Data

The SWAT primarily uses hydrologic response units (HRUs) that are created based on
slope parameters, soil maps, and LULC maps [34]. The digital elevation model (DEM) was
acquired from the Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) (https://earthexplorer.usgs.gov (accessed on 20 December 2021)). The DEM was
used to delineate the basin into sub-basins and river networks. The DEM was used to
extract sub-basin parameters (such as the slope grade and length of the terrain’s slope) and
features of the river network (such as the length, breadth, and slope of the channel). There
were 449 sub-basins created for this study.

The LULC is an essential parameter that affects runoff, sediment flow, and evapo-
transpiration [35]. There were three LULC scenarios in our catchment area; (a) before
planting trees (in 2013), (b) after 1 billion trees were planted (in 2017), and (c) after 3 billion
trees were planted (in 2025). The initial LULC data were downloaded from the United
State Geological Survey (USGS) (https://www.usgs.gov/core-science-systems/science.
../land-cover-data-download (accessed on 20 December 2021)). The SWAT showed the
different land cover types in each sub-basin. The primary land-use class in the watershed
was forest-mixed, whereas the second most prominent class was barren, which covered
most of the watershed area (Figure 3).

https://earthexplorer.usgs.gov
https://www.usgs.gov/core-science-systems/science.../land-cover-data-download
https://www.usgs.gov/core-science-systems/science.../land-cover-data-download
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Figure 3. Soil and LULC map (2013) of Tarbala’s catchment. Here, AGRC—agricultural land-close-
grown, FRSD—forest-deciduous, OILP—oil palm, WETL—wetlands-mixed, PAST—pasture, SPAS—
summer pasture, WATR—water, BARR—barren, FRST—forest-mixed, GLAC—glaciers, AGRL—
agricultural land-generic, FRSE—forest-evergreen, RNGB—range-brush, RNGE—range-grasses.

Soil data is also essential for runoff measurements, sediment flows, and defining
HRUs [36]. It includes information on the soil’s texture, moisture content, hydraulic con-
ductivity, density, and organic content, among other physical and chemical characteristics.
The Food and Agricultural Organization’s (FAO) website (www.fao.org/soils-portal/soil-
survey/soil-maps-and-databases (accessed on 20 December 2021)) was used to retrieve the
soil information.

2.3.2. Climate Data, Streamflow, and Sediments Flow Data

At all stations in the research area, climate information, including the precipitation and
maximum and minimum temperature data, was acquired from the Pakistan Metrological
Department (PMD). The daily data was collected from 1984 to 2017 from the PMD. The
third scenario predicted climate data for 2025 based on data downloaded from the Cou-
pled Model Intercomparison Project (CMIP6) (https://pcmdi.llnl.gov/search/esgf-llnl/
(accessed on 20 December 2021)). Daily streamflow and sedimentation flow data at Basham
Qila gauge station and inflow for the Tarbela reservoir (from 1981 to 2010) were collected
from the Project Director SWHP (WAPDA). These data were used for model validation
and calibration.

2.4. LULC Scenarios

Regarding the land-use refinement, land-use classes were updated according to
changes in the study area, where the land cover was updated from percent barren to
percent forest cover. After recreating the HRUs, the entire forest in the study area increased
as the percentage of land use. This tool updated the land use from barren to forest in
the second and third scenarios. The second scenario was considered after the planting of
1 billion trees by 2017; planting mainly occurred in the Tarbela catchment area [22]. In the
third scenario, the planting of 10 billion trees is in progress; it will be completed by 2024. It
is predicted that 3 billion trees will be in our study area [23].

The LULC map of the first scenario (2013) and second scenario (2017) was down-
loaded from the USGS. After processing those maps, attribute tables of both maps were
created. Attributes tables of both LULC maps were compared to examine the change in the
study area.

www.fao.org/soils-portal/soil-survey/soil-maps-and-databases
www.fao.org/soils-portal/soil-survey/soil-maps-and-databases
https://pcmdi.llnl.gov/search/esgf-llnl/
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The second scenario, i.e., after the planting of 1 billion trees, showed the following
land-use and land-cover updates: (a) 5% barren (BARR) land changed to 5% forest-mixed
(FRST), (b) 15% range-shrub (RNGB) was updated to 15% forest evergreen (FRSE), and
(c) 35% agricultural land-close-grown (AGRC) was updated to 35% agricultural land-
generic (AGRC) (Figure 4). Regarding the third scenario, i.e., after the planting of 10 billion
trees, the current amount of 3 billion in our study area suggested that the planting will be
completed by 2024.
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Forest-mixed, which made up about 46.51% of the watershed in the first scenario, was
the dominant class there. Barren areas were the second most prevalent, making up about
30.51% of the watershed area. In the second scenario, the forest-mixed (FRST) increased
from 46.51% to 48.56% in the catchment area, barren land reduced from 30.51% to 28.53%
in the catchment area, AGRL increased from 1.36 to 1.39%, and FRSE increased from 0.68 to
1.03%. In the third scenario, the land-use classification forest-mixed (FRST) increased from
46.51% to 53.02% in the catchment area, and barren land reduced from 30.51% to 24.05% in
the catchment area.

2.5. SWAT Model Parametrization and Simulations

Regarding its simulation capabilities, the SWAT model must be calibrated and verified
to produce reasonable and confident forecasts. The parameter estimate approach, in this
case, looked at the relative sensitivity levels. Therefore, 22 streamflow and sediment
concentration factors were considered to be sensitive to relative sensitivity levels (Table 2).
The overall impact of each chosen parameter was classified using SWAT’s total sensitivity
tool. Furthermore, adequate parameter calibration is usually necessary for a hydrological
model to properly simulate streamflow and silt concentration.

The SWAT calibration, validation, and uncertainty analyses were performed using
the standalone computer application SWAT Calibration and Uncertainty Programs (SWAT-
CUP). We utilized Regular Uncertainty, which is the SUFI-2 correspondent algorithm, for
the calibration and uncertainty analyses in this study [37]. SUFI-2 is a mechanism for
assessing sensitivity, calibrating several locations, and investigating uncertainty. It can
simultaneously examine many factors and data from multiple meteorological observation
stations. According to [38], SUFI-2 needs the fewest number of model requirements to
conduct calibration ambiguity choices and projections relative to four other systems.
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Table 2. Description, ranges, fitted values, and significance statistics of the sensitive parameters.

Parameter Name Definition Fitted
Value

Min
Value

Max
Value t-Stat p-Value Rank

CN2.mgt SCS runoff curve number −0.1 −0.25 0.25 24.52 0.00 1
SOL_BD.sol Moist bulk density 0.23 −0.5 0.6 16.11 0.00 2
SFTMP.bsn Snowfall temperature 8.88 5 15 12.19 0.01 3
SMTMP.bsn Snow melt base temperature 9.59 5 15 11.54 0.00 4

ALPHA_BF.gw Base flow alpha factor (days) 0.44 0.43 0.51 8.22 0.02 5
GW_DELAY.gw Groundwater delay (days) 10.28 −13 30 7.00 0.01 6

CH_K2.rte Effective hydraulic conductivity 132.31 5 137 6.31 0.03 7
SOL_AWC.sol Available water capacity of the soil layer −0.13 −0.2 0.46 5.11 0.04 8

CH_N2.rte Manning’s n value for the main channel 0.22 0 0.3 4.86 0.01 9
ESCO.hru Soil evaporation compensation factor 1 0 1 4.19 0.02 10
SOL_K.sol Saturated hydraulic conductivity 0.25 −0.8 0.8 3.74 0.08 11

GW_REVAP.gw Groundwater revap coefficient 0.18 0.02 0.2 1.51 0.52 12
PLAPS.sub Precipitation lapse rate −245.63 −300 −19 1.33 0.05 13

SNOCOVMX.bsn Minimum snow water content 27.7 20 300 1.11 0.15 14
TLAPS.sub Temperature lapse rate −16.3 −20 20 1.01 0.05 15

GWQMN.gw Threshold water level in a shallow aquifer 2.19 1.95 2.46 −0.99 0.32 16
SMFMX.bsn Maximum melt rate for snow during a year 5.43 0 20 −1.12 0.01 17

ALPHA_BNK.rte Base flow alpha factor for bank storage 0.5 0 1 −1.80 0.90 18
SMFMN.bsn Minimum melt rate for snow during a year 7.45 0 20 −2.11 0.93 19

RCHRG_DP.gw Deep aquifer percolation fraction 0.21 0 1.7 −2.50 0.44 20
SNO50COV.bsn Snow water equivalent 0.5 0.1 0.8 −3.44 0.73 21

TIMP.bsn Snowpack temperature lag factor 0.52 0 1 −5.22 0.25 22

The SWAT model was calibrated for 17 years (1984–2000) and validated for the next
ten years (2001–2010). The monthly base streamflows and sediment flows were used for
calibration and validation.

PBIAS measures the tendency of the measured value, along with the observed value. It
is calculated using Equation (1) [39]; its range is from −20 to 20, while the optimal value is
0.0. R2 represents the proportion of the variance for the simulated water yield or sediment
load (dependent variable) that is explained by the observed water yield or sediment load
(independent variable). It is calculated using Equation (2) [39]; its best fit line ranges from
0 to 1, and more than 0.5 is considered an acceptable value. NSE is used to predict the
relative amount of noise compared with information. It is calculated using Equation (3) [40];
its range is from 0 to 1, where greater than 0.5 is considered an acceptable value.
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(
∑ Yobs

t −∑ Ysim
t

∑ Yobs
t

× 100

)
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])2
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Yobs
t is the observed value, Y−obs

t is the average of the observed values, Ysim
t is the

computed value, and Y−sim
t is the average of the computed values.
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3. Results
3.1. Calibration and Validation

For this study, the SWAT model was calibrated and validated for stream and sediment
flows at Bisham Qila. The calibration was undertaken using 1984 to 2000 data, while the
validation was performed using 2001 to 2010 data on a monthly scale. The calibration
results followed the execution of the SWAT-CUP SUFI2 method. The SUFI2 sensitivity
analysis found that runoff curve number (CN2.mgt), moist bulk density (SOL_BD.sol),
snowfall temperature (SFTMP.bsn), snowmelt base temperature (SMTMP.bsn), baseflow
alpha factor (ALPHA_BF.gw), groundwater delay (GW_DELAY.gw), effective hydraulic
conductivity (CH_K2.rte), and available water capacity of the soil layer (CH_N2.rte) were
among the top most sensitive parameters (Table 2).

The calibration findings were promising [40–43], indicating a high model performance
that may be used to examine the effects of the LULC on sediments and streamflows. The
results of the calibration and validation are shown in Figure 5. There was a significant
correlation (p < 2.2 × 10−16) between the observed data (flow and sediment load) and
the simulated flows and sediment load. The R2 for the calibration and validation ranged
between 0.82 and 0.88, and the NSE ranged between 0.82 and 0.86 (Table 3).
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Figure 5. SWAT model calibration and validation results. (a) time series of observed and simulated
flow during calibration period. (b) time series of observed and simulated flow during validation
period. (c) time series of observed and simulated sediments during validation period. (d) observed
versus simulated flow during calibration. (e) observed versus simulated flow during validation.
(f) observed versus simulated sediments during validation period.
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Table 3. Calibration and validation performance results.

Performance Indicator Calibration Validation (Water
Yield)

Validation (Sediment
Load)

R2 0.85 0.88 0.88
PBIAS 11.2 9.4 −19.92
NSE 0.84 0.86 0.86

3.2. Impacts of the BTAP on the Water Yield

One of the study’s objectives was to quantify the impacts of the BATP on the water
yield. The results of the SWAT model simulations for three scenarios (before
planting—2013, after planting one billion trees—2017, and after planting 3 billion trees in
our study area—2025) were quantified and compared. Figure 6 represents the SWAT results
of the water yields for 2013, 2017, and 2025 in the sub-basins. It contains all components
of the water yield developed in the model. The annual mean water yields were 54 mm,
45 mm, and 35 mm for the first, second, and third scenarios in the sub-basins (Figure 6d).
The sub-basins located in the Hindukush and Himalaya regions contributed more than the
Karakoram region (Figure 6a–c) under all scenarios. The spatial distributions of the water
yield showed that contributions were more diverse among the sub-basins for the third
scenario in the Hindukush and Himalaya regions (Figure 6c). In the Karakoram region, the
Hunza basin contributed the highest water yield. However, the quantity of water yield was
lower in the second and third scenarios compared with the first.
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The variability in water yield outputs was higher in the first scenario compared with
the second and third scenarios (Figure 6d). The lower 50% of water yield amounts were not
much different (the median values were very close); however, the main differences between
the scenarios occurred for high flows (the upper 50%). The mean values fell within the third
quartile, which meant that the main differences among scenarios were more significant
for high flows (peaks of hydrographs). The water yield was reduced in the third scenario
(2025); therefore, the variability among the spatial distribution of water yield contributions
was also decreased. The mean and median values were closer to each other than in other
scenarios (Figure 6d). Increasing the plantation size impacted the water yield. It stabilized
the flows in the catchment area of the Tarbela reservoir.

The significance of the differences between the impacts of LULC scenarios on the
water yield was tested using statistical analysis of the outputs. The density distribution
plots suggested that the mean values of the simulated water yield were different and
fell slightly away from the main cluster of low flows (Figure 6e). The main effect of the
LULC scenarios on water yield was statistically significant (F (2, 1344) = 22.22, p < 0.001;
η2 = 0.03, 95% CI [0.02, 1.00]) (Table 4, ANOVA). Moreover, all the scenarios’ impacts were
significantly different based on Tukey’s honestly significant difference (Tukey’s HSD) post
hoc test for pairwise comparisons (95% family-wise confidence level). The difference was
highest between the first and third scenarios (−18.76 mm/yr), followed by the difference
between the second and third scenarios (−9.95 mm/yr) and between the first and second
scenarios (−8.80 mm/yr) (Table 4, Tukey’s HSD). This highlighted the fact that increasing
the plantation size caused increasing and more significant impacts on the water yield, as
explained by the differences between the different scenario comparisons.

Table 4. Analysis of variance (ANOVA) test and Tukey’s honestly significant difference (Tukey’s
HSD) post hoc test for pairwise comparisons of the water yield under different scenarios.

ANOVA

Source of variation Sum of squares
(SS)

Degrees of
freedom (df)

Mean squared
(MS) F-value Pr (>F)

Scenario 79141 2 39571 22.22 3.2 × 10−10 ***

Residuals 2393263 1344 1781

Tukey’s HSD

Scenarios Difference Lower Upper p-adjusted

WYLD-2017-WYLD-2013 −8.80846 −15.4165 −2.20044 0.005116

WYLD-2025-WYLD-2013 −18.7639 −25.372 −12.1559 0.000000

WYLD-2025-WYLD-2017 −9.95546 −16.5635 −3.34743 0.001226

Significance codes: ‘***’ 0.001.

The model results for all scenarios (2013, 2017, and 2025) were compared regarding the
accumulated water yield at the last sub-basin (300), which was an inlet of the Tarbela reser-
voir. The prominent differences between the scenarios were observed during the summer
season. In the catchment area of Tarbela reservoir, the hydrological regime featured snow,
glacier melt, and monsoons during the summer. Therefore, peak flows occurred during
this season, contributing one-third of the total water yield. Figure 7 shows the impacts
of different LUCL scenarios on the temporal distribution of the water yield. Increased
plantation reduced the annual flows, and the monthly distribution was also affected under
different scenarios, with higher differences for the third scenario (Figure 7a). After the
planting of 1 billion trees, the peak monthly flow (July) was reduced from 14,300 m3/s (in
2013) to 12,825 m3/s (in 2017) to nearly 10,000 m3/s (in 2025).
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The annual flow was reduced by 18% due to a 5% forest increase from 2013 to 2017.
Similarly, the SWAT model predicted a 26% reduction in annual flows due to a 13% in-
crease in forest cover area from 2013 to 2025. It is obvious from Figure 7a,b that the main
differences between the different scenarios occurred during the summer peak flow season.
This highlighted the importance of the temporal exploration of the impacts of increasing
plantation on the water yield and the need to focus on management strategies that target
these high flow periods.

3.3. Impacts of the BTAP on the Sediment Load

The second objective was to quantify the impacts of the increasing plantation size
under the BATP on the sediment load flowing into the Tarbela reservoir from its catchment
area. Figure 8 represents the SWAT results of the sediments load for the first (before
plantation—2013), second (after planting one billion trees—2017), and third (after planting
3 billion trees in our study area—2025) LULC change scenarios in the sub-basins. The
annual mean sediment flows were 131 t/ha, 116 t/ha, and 90 t/ha in the sub-basins under
the first, second, and third scenarios, respectively. For all scenarios, the main sediments
were contributed by the Hindukush and Himalaya regions (Figure 8a–c). The Hunza basin
contributed the most from the Karakoram region compared with the Shigar and Shyok
basins. This behavior might have been due to the construction work along the Karakoram
highway in the Hunza basin under the China–Pakistan Economic Corridor (CEPC). All sub-
basins responded to the increasing plantation size by reducing the sediment contributions,
except for the sub-basins that fell within the periphery of construction work under the
CEPC in the Hunza basin. The sediment contributions were reduced enormously from the
eastern side of the catchment and lower areas of the Gilgit–Baltistan region under the third
scenario (Figure 8c).
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Similar to the water yield, the differences between the sediment load under different
scenarios were more obvious for high values (Figure 8d). The outliers were observed
only for high values. The median values for the second and third scenarios were not very
different compared with the first. Meanwhile, all the mean values fell in the third quartile.
The variability in sediment load contributions was reduced with increasing plantation size
under the second and third scenarios (Figure 8d). The reduction in the spread of values
highlighted that increased plantation size stabilized and reduced the sedimentation load
flowing into the Tarbela reservoir.

We conducted statistical significance tests to distinguish the impacts of different
LULC scenarios on the sediment load. The mean values of the sediment loads were
away from the major cluster of low values (Figure 8e). The main effect of the LULC
scenarios on the sediment load was statistically significant (F (2, 1344) = 7.91, p < 0.001;
η2 = 0.01, 95% CI) (Table 5, ANOVA). Moreover, the impacts of scenarios (first scenario
versus third scenario and second scenario versus third scenario) differed significantly,
whereas the first scenario versus the second scenario differed insignificantly (Table 5,
Tukey’s HSD). The significant difference between the first and third scenarios was the
highest (−41.43 t/ha/yr), followed by the difference in the second and third scenarios
(−26.12 t/ha/yr). The statistically insignificant difference between the first and second
scenarios was −15.30 t/ha/yr. These differences between the simulated values highlighted
that the plantation size significantly affected the sediment load in the Tarbela reservoir’s
catchment area. Moreover, the significance increased with increasing plantation size.
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Table 5. Analysis of variance (ANOVA) test and Tukey’s honestly significant difference (Tukey’s
HSD) post hoc test for pairwise comparisons of the sediment load under different scenarios.

ANOVA

Source of variation Sum of squares
(SS)

Degrees of
freedom (df)

Mean squared
(MS) F-value Pr (>F)

Scenario 394182 2 197091 7.907 0.000385 ***

Residuals 33499061 1344 24925

Tukey’s HSD

Scenarios Difference Lower Upper p-adjusted

SDMTLD-2017-SDMTLD-2013 −15.3074 −40.0299 9.415184 0.314263

SDMTLD-2025-SDMTLD-2013 −41.4343 −66.1568 −16.7118 0.000261

SDMTLD-2025-SDMTLD-2017 −26.127 −50.8495 −1.40442 0.035401

Significance codes: ‘***’ 0.001.

The temporal distribution of the simulated sediment load showed an increasing
effect of plantation size on the reduction in sediment flows into the Tarbela reservoir.
The LULC changes not only affected the annual sediment loads but also influenced the
seasonal distributions. Under the third scenario, the sediment contributions vanished
in June (Figure 9a). A slight deviation from the usual temporal distribution trend, i.e.,
June–September to July–September, was noticed for the third scenario for two years, namely,
2019 and 2024 (Figure 9a). The water flows were usually weak during June and the planting
caused an additional delay in sediment transport. Thus, the planting could cause seasonal
variations in the sediment load in river flows and could eventually significantly reduce the
sediment load flowing into the Tarbela reservoir.
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The reduction in the sediment flow in 2017 was 17.40 MT, which was a decrease of 12%
from 2013 due to afforestation (under 5% more forest). After planting 3 billion trees in the
Tarbela reservoir catchment area by 2025 (under 13% more forest), a reduction in sediment
flow of 45 MT is expected in 2025, a 22% decrease compared with 2013. Similar to the
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water yield simulations, significant reductions in sediment loads were simulated during
the summer months (Figure 9b). The increased plantation served as a sieve to reduce the
sediment load in peak flows during summer under the second and third scenarios.

3.4. Relationship between the Water Yield and Sediment Load

The water yield and sediment load are interrelated; we performed a regression analysis
to understand the relationship between water yield and sediment load in the catchment
area of the Tarbela reservoir. Pearson’s correlation coefficient showed that the water yield
and sediment load had a significant (p < 2.2 × 10−16) positive correlation (r ≥ 0.93) for
all three LULC scenarios (Figure 10). The decreasing water yield also had an impact by
reducing the sediments flowing into the Tarbela reservoir. It was evident that a higher
sediment load was associated with a higher runoff, i.e., during the summer when monsoons
meet the glacier and snow meltwater to generate high flows. The variability (based on
95% confidence interval: the shaded area around the regression line in Figure 10) in their
relationship increased with the sediment load and runoff.
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4. Discussion
4.1. The Need to Parametrize the SWAT Model

It is necessary to calibrate and validate a hydrological model to simulate the impacts
of a physical variable on other physical variables to produce reliable results. The SWAT
model’s ability to accurately depict streamflow and silt concentration depends on parameter
calibration. Despite having observation data for more than one variable, most researchers
that use this model only utilize the univariable technique. This lack of utilization shows
how difficult it is to calibrate and validate the model using the multivariable strategy [44].
Stepwise calibration is more accurate than simultaneous calibration, and surface runoff cal-
ibration significantly impacts surface runoff and sediment flow results [45]. The simulation
procedure that is used to estimate model expectation results also depends on model calibra-
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tion and validation. The SWAT model should be calibrated and verified using the surface
runoff to represent the water cycle better. After that, the model may be used for forecasting
to assess how flows will evolve in the future and how sediment will be transported [46].
The model calibrated with water discharge can further analyze the effects of climate change,
land-use change, water quality, and sediment yield. Our statistical performance indicator
values highlighted that the model performed ‘very good’ [40–43]. The SWAT model valida-
tion provided satisfactory results for water yield (R2 = 0.88, NSE = 0.86, PBIAS = 9.4%) and
sediment load (R2 = 0.88, NSE = 0.86, PBIAS = −19.9%) (Table 3). The parametrized model
can be used to simulate the impacts of different scenarios on the sediment load and water
yield, plan future dam construction, and manage flood disaster risk, which is beneficial for
the nation’s sustainable development [44,47].

In our study area, we considered a strong relationship between the surface runoff and
sediment flow [12–14], indicating that sediment flow was directly related to runoff. Under
the calibration and validation runs, it was obvious that the simulated values were signifi-
cantly (p < 2.2 × 10−16) correlated (Figure 5). This strong relation meant that the model was
capable of giving reliable surface runoff and sediment flow results after calibration on only
the surface runoff [6,44,47]. Due to missing data regarding the sediment flow before 2000,
the model was calibrated using the surface runoff before 2000 by adjusting the parameters
for reliable results and validation for both the surface runoff and sediment data. In this
situation, the parameter estimation method examined the relative sensitivity levels.

In SWAT-CUP, the SUFI-2 was used to classify the overall impact of each parameter.
Based on the sensitivity analysis, the runoff curve number was identified as the most
sensitive parameter (t-stat = 24.52), followed by the moist bulk density (t-stat = 16.11).
Hosseini and Khaleghi [28] also found these parameters to be the most sensitive when
assessing the SWAT model’s ability to simulate the sediment load in semi-arid watersheds.
Both these parameters are supposed to have a higher relationship with the plantation
because the plantation can change the characteristics of the surface and soil texture. The
catchment area of the Tarbela reservoir (Upper Indus Basin) is heavily glaciated (>12%
glacier area ratio) and located in High Mountain Asia (elevation up to >8600 m.a.s.l.). Most
of the precipitation falls during winter in solid form. Therefore, the sensitivities of the
snowfall temperature (t-stat = 12.19) and snowmelt base temperature (t-stat = 11.54) were
also found to be very high in this area for the SWAT model calibration. The peak of the
hyetograph and peak of the hydrograph had a certain delay in the catchment area of the
Tarbela reservoir. This gap in hyetograph and hydrograph peaks and contributions of
shallow groundwater made the baseflow alpha factor (t-stat = 8.22) and groundwater delay
(t-stat = 7.00) sensitive in the calibration process (Table 2).

4.2. Reduction in the Water Yield with Higher Plantation Size

In our study, we tested the hypothesis that increasing the plantation size under the
BTAP would affect the water yield from the catchment area of the Tarbela reservoir into
it. Our findings suggested that the water yield was significantly affected (Table 4) due to
the BATP afforestation (Figure 4) in the catchment area under the LULC change scenarios
(Figures 6 and 7). The water yield was reduced by 9.9 mm/yr after a 5% increase in forest
cover (in 2017) and 18.9 mm/yr with 13% more forest cover by the end of 2025. The
significant differences between the three simulations for the LULC scenarios verified our
claim that the BTAP project positively impacted the water resources and infrastructure in
the High Mountain Asia rivers basins. The Tarbela reservoir is the socioeconomic lifeline
for billions of people living in downstream areas [7]. Pakistan needs to build more water
storage infrastructure to buffer the supply and demand gap, which is inevitable under the
depleting storage capacities of existing reservoirs under climate change.

Our results agreed with several studies in the mountain region stating that LULC
changes affect water resources. The river flows in this region are derived from snow and
glacier melt, which coincide with the monsoon rains [48]. The river flow peaks occur during
the summer, and more than 70% of the total annual freshwater supplies are generated
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during the summer season [31]. A lack of plants would increase the surface runoff, and very
little to no percolation happens in Upper Indus Basin. In this case, lesser evapotranspiration
and interception happen, and water flows at higher speeds. Higher flows at high velocities
would cause more soil erosion and increase the sediment load. Consistently increasing
sediment rates cause siltation in the Tarbela reservoir [11]. Some researchers, e.g., Saddique
et al. [18], projected increased water supplies in a neighboring Jhelum River Basin after
focusing mainly on the snow cover changes. However, their simulation did not consider
the LULC change scenarios under the BTAP. In this study, quantitative results and their
significant analysis demonstrated the impacts of the BTAP plantations on the water yield.

4.3. Reduction in Sedimentation with Higher Plantation Size

It was also hypothesized that the LULC change under the BTAP would affect the
sediment load positively and reduce the sedimentation into the Tarbela reservoir. The
water yield was strongly correlated with the sediment load; therefore, any change in
the water yield would affect the sediment load. Similar to the water yield, the outputs
confirmed that the sediment load was significantly reduced with increasing plantation size,
i.e., after one billion and three billion trees were planted in 2017 and 2025 under the BTAP.
Due to heavy rainfall and snow melting in northern areas, sediments flow from north to
south, reducing the reservoir’s storage capacity and creating a flood situation in the middle
areas [6]. The changes in the LULC (Figure 4) impacted the water yield (Figures 6 and 7)
and sediment load (Figures 8 and 9). An increase in the LULC substantially impacts
reducing sediment flow [26,49]. The impacts of LULC changes were assessed under three
separate scenarios: (a) before planting in 2013, (b) after planting one billion trees in 2017,
and (c) after planting three billion trees in 2025. We set up, parametrized, and used the
SWAT model to determine the sediment load and water yield in the catchment area of the
Tarbela reservoir.

In our second scenario (2017), after planting 1 billion trees, 5% of barren (BARR) land
changed to 5% forest-mixed (FRST) (Figure 4). The SWAT model results showed a 12%
reduction in sediments compared with 2013 (before the plantation). In our third scenario,
after planting 10 billion trees, from which 3 billion in our study area were predicted their
planting will be completed by 2024, 13% barren (BARR) land was upgraded to 13% forest-
mixed (FRST). After these updates, the SWAT model’s results showed a 22% reduction in
the sediment load (Figure 9). Our results are in good agreement with Hussan et al. [11], who
used the Mann–Kendall test and Sen’s slope estimator to study the trends of suspended
sediment concentration in the upstream area of the Tarbela reservoir. They found that
the suspended sediment concentration was significantly reduced, ranging from 18 to 28%
per decade in river flows originating from Hindukush and Karakoram regions during the
past three decades. However, they claimed that this reduction was due to the Karakoram
climate anomaly and rainfall reduction. We claim that such a reduction was due to the
increased forest cover in addition to climate change in this region.

The sediment load was also directly related to the water yield and had a significant
positive correlation (Figure 10). High flows produced a high sediment load during the
summer. The positive correlation between the water yield and sediment load is well
presented in the literature [6,7,9,11,12]. This study’s results strongly agree with past studies
in this region and other neighboring catchments.

4.4. Limitations and Recommendations

Unavailability and free access to observed data are important issues in the Indus Basin.
Due to the limited sediment data, the SWAT model was calibrated with streamflow data.
However, we were lucky to secure observed sediment data for 2001–2010. The SWAT model
was then validated with the observed sediment and streamflow data. Another limitation
was that the study was conducted until 2025; however, the new plantation would have
an increasing impact on water yield and sediment load entering into the Tarbela reservoir.
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Therefore, it is recommended to project the effects on these plantations up to near (2050)
and far (2100) futures using projected LULC and CMIP6 climate data.

The impact of the BTAP plantation on runoff and sedimentation was assessed in this
study. The findings are helpful for policymakers for long-term watershed management.
To keep the Tarbela Dam functioning for a longer time, proper watershed management of
the Indus is recommended, as the inflow of sediments in a reservoir might be dramatically
controlled by carefully planned watershed management. Given the reduction and uncertain
changes in future freshwater supplies in the Indus River Basin, it is recommended to build
more storage and conveyance infrastructure to ensure consistent and sustainable freshwater
supplies for domestic, industrial, and agricultural applications. The BTAP can be more
profitable by growing cash trees, e.g., fruit trees, while keeping the regional setting and
balanced plantations in view.

5. Conclusions

In the current study, we quantified the impacts of the Billion Tree Afforestation Project
(BTAP) on the water yield and sediment load in the catchment area of the Tarbela reservoir
of Pakistan. It was hypothesized that planting more trees would reduce the sediment load
in the catchment flows. The parameterization of the SWAT model showed a promising per-
formance (R2 & NSE > 0.82) during the calibration (1984–2000) and validation (2001–2010)
periods. We used the SWAT model for three separate scenarios: before planting (2013), after
planting one billion trees (2017), and after planting ten billion trees (2025). The simulated
results highlighted that an increase in plantation size substantially reduced the sediment
flow. A 5% increase in the forest cover (after one billion trees) decreased the sediment load
by 12%, while a 13% increase in forest cover (after 3 billion trees) reduced the sediment
load in river flows by 22%.

The BTAP plantation impact on runoff and sedimentation revealed that more forest
cover is required to keep the Tarbela Dam functioning for a longer time. Moreover, activi-
ties that cause sediments, for example, construction projects, should be carried out with
great care. Proper watershed management of the Indus is recommended as the inflow of
sediments in a reservoir might be dramatically controlled by carefully planned watershed
management. The water yield was quantified to have decreased by up to 18–26% under the
BTAP. Therefore, constructing more water storage and conveyance infrastructure could help
to buffer and sustain freshwater supplies in the Indus River Basin for domestic, agricultural,
and industrial uses.

We recommend that future studies should consistently quantify the impacts of growing
forest trees on sediment load and water yield. In an upcoming study on BTAP, projected
and observed LULC and CMIP6 climate data would be used to allow the SWAT model
to project the impacts of climate and LULC changes on sediment and water yield in the
Tarbela reservoir for near (up to 2050) and far future (up to 2100) scenarios.
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