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Abstract: Land use and land cover is a fundamental variable that affects many parts of social and
physical environmental aspects. Land use and land cover changes (LUCC) has been known as one of
the key drivers of affecting in ecosystem services. The trans-boundary Gandaki River Basin (GRB)
is the part of Central Himalayas, a tributary of Ganges mega-river basin plays a crucial role on
LUCC and ecosystem services. Due to the large topographic variances, the basin has existed various
land cover types including cropland, forest cover, built-up area, river/lake, wetland, snow/glacier,
grassland, barren land and bush/shrub. This study used Landsat 5-TM (1990), Landsat 8-OLI (2015)
satellite image and existing national land cover database of Nepal of the year 1990 to analyze LUCC
and impact on ecosystem service values between 1990 and 2015. Supervised classification with
maximum likelihood algorithm was applied to obtain the various land cover types. To estimate
the ecosystem services values, this study used coefficients values of ecosystem services delivered
by each land cover class. The combined use of GIS and remote sensing analysis has revealed
that grassland and snow cover decreased from 10.62% to 7.62% and 9.55% to 7.27%, respectively
compared to other land cover types during the 25 years study period. Conversely, cropland, forest
and built-up area have increased from 31.78% to 32.67%, 32.47–33.22% and 0.19–0.59%, respectively
in the same period. The total ecosystem service values (ESV) was increased from 50.16 × 108 USD y−1

to 51.84 × 108 USD y−1 during the 25 years in the GRB. In terms of ESV of each of land cover
types, the ESV of cropland, forest, water bodies, barren land were increased, whereas, the ESV
of snow/glacier and grassland were decreased. The total ESV of grassland and snow/glacier
cover were decreased from 3.12 × 108 USD y−1 to 1.93 × 108 USD y−1 and 0.26 × 108 USD y−1 to
0.19 × 108 USD y−1, respectively between 1990 and 2015. The findings of the study could be a scientific
reference for the watershed management and policy formulation to the trans-boundary watershed.

Keywords: land use and land cover change; ecosystem service values; Gandaki River
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1. Introduction

Land use and land cover change (LUCC) is a fundamental of the global change [1] that influences
the relationship between human and natural system in many parts of the social and physical
environmental aspects [2,3]. Particularly, after the beginning of large-scale alternation in land use
land cover (LULC), the impact of anthropogenic activities including global climate change has directly
impacted in socio-economic development [4]. In addition, the current changing rate of LUCC,
extents and intensities are far greater than ever in the history. These changes encompass the greatest
environmental concerns of human population today including climate change, loss of biodiversity and
overall ecosystem services at the local, regional and global scales [5]. Besides, LUCC is a fundamental
component of global environmental change with direct implications on the Earth’s climate, ecology
and interactions between human society and physical factors, thus, it considered as one of the key
factors while studying the dynamics of LUCC [6,7]. On one hand, land use change is also recognized
as the most pervasive drivers of degradation and change of ecosystems which altered the earth’s
landscape and can have long-term implications to important ecosystem services [1,3,8]. Among the
various causes, the human activities are the key drivers to shape land for many years [9], while on
the other side the changing land use land cover results in a large economic improvement and human
well-being with the cost of ecosystem services provided by lands [10].

The Himalayan region is the sources of world’s major river systems including the Ganges,
Brahmaputra and Indus [11] as well a repository of biodiversity and ecosystem services [12]. The GRB
encompasses the headwaters of the major river systems which play an important role for drinking,
agriculture, tourism and other environmental services. There has been lots of changes on LULC
with many environmental and economic consequences. For example, the rapid population growth,
urbanization and urban migration in many Chinese cities have resulted the arable land transformation
to urban land with a large amount of natural land and losing ecosystem services values [13]. Similarly,
Nepal is also experiencing the emerging urbanization taking place to agricultural land, forest,
grassland, water bodies in recent decades while the large number of population (close to 66%) of
the total population engaged in agricultural sectors for their livelihood [14]. Between 1990 and 2013,
the agricultural land converted to urban area by 29.19 km2 in one of the main (Seti) watershed of
the GRB [15], while the urban area of the Pokhara sub-metropolitan city has increased from 6.33% to
51.42% in between 1977 to 2010 [16]. Historically, the LULC has been changing at different spatial and
temporal scales. Still, studies have not covered in the GRB with trans-boundary watershed level of
the Central Himalayas which needs to understand the LULC changing trend for managing the better
ecosystem services and policy formulation.

Ecosystem provides a various form of services through payment mechanism which contributes
surplus money to national income and supports to improve the local livelihoods [17–19]. The ecosystem
services provides several goods and services to human via ecosystem function [18,20,21]. These services
are directly or indirectly linked by human for life support from its process and functions [22]. However,
due to rapidly growing demands of the services, it has been degrading significantly during the recent
past compared to the long-term history, which resulted in a substantial and largely irreversible loss in
the natural diversity of life on Earth [23]. Due to changing landscape and management, the ecosystem
service values (ESV) has been decreased of USD 20.2 trillion/year from 1997 at the globally [18,24].
Similarly, in the Tibetan Plateau, the ESV has been declining by 9363.9 × 108 Yuan (Chinese currency)
annually which accounting for 17.68% in China and 0.61% of the global [25], which also affects the
ecosystem services to local livelihoods and community at the regional scales in recent time [26,27].
The decreasing ESV on the global scale to local scales are the major concerns to manage ecosystem
services. However, still, studies on ESV in GRB has not carried out. It has necessary to understand the
ESV that how land use land cover dynamics affecting to the overall ESV of an area.

Remote sensing (RS) analysis delivers a synoptic information of LULC at a particular time and
location [28]. The integrated GIS and RS application found to be effective tools in understanding the
rate of LULC change with time and space [29–31] and it can answer the various questions about LUCC
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and impact on humankind and the environment [32]. Since historical time, many studies were used
GIS and RS to detect LUCC at the different spatio-temporal scales. Some of them, the studies were
covered in the global scales at the different periods adopting various satellite images, resolution and
methods [33–37]. The previous studies also used GIS and RS methods to analyze the LUCC detection
at the different small scales of the GRB [15,16,38–41]. Still, studies regarding the LUCC and ESV in the
transboundary level have not covered to the GRB. Quite a few attempts have been made to assess the
impact of LUCC on the ecosystem service in some parts. However, such studies are very scanty in
the GRB. In this context, the present study aims to find the spatial and temporal analysis of LUCC
and assessing the ESV provided by different land cover types between 1990 and 2015 in the GRB,
Central Himalayas.

2. Materials and Methods

2.1. Study Area

The GRB is the trans-boundary river basin located between 25.6◦−29.4◦ N latitude and longitudes
82.8◦−85.82◦ E longitude covering the territory of China (Tibet), Nepal and India [42]. The river basin
is a sub-basin of Ganges mega-river basin where about 72% area lies in Nepal and rest around 28% in
India and the Tibet Autonomous Region (TAR) of China (Figure 1). The basin covers 44,770 km2 area
of the Central Himalaya. The main trans-boundary Trishuli River originates from Shigatse (TAR) then
it flows the central part of Nepal then confluence to the Ganges River in Patna (Bihar), India. The GRB
has seven main Himalayan tributaries namely: Trishuli, Budhi Gandaki, Daraudi, Marsyandi, Madi,
Seti and Kali Gandaki, also called Sapta Gandaki. The Kali Gandaki flows between the 8000 m in the
Dhaulagiri and Annapurna ranges which is the deepest Gorge in the world [43].
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The GRB covers different districts/county of the three countries. The basin partially covers
three counties (Gyirong, Nyalam and Saga) in Shigatse of the TAR in the northern part of the basin,
which accounts for 10% of the basin. The dominant part covers in Nepal by 19 districts (12 districts
are fully and seven districts are partial) of the different ecological regions (Mountain, Hill and Tarai).
Likewise, in the southern part (India), the basin covers nine districts; two districts from Uttar Pradesh
and seven districts from Bihar Pradesh. The GRB covers 18% area in India.

The GRB has large altitudinal gradient starting from 33 m above mean sea level (masl) in the
south to 8164 masl in the north. Within the area, the land cover types existed extremely heterogeneous,
as well as diverse climates and varied ecological conditions, which has been resulting in a high level of
biodiversity with diverse ecosystem services in the basin. The cropland and forest are most dominant
land cover in the mid and down-stream reaches of the basin. Most of the forested areas are under the
protected area such as Mt. Qomolangma, Chitwan, Langtang, Shivapuri national park, Annapurna,
Manaslu conservation area and Valmiki Tiger Reserve.

2.2. Data Sources

Due to low image quality, availability of satellite images and existing quality of reference dataset,
this study was chosen 1990 as earlier year. Based on previous studies, still studies on LUCC have
not analyzed the recent year in the GRB, thus, this study were chosen 2015 as recent year. This study
obtained maximum cloud-free (below 5%) Landsat 5-TM (Thematic Mapper) 1990 and Landsat 8-OLI
(Operational Land Imager) 2015 satellite images with 30 m spatial resolution downloaded from
a scientific data-sharing platform of the United States Geological Survey (USGS) earth explorer
(https://earthexplorer.usgs.gov/) geoportal. A total of 6 scenes of satellite images were retrieved in
November 2017 (Table 1). The land cover dataset of 1990 for Chinese and Indian part was extracted
by supervised classification methods and Nepalese part was collected from International Centre for
Integrated Mountain Development (ICIMOD) (http://rds.icimod.org). The land cover database of the
ICIMOD also based on Landsat 5-TM with 30 m spatial resolution. Besides, RS data and other auxiliary
spatial datasets were collected from the Survey Department, Government of Nepal and DIVA-GIS
(http://www.diva-gis.org) geoportal.

Table 1. Details of remotely sensed satellite images used in this study.

Satellite/Sensor Path/Row Spatial Resolution Image Date

Landsat 5-TM 1990

141/40

30 m

30 November 1991
141/42 3 March 1990
142/40 29 January 1991
142/41 16 April 1990

Landsat 8-OLI 2015

141/40

30 m

26 December 2015
141/41 1 January 2015
141/42 10 October 2015
142/40 1 December 2015
142/41 5 April 2015
143/40 22 November 2015

2.3. Image Processing and Extraction of LULC

The multi-spectral satellite images were first acquired and pre-processed in ENVI 5.3 and GIS 10.5
software. The pre-processing such as radiometric correction, dark object subtraction and atmospheric
correction was carried out by using ENVI 5.3. Figure 2 has presented the overall workflow for the study.

Supervised classification: Supervised classification is one of the techniques most frequently used
for quantitative analysis of RS data [44]. Maximum Likelihood Classification (MLC) is a well-known
and most widely used parametric classification algorithm [45–47]. In the study, the supervised
classification methods with MLC algorithm was used to produce land cover database (Figure 2).

https://earthexplorer.usgs.gov/
http://rds.icimod.org
http://www.diva-gis.org
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Spatially random samples were selected as the training points/ROI for supervised classification.
Due to well knowledge on landscape of the GRB, this study applied expert’s knowledge to generate
training samples/ROI and also consulted as references to the national land cover data (China,
Nepal and India) in case of confusions. The ROI/training samples were created in each satellite
images to extract the LULC classes existed in the GRB. Each image was classified using MLC
separately and mosaicked at the final stage. The land cover classification system was adopted from
existing classification systems (Table 2) of Food and Agricultural Organization and United Nations
Environment Programme Land Cover Classification System (LCCS) [48], land cover classification
system of Kaski [49], land cover mapping of Nepal for 1990 [50], land cover classification of Nepal
for 2010 [51], land cover mapping of the Koshi River Basin for 2010 [52] and land cover classification
of India [53].

Table 2. Land cover classification systems.

Land Cover Types Description

Cropland Wet and dry croplands, orchards

River/lake Rivers, lake, streams, pond

Forest Evergreen broad leaf forest, deciduous forest, scattered forest, low-density
sparse forest, Mixed forest and degraded forest

Built-up area Urban and rural settlements, commercial and industrial area, construction
areas, airport

Swamp/wetland Swamp land with a permanent mixture of water and marsh

Snow/glacier Perpetual/temporary snow-cover, perpetual ice/glacier lake

Barren land Bare rocks, cliffs, other permanently abandoned land

Bush/shrub Mix of trees (<5 m tall) and other natural covers

Grassland Dense coverage grass, moderate coverage grass and low coverage grass
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2.4. Accuracy Assessment

Accuracy assessment/ validation is the final and one of the most important steps of RS data
that establishes the information value of resulting data to the user [54]. Most commonly accepted
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stratified random points methods were adopted to validate the classification accuracy of land cover
data in Google Earth. The Google Earth provides cost-free high resolution of satellite images which are
very important references to validate the LULC classification [55]. The previous various studies were
used Google Earth images for image classification accuracy [51,52,56–58]. For the reference/sample
database, this study used Google Earth images and field verification data collection from different
places of the GRB. A total of 1093 and 1017 stratified random points (reference locations) were created
in the classified image for 1990 and 2015, respectively then verified with high-resolution Google Earth
images. The random samples/points per LULC class were assigned minimum 50 and maximum 200 m
distances apart. The small area of land cover types such as rivers and lakes and built-up areas were
selected by 57, 53 samples for the validation of classified data. For the large areas such as cropland,
and forests cover were selected by 223 and 211 respectively for the year 2015. The topographical
maps of Survey Department of the Government of Nepal during 1992–2001 were commonly used as
references to validate the 1990 land cover database in Nepal [59]. This study also used the topographical
maps as references to validate the 1990 land cover database.

Additionally, during the field study in May 2018, a total of 238 homogeneous land cover ground
truthing (samples) were collected by using Global Positioning System (GPS) and verified with classified
images of 2015. Each ground truth (location) was selected at approximately 100 × 100 m2 area of
regular of LULC types from the study area. The surrounding land class from the selected location also
recorded while surveying the field. In order to calculate the Kappa statistics, this study followed the
Equation (1) from previous studies [54,60]. Lastly, the accuracy of the classified images was computed
based on the calculation of the user’s, producer’s and overall accuracy.

K =
N ∑r

i=1 xij − ∑r
i=1(xi + x+i)

N2 − ∑r
i=1(xi+ ∗ x+i)

(1)

where; K = Kappa Coefficient, r = no. of rows and columns in error matrix, N = total no. of observations
(pixels), xii = observation in row i and column j, xi+ = marginal total of row i and x+1 = marginal total
of column i.

Land use transition matrix: In order to assess the quantitative changing pattern of the transition
of land use changes especially for landscape ecology and GIS studies, the land use transition matrix is
widely used [61]. Land use transition matrix refers the land use change into two stages for example
from 1990 and 2015 in this study. This study computed the transition matrix from the following
Equation (2) [62].

P =


P11 P11 · · · P1j
P21 P22 · · · P2j

...
...

...
...

Pi1 Pi2 · · · Pij

 (2)

where; Pij indicates the area in transition from landscape i to j. Each element in the transition matrix is
characterized assuming (1) Pij is no-negative and (2) ∑n

j=1 Pij = 1.

2.5. Assessment of the Ecosystem Service Values (ESV)

In order to estimate the ESV in the GRB, the present study followed the modified global ecosystem
service values developed by previous scholars [18,24,46]. To estimate the global ecosystem service
values, Costanza et al. (1997) have classified 17 ecosystem services for 16 biomes. Based on Costanza’s
global ESV, Xie et al. (2003) have estimated the ESV for per unit area of the different land types in
the Tibetan Plateau by using ecological assets value table with adjusted price value of the biomass,
which established as the ecosystem services value unit area of the Chinese terrestrial ecosystems.
Zhao et al. (2017) adopted the ESV of Xie et al. (2003) in Koshi River Basin (KRB) adjoining to the
eastern part of the GRB. Due to partial coverage in the Tibetan Plateau by GRB, this study also followed
Xie et al. (2003) to assess the ecosystem service valuation per hector of the terrestrial ecosystem in the
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GRB (Table 3). In addition, the similar topographic features, geological and climatic characteristics,
the same ESV coefficient is replicated in the GRB as applied in the KRB.

Table 3. Different land cover types and ESV (USD ha−1 y−1).

Land Cover Types
Costanza et al. (1997) Xie et al. (2003)

Equivalent Biome ESV Coefficient Equivalent Biome ESV Coefficient

Swamp/wetland Wetlands 14,785 Swamp 8939.26
Forest Forest 969 Woodland 2168.84

Shrub land - - Shrub land 1089.19
Grassland Grass/rangelands 232 Grassland 565.88
Cropland Cropland 92 Cropland 699.37

Barren land - - Barren land 59.83
River/lake Lakes/rivers 8498 River/lake 6552.97

Snow/glacier - - Snow/glacier 59.83
Built-up area Urban 0 Built up 0

To obtain the total ecosystem service value of each land use, it was obtained by multiplying the
area of each land types by the value coefficient Equation (3) [63].

ESV = ∑(Ak × VCk) (3)

where, ESV is the estimated ecosystem services value, Ak = area (ha), VCk = the value coefficient
(USD/ha/year) for the land use category “k”.

3. Results

3.1. LULC Classification Accuracy

The classification accuracy was computed by 85.16% by user’s and 87.90% by producer’s accuracy
in 2015. Similarly, in 1990, the user’s and producer’s accuracy were computed by 91.86% and
86.11, respectively. The overall accuracy was calculated by 86.63% in 2015. The Kappa statistics
are almost perfect rank (0.81–1.00) that computed by 0.845 and 0.854 for 1990 and 2015, respectively.
The classification accuracy of the each LULC has shown in Table 4. Due to similar characteristics of
river/lake and swamp/wetland and having small fractional area, this study evaluated in a single class
by water body.

3.2. Status and Spatial Distribution of LULC

The results revealed the important changes of LULC over the 25 years study periods. This basin
has categorized into nine land use land cover classes. Predominantly the cropland is distributed in
the mid and down-streams reaches of the basin which accounted for 29.03% and 69.11%, respectively
in 2015. Only a few patches of croplands have distributed in the up-stream reaches, particularly in
the north-eastern and north-western part of the study area. Similarly, in the mid and down-stream
reaches; forest and croplands are the most dominant land cover of the basin. Spatially, the forest covers
33.22% which is mostly distributed in the mid-stream to down-stream of the basin. Obviously, the high
mountains are roofed by snow/glacier (7.27%) and barren land (13.75%), which is mostly distributed
in the northern part of the basin. Primarily, snow cover, grassland and barren land are dominant land
cover in the up-stream reaches. Though, the swamp/wetland is the smallest area of about 0.41% of the
total basin, which particularly located in the southern part, that is, near to the Ganges River and lower
elevation of the basin. The built-up areas have mostly increased in the central, eastern and southern
parts of the basin which covered 0.59% of the basin in 2015 (Figure 3).
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Table 4. Confusion matrix and LULC accuracy of the study in 2015.

LULC Types Cropland Water Body Forest Built-Up Area Snow/Glacier Barren Land Bush/Shrub Grassland Total User’s Accuracy Producer’s Accuracy

Cropland 206 2 8 1 0 4 1 1 223 92.38 85.12
Water body 4 47 1 0 0 4 1 0 57 82.46 90.38

Forest 18 0 187 0 0 1 1 4 211 88.63 92.57
Built-up area 7 3 0 43 0 0 0 0 53 81.13 97.73
Snow/glacier 0 0 0 0 98 3 0 7 108 90.74 70.00
Barren land 2 0 0 0 16 105 0 0 123 85.37 82.68
Bush/shrub 4 0 6 0 6 8 112 0 136 82.35 97.39
Grassland 1 0 0 0 20 2 0 83 106 78.30 87.37

Total 242 52 202 44 140 127 115 95 1017
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3.2.1. Spatio-Temporal Changing Pattern of LULC from 1990 to 2015

Based on ecological zones of Nepal, including Mountain, Hill and Tarai, this study has divided
into 3 reaches (up-stream, mid-stream and down-stream) of the basin. The changing patterns of LULC
is distinctly observed in all the reaches from 1990 to 2015 (Figure 4). The status of forest has a bit
improved in recent years in the mid-stream reaches of the GRB. During the last 25 years, the cropland
has increased from 0.94% to 2.04% in the up-stream reaches. Similarly, the cropland has increased
from 27.24% to 29.3% over the same periods in the mid-stream region. Only a small area decreased in
cropland (70.11% to 69.11%) in the down-stream reaches. Though, the built-up area has increased in
all the reaches. The areas have increased from 0.01% to 0.05%, 0.16% to 0.56% and 0.42% to 1.17% in
the up, mid and down-stream reaches, respectively during the 25 years.
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Figure 4. Changing trend of LULC between 1990 and 2015 at the different reaches in the GRB.

3.2.2. Key Changes in Different LULC between 1990 and 2015

Cropland: From the study, it was found that cropland is the predominant land type of the basin.
The area under cropland has increased from 31.78% to 32.67% between 1990 and 2015 (Table 5). Mostly,
the conversion of forest land into cropland was observed with the minute amount from other land use
types (Table 6).

Forest cover: During the past 25 years, the forest cover has increased in the GRB. The area under forest
cover was 32.47% (14,537.80 km2) in 1990, whereas, it has increased to 33.22% (14,873.59 km2) in the
basin (Table 5). The increased forest cover converted from chiefly cropland land and small patches
from other different land cover types over the years.

Built-up area: Unlike to the other land use types, the areas under built-up has been increasing trend
over the basin. The built-up areas have gained more than 300% during the periods of 1990 to 2015.
However, the distribution and increasing trend is not uniform across the basin. The built-up areas
have encroached mainly to cropland and forest areas (Table 6). The urbanization has dramatically
increased in Pokhara, Narayanghat and Hetauda cities of Nepal and near to Patna city, India (Figure 5).
Overall, the results revealed that the built-up area has increased from 84.71 km2 (0.19%) to 263.71 km2

(0.59%) in the GRB.

Snow/glacier cover: The study has revealed that the snow/glacier cover have contracted from 9.55%
to 7.27% (4273.66 km2 to 3253.22 km2) between 1990 and 2015. The decreased areas resulted to other
types of land cover such as barren land and other form of small land cover patches.
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Grassland and bush/shrub land: Grassland has shrunk from 4755.29 km2 to 3253.22 km2 (10.62% to
7.62%) during the study period. In the meantime, the bush/shrub land has expanded by 297.74 km2

(2.68% to 3.35%) over the study area between 1990 and 2015.

River/lake, swamp/wetland and barren land: Mostly the rivers and small streams are originated from
the higher Himalayan region. The river/lake and swamp/wetlands have been increasing trend which
increased from 0.99% to 1.22% and 0.19% to 0.59%, respectively between 1990 and 2015. Likewise,
the barren land also has increased notably from 11.52% to 13.66% over the same time span.

Table 5. LULC status and changes between 1990 and 2015.

Land Cover Types
Land Cover Area (km2) Change in Area (km2)

1990 % 2015 %

Cropland 14,229.80 31.78 14,628.78 32.67 398.98
Forest 14,537.80 32.47 14,873.59 33.22 335.79

River/lake 444.55 0.99 545.41 1.22 100.86
Built-up area 84.71 0.19 263.71 0.59 179.00

Swamp/wetland 85.88 0.19 185.12 0.41 99.24
Snow/glacier 4273.66 9.55 3253.22 7.27 −1020.44
Barren land 5159.22 11.52 6113.83 13.66 954.61
Shrub land 1199.98 2.68 1497.72 3.35 297.74
Grassland 4755.29 10.62 3409.31 7.62 −1345.98

Table 6. Transition matrix of different LULC types in the GRB during 1990–2015 (area km2).

1990
2015

1 2 3 4 5 6 7 8 9

1 11,599.52 262.96 1904.26 190.54 148.88 1.55 113.76 6.67 16.27
2 187.74 154.04 45.36 2.02 1.64 1.61 45.15 2.95 3.27
3 1969.50 28.21 12,058.87 8.07 2.15 6.01 109.73 275.65 81.78
4 25.72 0.93 2.26 55.42 0.34 0.00 0.10 0.00 0.03
5 38.56 3.14 5.47 0.47 32.11 0.00 0.00 0.00 1.28
6 2.04 2.90 74.86 0.00 0.00 2581.92 1141.92 126.68 362.78
7 285.50 72.61 70.22 3.05 0.00 187.48 3234.99 263.90 1008.22
8 128.57 3.27 220.66 0.33 0.00 14.01 214.05 196.48 421.03
9 391.62 17.30 491.62 3.80 0.00 460.64 1254.11 625.37 1514.64

1—Cropland, 2—River/lake, 3—Forest, 4—Built-up area, 5—Swamp/wetland, 6—Snow/glacier, 7—Barren land,
8—Bush/shrub land, 9—Grassland.
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3.3. Assessing the Ecosystem Service Values

Based on ecosystem services, modified by Xie et al. (2003) (Table 3), this study has followed
and estimated the ESV between 1990 and 2015 in the GRB (Table 7). From the estimation of total
ESV, it was found by 50.16 × 108 USD y−1 in 1990 in the GRB. Among the values of different LULC
types, per unit area values of ecosystem services, forest, cropland, river/lake and grassland comprised
of the highest as compared to the other land cover types in 1990. The ESV of forest was estimated
by 31.53 × 108 USD y−1; cropland, 9.95 × 108 USD y−1; grassland, 3.12 × 108 USD y−1; river/lake,
2.91 × 108 USD y−1, respectively in 1990. These high values of the four land types accounted for
94.74% of the whole river basin. The highest coefficient value carries for swamp/wetland areas among
the land cover classes are mostly observed in the down-stream reaches.

Table 7. ESV of the different land cover types between 1990 and 2015.

Land Cover Types
Value (108 USD/ha−1y−1) Change Value

1990 2015 1990–2015

Cropland 9.95 10.23 0.28
River/lake 2.91 3.57 0.66

Forest 31.53 32.26 0.73
Swamp/wetland 0.77 1.65 0.89

Snow/glacier 0.26 0.19 −0.06
Barren land 0.31 0.37 0.06
Shrub land 1.31 1.63 0.32
Grassland 3.12 1.93 −1.19

Total 50.16 51.84 1.68

Overall, the ESV has increased from 50.16 × 108 USD y−1 to 51.84 × 108 USD y−1 between 1990
and 2015 (Table 7, Figure 6). The areas increased in cropland, forest, water bodies, swamp/wetland,
barren land are the main contributing factors in overall increased of ESV in the GRB (Table 7). However,
at the same time, the values of the snow/glacier and grassland have decreased over the basin. The ESV
of snow/glacier and grassland was 0.26 × 108 USD y−1 and 3.12 × 108 USD y−1, respectively in
1990, while the values of snow/glacier and grassland have decreased into 0.19 × 108 USD y−1,
1.93 × 108 USD y−1, respectively in 2015.
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4. Discussion

4.1. Spatio-Temporal Dynamics of LULC

Historically, the cropland has shown increasing trend over the three countries (China, Nepal and
India). During the past 300 years (1700–2010), China experienced the highest increased in cropland.
Due to population growth, the cropland was increased in the cost of forest land before 1980s, however,
after 1980s land use dynamics exhibited by agricultural intensification and rapid industrialization in
the country [64,65]. In Nepal, about two-thirds of the total population rely on agriculture for their
livelihoods and subsistence [66]. Over the recent past 50 years, the cropland has increased by 13%
over the country [67]. A similar pattern was also observed in India. The increasing population has
been driving the increase in the agricultural land across the country. During 1880–2010, the cropland
has increased from 92 million to 140.1 million hectors. Simultaneously, the population also increased
from 200 million to 1200 million over the country at the same time span [68]. As a result, the number
of emerging cities and megacities have increased from 5161 to 7935 in 2011 across the country [69].
However, the LUCC are different according to spatio-temporal scales in the different reaches of
the GRB.

4.1.1. LUCC in the Up-Stream Reaches

The snow/glacier cover is sensitive to climate change that plays a fundamental role for the
characterization of the land cover composition of an area [52]. The climate change and human activities
have been playing a crucial role to change on snow/glacier cover. The increasing temperature has
been resulting to the permafrost and snow melting over the Tibetan region in the recent years [70].
Importantly, temperature fluctuation is the vital role on glacier changes in the Mt. Qomolangma
(Everest) National Nature Preserve (QNNP) region. The wetland area increased after the establishment
of reserve area in the Mt. QNNP. The glacier has decreased by 501.91 km2 with the annual mean
reduction rate of 16.73 km2, while the glacier lake increased by 36.88 km2 over the area [71], especially
the glacier lakes expanded by approximately 14.1% from 1990 to 2015 in the southern slopes of the
Central Himalayas [11]. The object-based image classification and geographical information have
found that during 1976 to 2006, the wetland expanded by 94.5 km2 (5.60%) over the QNNP [72].
In the case of snow/glacier changes, the findings of the present study are good agreement with Nie
and Li (2011) that the decreasing trend of snow/glacier cover also observed in the GRB during the
period of 1990 to 2015.

Historically, the snow/glacier cover has been decreasing trend in Nepal Himalayas. The average
annual mean temperature has increased by 0.12 ◦C/year and 0.09 ◦C/year in the Langtang and
Imja region. As a result, the glacier cover decreased by 24% over the country between 1977 and
2010 [73]. Similarly, Langtang and Khumbu Trans-Himalaya region also experienced the decrease
in snow/glacier cover. Between 1976 and 2000, the snow/glacier cover has decreased by 89.6 km2

and 42.32 km2, respectively in the region [74]. However, over a small area (Lamjung district) of the
basin, the snow cover has increased by 2% during 1976–2010 [75]. This only an exceptional result
could be due to adopted the cloud cover by 25.98% of the satellite images and spatially at small area.
In addition, the classification accuracy also not very high (overall accuracy by 80.47%). Most of the
studies were used the cloud cover less than 5%. The current studies also used less than 5% cloud cover
in the satellite images.

The human activities encroaching the grassland across the Tibetan Plateau over the past
50 years [70]. Moreover, other several triggering factors such as altitudinal gradient, climate
change effects, slopes and aspects are the major causes of vegetation changes in the Mt. QNNP.
The anthropogenic activities near to gentle slopes, water bodies, roads also have found a significant
impact on grassland contraction in the Tibetan Plateau. Due to these various causes, the vegetation
cover degraded dramatically by 5.04% during 1981–2001 in the Mt. QNNP [76]. Likewise,
in the trans-Himalaya region of Nepal also have decreasing trend of rangeland/pastureland due
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to human activities, fragile ecology and scattered rainfall [77–79]. Consistent with previous studies,
the present study also found decreasing trend of grassland over the last 25 years in the GRB.

4.1.2. LUCC in the Mid-Stream Reaches

The mid-stream reaches experienced the increase in cropland areas. A historical study has found
that the agricultural land was increased by 1693 ha in between 1957 to 1988 in upper Pokhara valley.
The forest cover had mostly converted to rice fields during this period [80]. In addition, the barren
land and open forest were also converted to agricultural land and settlement area by 1.24%, 9.17%,
respectively at Begnas and Rupa lake watersheds in between 1988 to 1999 [81]. However, in the upper
Pokhara valley, the increasing agricultural land was converted from shrub land, pasture and forest from
1950 to 1990 [82–84]. Population growth, human migration to urban areas and intensive agricultural
farming systems are the main drivers of the agricultural land change across the basin [16,85,86].
Due to introduce of cash crops farming, the agriculture land has increased significantly in Lamjung
district. The agricultural land increased from 18.10% to 32.50% in between 1976 to 1999 in the
district [75]. During 1976 to 2003, cultivated land increased dramatically by 82% at the Pokhare Khola
watershed, a sub-catchment of the Trishuli River. The establishment of irrigation canals in 1995 and
increase of human and livestock population at this watershed were the key triggering factors to increase
the cultivated areas at the watershed [82]. This current study also supports to the aforementioned
studies that in the mid-stream reaches also increased the cropland during the 25 years. The long-term
plan and policies (Pesticides Act 1991, Agriculture Perspective Plan 1995/96, Land Use Policy 2012)
and development of infrastructures over the country are the major fundamentals of the increasing
trend of cropland over the country after 1990s [87–89].

The historical forest cover change study from 1930 to 2014 has found that forest cover decreased at
the high rate during 1930–1975 at the annual rate of 760 km2. After 1975, the annual forest degradation
rate has been controlled by 212 km2, 57 km2, 38 km2, 4 km2 in between 1975–1985, 1985–1995, 1995–2005
and 2005–2014, respectively [90]. The current study observed the forest cover increasing trend between
1990 and 2015 in the GRB. The various causes could be the causing factors for the increasing trend of the
forest cover. The improvement of forest cover has been driven by different factors such as forest acts,
started of community forest and establishment of protected areas in Nepal [91–94]. The introducing of
Community Forest (1970s) and Forest Act (1993) and Forest Regulation (1995) also the fundamentals
to improve forest cover over the country [92]. The community-based forest management practices
have resulted in dense forest expansion by 82.3% during 1975–2015 at Phewa lake watershed [57].
The previous studies have analyzed that around 1% of forest cover increased annually as well increased
watershed quality after the 1990s in the Phewa lake watershed [91,95,96].

The urbanization has been increasing trend across the GRB since historical time periods.
The previous studies based on different satellite image analysis, secondary data sources and the field
studies also have concluded the expanding of urban area in the large cities and adjacent sub-urban
areas [38,80,97]. In Pokhara city (second biggest city of Nepal), the urban area has been increased from
20.8% to 51.42% during the last two decades (1990–2010) [16]. The population growth also recorded
the highest at the rate of 5.6% in the city while the overall country had only 2.25% in 2001. Due to
increasing population, the urbanization has resulted from 24.62 ha to 416.35 ha during 1978–2001 in
the city. A study has revealed that the urbanization process largely encroached to the large open spaces
of the city [40]. Similarly, a study based on satellite image analysis has found that the built-up area
has increased more than two folds (from 24.03 to 54.20 km2) in Pokhara Valley from 1990 to 2013 [15].
The status of the city also upgraded from sub-metropolitan city to metropolitan city in 2016 as well
Government of Nepal has declared the capital of Gandaki Province in 2017. This present study also
observed the built-up area expanded more than threefold during 1990 to 2015 in the GRB. The similar
pattern of the results could be due to rapid spatial and temporal changes of LULC in the basin with
increasing anthropogenic activities. River/lake and swamp/wetlands have been increasing trend in
the basin. A historical study on LUCC has found that the water bodies was increasing trend in the
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Phewa lake watershed during 1975–2015 [57]. Likewise, the barren land also increasing trend over
the study period. Snow/glacier melting could be the causes of increasing area of barren land over the
study area.

4.1.3. LUCC in the Down-Stream Reaches

The down-stream reaches have been experiencing increase extent on forest cover since historical
time periods. During 1990 to 2015, the forest cover observed increasing trend in the down-stream
reaches. The almost forest covers in the down-stream reaches are under the protected areas such
Chitwan, Parsa national park and buffer zones and Valmiki tiger reserve. The establishment of
community forest and minimized on illegal felling of trees, the forest cover has increased by 0.44% per
year during 1991–2013 in Barandabhar forest corridor, Chitwan district [94]. Baidhya et al. (2009) also
studied the land use changes at the buffer zone of Chitwan national park with using of topographic
maps, Land Resources Mapping Project (LRMP) data and Landsat images. Study were revealed that the
dominant forest cover was expanded by 45.33% during the 1978–1999. However, a study has revealed
that forest cover has decreased by 32% and 22% in two small watershed Shakti and Kair of Chitwan
district during 1978 to 1992 [98]. The degraded forest could be due to development of East-West
Highway, development process and eradication of Malaria in the Tarai region of Nepal [99,100].
However, the others previous studies were not found the decreasing forest trend in this region.
The spatial and temporal scale, adopted aerial photos, manually digitization, and coarse resolution
adopted from historical studies could be the opposing results to the GRB.

The urbanization and rapid industrialization process have been encroaching to agricultural land
day by day in many urban areas of Tarai region (Nepal) and Bihar Pradesh (India). During 2003 to 2013,
the agricultural land has decreased by 5.83% over the Bihar Pradesh [101]. However, a study based
on GIS analysis has resulted that the agricultural land was increased at the cost of forest and grazing
land at the Khageri watershed, Chitwan. This study was showed that agricultural land increased more
than two times (10.10% to 28.96%) during 1978–1999 at the watershed [102]. This contradicts result
could be due to adopted data sources, study area and temporal coverage. Dhakal (2014) was used
LRMP (1978/79) at the scale 1:50,000 and Topographic map (1994/96) at the scale 1:25,000, while this
current study used 30 m resolution of Landsat images with more than 80% of the overall accuracy of
the classified images. In addition, the spatial coverage of the two study is vast differences that Khageri
watershed covers only 148.65 km2 while GRB covers 44,770 km2 area of the Central Himalaya.

Built-up areas have been increasing trend over the down-stream reaches. The large cities/towns
of the reaches such as Bharatpur, Chapra, Hajipur are increasing over the study periods in the GRB.
The analysis of GIS and RS have resulted in urbanization being increased by 320% from 1989 to 2016 in
Tarai region of Nepal [56]. This high rate of urbanization could be due to spatial coverage of the study
area. Rimal et al. (2018) covered the whole Tarai region of Nepal which has already high urbanized
cities than the down-stream reaches of the GRB. Similarly, a study based on supervised MLC analysis
has also found that the built-up area increased from 2.49% to 7.76% during the past 22 years (1988–2010)
in the Muzaffarpur, Bihar, India [103]. This current study also supports and the similar trend to the
previous studies.

4.2. Valuation of Ecosystem Services in the GRB

Costanza et al. (1997) have provided the global ecosystem valuation which followed by many
scientific studies since valuated the global ecosystem services. Their study was challenged on
theoretical and empirical grounds. However, the study stand for the most comprehensive set of
valuation coefficients [104]. Costanza et al. (1997) was estimated the total global benefits of $33
trillion per year that accounts close to 83% world’s gross production. The study was valuated the
ecosystem services by multiplying the level of each environmental service of the marginal value
of the services [105]. The changes on ESV are determines by the presence of human, social and
built capital [24], socio-economic factors, similar ecosystem complexity and changes in land use
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policy [106,107]. According to Costanza et al. (2014), the ESV is decreasing at the globally with the
amount of 4.3–20.2 × 1012 USD per year during 1997–2011. However, the changing rate of each land
cover is not implemented to all the country and region. The annual ESV from forest cover carry
969 USD/ha/year at the globally [24]. Though, Xie et al. (2003) have estimated 2168.84 USD ha/year.
The difference could be due to variances the global level land cover data 1 × 1◦ by Costanza et al. (2014)
and 30 × 30 m resolution by Xie et al. (2003). A study has revealed that the spatial scales and resolution
of the satellite images influences to the ESV. The finer resolution gives the more reliable results than the
coarse resolution [108]. All land cover types are also not included by Costanza et al. (2014) in his study
which mentioned in Table 3. For example, the shrub land and snow/glacier did not estimate per year
ESV at the global level which could be one of the most important aspects for the ecosystem, climate
change and biodiversity. Xie et al. (2003) have developed an equivalent factor table for per unit area of
ecosystem value by providing different nine categories of ecosystem service functions in the Tibetan
Plateau, China [62,109]. The coefficient value has been used in various places in China and others.
Zhao et al. (2017) also adopted Xie et al. (2003) coefficient values in the KRB. The GRB also covers in the
Tibetan Plateau as well the topography also continues to the KRB. Moreover, the land cover categories
and altitudinal gradient, ecosystem services almost same to the KRB. Zhao et al. (2017) classified nine
land classes as the same classes to the GRB. Therefore, this study followed the Costanza’s modified
Xie’s evaluation methods in the GRB. Following the classification of Zhao et al. (2017), the present study
also classified into nine classes of LULC in the GRB. This study has estimated of the ESV provided by
the different land covers types. Though, the ESV for urban ecosystem services was not estimated in
the study due to lack of coefficient values from previous studies. A high resolution of satellite images
is needed to improve the estimation of ESV delivered by the different land cover types.

4.3. LULC Dynamics and Its Impact on Ecosystem Service Values

The LULC dynamics crucially influence on the ecosystem and thus, eventually on the local
livelihoods of an area [26,110]. The decline of alpine grassland in the Tibetan Plateau has a significant
impact on grassland ecosystem services [111]. Due to grassland degradation, the economic
loss associated with the decline of biomass was estimated by $198/ha in 2008 [112]. Though,
the improvement in forest cover plays the most crucial role for ecosystem services and habitat quality
of a watershed [113]. Due to increased forest and grassland in the Qinghai Lake region, the ESV were
increased from 694.50 billion Yuan to 714.28 billion Yuan during 1990 to 2000. The improvement of
forest cover is the fundamental role on ecosystem and environmental conservation over the region [114].
However, the decreased in woodland and water body, the total ESV in Shenzhen, China decrease
of 231.3 million Yuan from 1996 to 2004 [115]. The dramatic urbanization process shrank to arable
land that caused the reducing the total ESV by 123 million Yuan during the past 22 years in Huaibei,
China [62]. Due to the rapid changes of agriculture in the Sanjian plain in China, ecosystem services
are arising in this area. The cropland conversion into forest, wetland and grassland have decreased in
ESV from 169.88 × 108 to 120.00 × 108 Yuan during 1980–2000 [116]. The dramatic land contraction
happened significant loss of ESV in this plain [117]. Thus, the decreasing of ESV indicates the
degradation of ecological condition of an area [118]. In the GRB, the land cover change has played
the positive role to increase in the ESV. Overall, the ESV of the basin has indicated that the services
have actually improved as compared to 1990. These declined ESV from snow/glacier and grassland
were transformed to other ecosystem services such largest area in barren land, grassland and bushland.
The ecosystem services delivered from swamp/wetland showed greatly increased of ESV during the
25 years. During the study periods, the ESV from swamp/wetlands increased more than two-fold in
the study area. The ESV of these land cover was transformed primarily from cropland, river/lake and
forest cover in the GRB.

The human-induced ecosystem is economically profitable and society also benefited but it is
not the sustainable way in terms of ESV. For example, the process of urbanization encroaches the
surrounding either agricultural land, forest or grassland and also generates incomes sources from
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tourism activities but the overall ESV is losing by the short-term profits [119] and resulting in decreased
in regional ecosystem services [120]. However, in India, the urbanization process reduced the pressure
on the forest. Due to gradually transforming from fuelwood to liquefied system, the forest demand has
declined from 22% household in 2005 [121]. Even though, the urbanization challenging including native
habitats, protected area [69]. The various studies have concluded that the contraction of agriculture
land to abandoned land are subjected to destroy the different ecosystem services by different possible
geomorphic hazards and food insecurity in the mountain area [41,122]. Overall the increase of ESV of
the current study has indicated the improving status of watershed quality in the GRB

4.4. Future Perspective of LULC in the Trans-Boundary Level

Around 50% of the earth’s land surface area is encompassed by share river and lake basins and
providing the resources on Earth [123]. In various ways, people and wild species taking advantages
from the natural resources. The GRB which shares three Himalayan countries are very rich in natural
resources and ecosystem services. The snow/glaciers are the major water tower for South Asian
countries. Moreover, the water resources changes are the indicators of climate change that directly
effects; especially in down-stream reaches [121]. Due to human activities encroaching to natural
resources, the overall ecosystems have been degrading over the world. The study on LULC dynamics
provides a clear micro-picture of changing earth surface with space and time. The trans-boundary
LULC study and database can be used to the ecosystem, biodiversity, resource management and future
plan in the areas. The collaborative works on different sectors in the cross countries could be the key
fundamentals for balancing the natural resources and profit sharing in the up, mid and down streams
reaches for the betterment for concern stockholders.

The ecosystem services from natural resources in the mountain region benefit not only the local
communities but also living in the downstream areas such as agriculture, urban population, tourism,
business, national and the international communities [124]. The highly increasing urbanization
encroaching the land cover significantly at the global level. The existing many studies on ecosystem
services have suggested to implement the proper policies in national park, conservation area, buffer
zone and watershed areas for balancing the ecosystems and their services and proper profit sharing.
Due to rapid conversion of cropland to urban areas, the studies suggested that the policy should
address to control the encroachment of urban areas on cropland, grassland and woodland [125]. Due to
lack of proper policy and institutional mechanism within the country, the services are not going proper
sustainable way [17,126–130]. Therefore, the joint institutional trans-boundary watershed management
system could be milestone for sustainable ecosystem services and natural resources management to
the trans-boundary watershed level.

5. Conclusions

The study has analyzed the LUCC and impact on ESV in the trans-boundary of GRB during
the last 25 years; from 1990−2015. The results revealed that the LULC dynamics at spatio-temporal
scale has been most notable changes. There was an increasing trend of cropland, forest, built-up area,
river/lake, wetland/swamp and barren land. The cropland and forest cover slightly increased, though,
the built-up area increased significantly across the basin, including Pokhara, Bharatpur and Hetauda
city from the mid and down-stream reaches. This indicates the rapid urbanization trend in the mid and
down-stream reaches of the GRB. However, the snow/glacier and grassland decreased over the basin.
The LULC dynamics change the ESV, due to positive changes in dominant land cover, the overall ESV
has increased from 50.16 × 108 USD y−1 to 51.84 × 108 USD y−1 over the study periods. Among the
land classes, the forest cover performed the highest value of ESV in both years by 31.53 × 108 USD y−1

and 32.26 × 108 USD y−1. The improving ecosystem services delivered from different land cover
types showed the better ecosystem services in the GRB. The nexus between LULC dynamics and ESV
showed that LUCC is key the determinants of the changes on ESV provided by the different LULC
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types. It needs to further examine by using high resolution of satellite images for better estimation of
ESV for landscape planning, ecosystem management and sustainability in the Central Himalayas.
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