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Abstract Restoring degraded forest is essential if
we are to reduce human pressure on natural ecosys-
tems and their biodiversity. Forests were nationalized
in 1957 in Nepal and as a consequence, forest cover
declined from 45% in 1964 to just 29% in 1994. How-
ever, as its response, sectoral plans and policies, par-
ticularly introduction of community-based forest man-
agement programs since the 1980s and conservation
activities resulted in large scale forest cover restoration.
Here, we examined the forest cover change in the Gan-
daki River Basin (GRB), the catchment with the larg-
est altitudinal variation (ranging from+93 to 8167 m)
and environmental and ecological significance. To
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see how forests have changed since then, we analyzed
snapshots of spatiotemporal, ecological and physi-
ographic changes in forest cover, and forest type at
decadal intervals from 1996 to 2016 using Landsat
5 and 8 satellite images. We observed an overall gain
in forest cover of 207 km?2, from 7571 km? (34.4% of
the total area) in 1996 to 7778 km? (35.3%) in 2016.
Of the 21 forest cover types identified, the greatest
forest coverage during 2016 was of Schima-Castan-
opsis forest (25.9%) and hill sal forests (16.4%). In
terms of physiographic zones, land below 500 m
(Tarai) where most people live, witnessed gradual
declines in forest cover, in contrast to large increases
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in forests above 500 m. Historical examination of for-
est cover at ecological and physiographic scales helps
to identify the elevation-wise distribution of forest
resources, vegetation composition, ecosystem charac-
teristics, anthropogenic pressure upon vegetation, and
hence the overall influence of LULC upon the environ-
ment. These outputs will assist planners, policy makers,
and researchers in their formulation of effective basin
wide plans and policies to ensure the protection of basin
level biodiversity and ecosystem function.

Keywords Forest cover change - Forest
management and restoration - Physiography -
Gandaki River Basin - Nepal

Introduction

Forests cover change has a pivotal role in global eco-
system services and environmental sustainability
(Mori et al., 2017). Improved forest cover ensures the
supply of terrestrial ecosystem services: provisioning,
regulating, cultural and supportive services (Alfonso
et al., 2017) as it delivers goods and services, seques-
ters carbon, improves habitat quality, and natural
environment at local to global level (Paudyal et al.,
2017a; Rijal et al., 2021). Meanwhile, it helps to
mitigate the adverse impacts of climate change,
while aiding the conservation of biodiversity with
ensuring socioeconomic benefits and ecosystem ser-
vices including food security (Borrelli et al., 2020).
In sharp contrast, deforestation or forest degradation
results in direct adverse effects, ranging from the sup-
ply of native food, fuel-wood, construction materials,
loss of biodiversity as well as other indirect impacts
such as the depletion of water resources and increased
carbon emissions (Giam, 2017).

Change in forest cover is largely associated with
several anthropogenic and natural factors (Sharma
et al., 2020). Anthropogenic determinants of for-
est cover change include agriculturral land expansion
(Solomon et al., 2018), urbanization (Browder, 2002;
Nguyen et al., 2020), population pressure (Cueva
Ortiz et al., 2019) deforestation, forest degradation,
over grazing and forest fires (Chaudhary et al., 2016;
Cueva Ortiz et al., 2019), mining (Tsai et al., 2019),
government policies (Li et al., 2013) and natural fac-
tors including natural regeneration, landslides, soil ero-
sion and flood events (Rickli & Graf, 2009) and other
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natural disaster (Rifat & Liu, 2020). Such factors have
contributed to global forest cover decline in the recent
decades: forests occupied 31.6% of Earth’s terrestrial
surface in 1990 which declining to 30.6% area by 2015
(FAO, 2018).

Regeneration and reforestation programs have
become a top priority globally to help maintain a
sustainable environment (Lof et al., 2019). The UN
Environment’s sixth Global Outlook lists 17 Sus-
tainable Development Goals (SDG) which were
developed to help sustain the planet (Flinzberger
et al., 2020; Menton et al., 2020) with the 15th
Goal including the sustainable management of for-
est resources (UN, 2015). Similarly, Forest Land-
scape Restoration (FLR) is widely recognized as a
key goal of a range of programs including the Bonn
Challenge 2011 (www.bonnchallenge.org), New
York Declaration 2014 (Dave et al., 2018), REDD
program (reducing emissions from deforestation and
forest degradation), land degradation-neutral world
(LDN), and UN decade 2021-2031 for ecosystem
restoration (UN, 2019).

Despite an overall global decline in forest cover,
Asia is witnessing a gradual increase in the recent
decades. Regional forest increase was the high-
est for Asia (+ 1.2 million ha) compared to Africa
(—3.9 million ha), Europe (+0.3 million ha), North
America (—=0.1 million ha), South America (2.6
million ha), and Australia (4 0.4 million ha) between
2010-2020 (FAO, 2020). Forest cover increase in
Asia is an outcome of the collective efforts to con-
serve forest through various national plans and
programs such as LDN and Bonn Challenge com-
mitments upon where India, for example aims to
restore 13 million ha of degraded land by 2020
and an additional 8 million ha by 2030 (Borah
et al., 2018). Additionally,the reforestation initiatives
of South Korea, Vietnam, and China (Choi et al.,
2019); landscape restoration program of Indonesia
(Van Oosten et al., 2014); Grain to Green Program
(GTGP) launched in China (Feng et al., 2013); and
the community forest management program in Nepal
(Agrawal & Chhatre, 2006) have contributed consid-
erably in forest restoration.

Historically, Nepal’s forest were managed
under- a state owned centralized system until
the 1970s. However, the approach failed to sustainably
manage forest resources (Wakiyama, 2004) result-
ing in widespread deforestation (Khatri et al., 2018).
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Forests occupied 45% of total land cover in 1964
(MoPE, 2001) declining to 38% by 1978/1979 (Land
Resources Mapping Project (LRMP)), 35.9% by 1984
(National Remote Sensing Center (NRSC)), and to
29% by 1994 (National Forest Inventory (NFI)) and
40.36 % in 2015 (DFRS, 2015). Hence, the govern-
ment changed its forest policy (Agrawal & Chhatre,
2006) by introducing a community-based forest man-
agement program in the 1980s. Forest Act, 1993
(HMGN, 1993) and the Forest Regulation Act, 1995
(HMGN, 1995) were the legal documents to legitimize
it. Since 1993, Nepal has gradually handed over por-
tions of national forest to local communities (Paudel
et al., 2018) and community-based forest manage-
ment plans have been successfully restoring the forest
resource. Deforestation rate, which was 1.31% dur-
ing 1930-1975 under the centralized management
approach decreased to 0.01% during 20052014, under
community-based management (Reddy et al., 2018).
Forest cover in Nepal plays an important role in miti-
gating the adverse impacts of climate change and offer-
ing diversified livelihood options (Bhattarai & Conway,
2021a). Combined the aforementioned strategies and
plans have been remarkably successful in preserving
and growing forest resources in recent decades with
forest degradation rate dropping and a gradual regener-
ation being observed. Community forestry has proved
successful particularly in the mid-hills (Baral et al.,
2018b; Niraula et al., 2013; Tripathi et al., 2020) due to
the collective conservation practices (Bhattarai & Con-
way, 2021a). However, in the case of Tarai, (the fer-
tile lowland plains in the south), forest cover is under
extreme pressure due to population concentration and
urbanization (Rijal et al., 2020), illegal logging and
smuggling of high valued timber and weaker manage-
ment of community forest (Gautam et al., 2004). In the
Tarai region of Nepal, the population was 8.62 million
in 1991 (accounting 46.7% of the national population)
increased to 13.31 million ( 50.3% of national popu-
lation) by 2011 (CBS, 2014). Meanwhile, the urban
area which was 71.36 km? during 1989 expanded
within 327.26 km? by 2016 and expansion has mainly
occurred in the outskirts of major city centers and adja-
cent to major road networks in western tarai of Nepal
(Rimal et al., 2020a). In addition to these factors, shift-
ing cultivation, overgrazing, poaching and rampant
excavation of sand and gravel and subsequent soil
erosion and landslide events have massively degraded

the forest cover of Churia, the region with young and
fragile topography (DSCWM, 2012).

Forest cover is the important natural resource of
Nepal and comprises 112 forest ecosystem of the
total 118 ecosystems in the country, of which 12
are centered in Tarai, 14 in Churia, and 53 in Mid-
dle Mountains and High Himal/ High Mountains
38 and one others ( Kharal and Dhungana, 2018;
DFRS, 2015). The forests of our study area—the
Gandaki Province—are particularly remarkable in
terms of touristic, environmental, ecological signifi-
cance. Some form the habitats of various endangered
animal and bird species are recognized as the impor-
tant floristic regions where high valued herbs plants
are found (PPC, 2019). The province includes major
national tourist destinations globally recognized for
their religious, cultural, adventurous and ecotourism
significance (PPC, 2019). In Particular, the Panchase
Conservation area, Annapurna Trekking route, Mana-
slu Circuit Trail and Dhorpatan Hunting reserve are
well known destinations for forest-based ecotourism.
The land cover variation of the basin ranges from the
highest elevation glaciers and snow cover, grasslands,
shrub and coniferous forest to sub-tropical broad-
leaved forest in the Tarai region through steep slopes,
rugged terrain and deep gorges in the mid-hills
(Dandekhya et al., 2017). Since monitoring forest
condition at different scales and forest types aids the
government in improving its performance in national
and international initiatives (Armenteras et al., 2017),
exploring forest changes in a geographically complex
and biodiversity-rich landscape (Goodin et al., 2015)
is imperative.

The historical examination of forest cover at eco-
logical and physiographic scales helps to identify the
elevation-wise distribution of forest resource, vegetation
composition, ecosystem characteristics, anthropogenic
pressure upon vegetation and overall influence of LULC
upon the environment (Gerhardt & Foster, 2002). Nepal
is characterized by acomplex physiography extending
from snowcapped high-mountain ranges in the north to
Mahabharat Mountain range, Siwalik region to Tarai, the
flat plain in the south (Bhattarai & Conway, 2021b). Sev-
eral studies (Baral et al., 2018a; Oli & Shrestha, 2009;
Paudyal et al., 2017b; Rimal et al., 2018) have assessed
the forest cover change of some small areas within the
study area and Bhattarai et al. (2009) investigated the
forest cover change scenario of central Nepal during
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1975-2000 using Landsat satellite data. However, wider
assessment of forest resource over a longer time span at
the Province level is lacking. Hence, we aim to analyze
the spatiotemporal, physiographic level of changes in for-
est cover for the years 1996, 2006, and 2016 using Land-
sat time series images. We anticipate our outputs will be
useful to the planners, policy makers and researchers in
their formulation of effective plans and policies which
can ensure the protection of basin-wide biodiversity and
ecosystem function.

Methodology
Study area

Nepal is physiographically divided into five classes
on the base of land form (Bhuju et al., 2007).The
study area, High-Mountain (more than 4500 m cover-
ing 24.9%), Mid-Mountain (25004500 m covering
28.3%), Mid-Hill (1000-2500 m covering 24.3%),
Chure and Mahabharat (500-1000 m covering 15.2%),
and Flat Plain (hereinafter Tarai) (less than 500 m cov-
ering 7.3% area of the Gandaki River Basin ); physico-
graphical division of the study area is done on the base
of elevation.

The study area, the Gandaki River Basin is located
in the Gandaki Province of Nepal, sharing its eastern
boundary with Bagmati Province, western boundary
with Lumbini Province and Karnali Province , north-
ern boundary with Tibet autonomous region of China,
and the southern boundary with Bardaghat Susta -East
of Nawalpur and with India. Administratively, the study
area integrates 11 districts (Myagdi, Mustang, Parbat,
Baglung, Gorkha, Lamjung, Manang, Syangja, Kaski,
Tanahun, and Nawalparasi East) (Fig. 1a, b), one (1) met-
ropolitan city (Pokhara), 26 municipalities and 58 rural
municipalities. The population of the basin was 2.19 mil-
lion in 1991, 2.61 million in 2001 and 2.74 million in
2011 (Fig. 1c). Major population concentrations are in
Nawalparasi (23.52% (including east and west), Kaski
(17.99%), and Tanahun (11.82%) districts (CBS, 2014).

Geographically, the study area is enclosed between
27.441667 and 29.330556 N latitude to 82.878333"
to 85.201389 E longitude covering about 22,000 km?
(approximately 15% area of the country) with complex
topography extending from the Tarai+93 masl up to
the High Mountain region with a maximum of 8167
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masl. The basin is characterized by multiple land use
features (Pant et al., 2020), variations of hydrogeo-
chemistry and ecology (Pant et al., 2018). The north-
ern part of the study area consists of the Annapurna
mountain range integrating the snowcapped mountain
peaks (Mahhapuchhre, Annapurna first, Annaapurna
second, Dhaulagiri, Nilgiri, Manaslu, Himchuli,
and Lamjung Himal). Ramsar listed lakes of Nepal
(60,561 ha ): study area includes (Phewa, Begnas,
Rupa, Dipang, Khaste, Maidi, Nyureni, Kamalpokhari
and Gunde ( 172.83 Km? area ) as well as Tilicho—the
highest lake in the world also located ). Additonally,
it has incorporated 96 km? core and 151 km? buffer
area of Chitwan National Park, 501 km? of Dhorpa-
tan Hunting Reserve, the entire area of Annapurna
Conservation Area (7629 km?), and Manaslu Conser-
vation Area (1663 km?) (PPC, 2019). Gandaki is the
major river of the watershed with 368 small to large
sub/watersheds. Regarding LULC, forest is the domi-
nant land cover of the area and 29% of the forest cover
is community managed with 3844 Community Forest
Users Groups (CFUGs) , 1073 leasehold forests, 18
religious forests, one collaborative forest, one protected
forest, (Panchase Conservation area), and 377 private
forests (PPC, 2019).

Data

In this study, freely available terrain corrected (LIT)
Landsat images (Landsat 5, hereinafter Thematic
Mapper (TM); Landsat 8, hereafter Operational
Land Image (OLI)) for the years 1996, 2006, and
2016 were used for the land cover analysis, and all
images were collected from the United State Geo-
logical Survey (USGS) Web site https://earthexplorer.
usgs.gov (USGS) (Table 1). The images were veri-
fied for accuracy. The FLAASH atmospheric model
was used for image processing using ENVI environ-
ment and eight land cover classes were extracted from
93 to 8167 masl. A 30-m resolution digital elevation
model (DEM) was acquired from Shuttle Radar Topo-
graphic Mission (SRTM). Furthermore, topographical
data for the scale 1:25,000 and 1:50,000 were used
from the Survey Department, Government of Nepal
(GoN, 1998). High-resolution Google Earth images
and land cover data 2010 (Uddin et al., 2015) were
additional data sources.
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Fig. 1 Location of the study area

Extraction of LULC

There are multiple advanced parametric and non-
parametric technologies available for land cover
classification (Steiner, 1970) including parametric
classifiers such as maximum likelihood (ML), mini-
mum distance (MD), and Bayesian classifiers (BCs)
and nonparametric classifiers such as support vec-
tor machine (SVM), artificial neural network (ANN),

Table 1 Dates of the Landsat time series 5 and 8 images

Path/row 1996 (Landsat 2006 (Landsat 2016
5 TM) 5 TM) (Landsat 8
OLI)
141/040/041 18 Oct 30 Oct 25 Oct
142/041/42 10 Nov 5 Oct 22 Mar
143/040 17 Nov 2 March 23 Oct

and decision tree. ML classifier, MD, BC, ANN, and
fuzzy classification (FC) are further described by
Campbell (Campbell & Wynne, 1996). Nonparamet-
ric approaches are considered to be most appropriate
for LULC analysis (Rodriguez-Galiano et al., 2012).
However, thorough-going training samples or region
of interest (ROI) is essential to achieve high levels of
accuracy in land cover classification (Campbell, 1981;
Hixson & Fuhs, 1980; Scholz & Hixson, 1979). In this
study, we used SVM algorithms to extract the major
land cover categories in the study area using Landsat
images. To extract the land cover data of the study
area, topographical data developed by Survey Depart-
ment and Google Earth images were used as reference
data. SVM is supervised, nonlinear, nonparametric
classification method which is widely applied for the
extraction of land cover change of the study area as it
has higher accuracy compared with ML (Kavzoglu &
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Colkesen, 2009; Rimal et al. 2020b). SVM approaches
was evaluated by Ortega Adarme et al. (Ortega
Adarme et al., 2020) for deforestation mapping, and
this approach was used for land cover change and
urban monitoring (Karimi et al., 2019).

SVM approach is generally arranged into four
major kernel function, such as polynominal, linear,
radial function, and sigmode. In this study, the radial
basic function (RBF) kernel was chosen as it usually
provides better results compared with other kernels.
The penalty parameter of the error 100 was assigned
using ENVI software.

(i) Linear : K(xl-,yi) = xl.T <X,
(i) Polynomial : K(xl-,yi) = (g.xl.T X+ r)d,g > 0,
(iii) Radial basis function : K(xi,yi) = ¢8(xim r)z,g > 0,
(iv) Sigmoid K(xl-,yi) = tanh(g.xl.T "X+ 1)

ey
where X;, y; are training vectors, g, d and r are user-
controlled parameters of kernel function.

Land cover analyses for the years 1996, 2006, and
2016 were based on the classification scheme devel-
oped by Anderson (1976) and eight major LULC
classes were identified: urban/built-up, agriculture,
forest, shrub, grass land, barren land, water body, ice,
and snow cover (Table 2).

Land cover change trajectories

A transition matrix of the land cover map of period
1 and period 2 was prepared using Land Change
Modeller of IDRISI software (https://clarklabs.org/).
The LULC transition statistics show the change

Table 2 Land use/cover classification schemes

of attributes from period 1 to period 2. This LULC
change considers two paths (Yadav & Ghosh, 2019)
and change analysis shows the pixel based change
amount from one class to another during the study
period.

Physiographic zone and forest type

First, elevation data was prepared using SRTM DEM
(30 m resolution), and this data was used to prepare the
elevation-wise physiography-level land cover change
data for the year 1996, 2006, and 2016. Furthermore,
forest cover within the study area was broadly catego-
rized into 21 forest types. The forest type data (GIS vec-
tor data) of the study area was collected from ICIMOD
(https://servir.icimod.org/datasets), and change for each
forest type was assessed for the study period using mod-
ified data. We extracted the forest class of our classified
images of different years (1996-2016) using collected
forest type layer and analyzed the difference regarding
the changes in forest type. Forest-related information at
provincial, district, and local level were acquired from
various non/governmental sources. In addition, various
key government policies were evaluated.

Accuracy and uncertainty

The land cover classification accuracy assessment is
significiant when land cover maps are prepared using
satellite images (Feng et al., 2017; Jensen, 1996;
Sexton et al., 2013). The confusion matrix method
is widely used for the assessment of land cover clas-
sification (Foody, 2002) as is user’s accuracy (UA),
producer’s accuracy (PA), and overall accuracy (OA).

Land cover types Description

Urban (built up)

Urban and rural settlements, commercial areas, industrial areas, construction areas, traffic,

airports, public service areas (e.g., school, college, hospital)

Cultivated land Wet and dry crop lands, orchards

Forest Evergreen broad leaf forest, deciduous forest, temperate forest, scattered forest, low-density
sparse forest, degraded forest, mix of trees, and other natural covers

Shrub Mix of short trees and other natural covers

Barren land Cliffs/small landslides, bare rocks, other unused land, sandy areas, river banks

‘Water River, lake/pond, canal, reservoir, and swamp areas

Grass Mainly grass fields (dense coverage grass, moderate coverage grass, and low coverage grass)

Snow cover Perpetual/temporary snow cover, perpetual ice/glacier
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Here, accuracy assessment was prepared based on
the GPS points collected from field verification con-
ducted on 2016 and 2018. Accuracy assessments were
aided by the use of topographical maps developed by
the Survey Department of 1998 (scale 1:25,000 and
1:50,000) (GoN, 1998), land cover maps of 1990 and
2013 (Rimal et al., 2015) of the Seti river watershed,
and high-resolution Google Earth images (http:/
earth.google.com). For the accuracy assessment, a
total of 2382 stratified random sample points for each
year were developed in the already classified land
cover maps for 1996, 2006 and 2016 and were fur-
ther verified in high-resolution Google Earth images
and land cover data 2010 (Uddin et al., 2015). The
available Google Earth images were printed in Al
size for field verification. Additionally, hand GPS
was used for further collection of the sample points.
The acquired sample points were used for accu-
racy assessment. Classified images were overlaid in
Google Earth and observed for verification.

At least 200 sample points for each LULC class
were represented with many LULC that covered
larger areas having many more sample points (see
Table 6). Accuracy assessment was conducted on
sample points using GPS during field verification
conducted in 2016 and 2018. The confusion matrix
was generated based on the existing ground truth ref-
erence data and classified images.

Producer’s accruracy

N; + N n 100% 2)

where N;;=total number correct cells in a class and
N,;=sum of cell values in the column.
User’s accruracy

N; + N, .n 100% 3)

where Nj;=total number correct cells in a class and
N;, =sum of cell values in the row.
Overall accruracy

X/Nx 100% )

where X =total number correct cells as summed
along the major diagonal and N=total number of
cells in the error matrix.

Land cover classification accuracy can be deter-
mined by training sample points developed during
the land cover classification process (Prestele et al.,
2016). Various factors can play a role in this error.

For the accuracy assessment, collection of high-
resolution real-time data can be a major challenge
(Bhattarai & Conway, 2021c). Sample size affects the
magnitude of margin of error. The larger the sample,
the smaller the margin of error. On the other hand, the
low Producer’s accuracy for urban areas can be one
of the reasons for the increase margin of error in this
class. We recognized that in this study, there are a
few limitations. First, we limited our classification to
only eight major LULC classes which limits the map-
ping of the major ecosystems of the basin. Second,
lack of updated reference data and the very complex
landscape also limits the classification accuracy. For
example, in the northern part of the project area, there
were some seasonal fluctuations between the areas
of grass land, barren land and snow cover which we
did not assess. Land cover classification were also
impacted by regional weather and climate (Ge et al.,
2019). Thirdly, we could not assess urban areas into
sub-categories such as garden and urban forest due to
the limited resolution of the Landsat images (Rimal
et al., 2019).

In the current study, we performed stratified ran-
dom sampling to determine the accuracy of classifi-
cation. In this way, it is possible to estimate the area
of the LULC classes by adjusting the area for the
mapping error (Gallaun et al., 2015). Confidence
intervals were extracted to assess the uncertainty of
the accuracy measures and the area estimates of all
classes. This unbiased estimator of the area propor-
tion covers the area of map omission error and elim-
inates the area of commission error (Costa et al.,
2018). Using the information directly provided by
the error matrix and the Eqgs. 5, 6, 7 and 8 (Olofsson
et al., 2013), we adjusted the biased results.

~ n..
A=Ay x Y W= 5)
i+

where A y is unbiased estimator of the total area, n is the
number of points of category j which mapped as cat-
egory i, n;, is the total number of points related to cat-
egory i, W, is the proportion of the area mapped as cat-
egory i, and A,, is the total mapped area. The estimated
standard error of the estimated area proportion is:

%y 1_ﬂ>
S5 _ q M( " (6)
<P1> - Zi:]wi —”i+ 1
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The standard error of the error-adjusted estimated
area is:

S@A;) = A, x S(P) 7)
A 95% confidence interval for Aj is:
A; £1.96 X S(4)) ®

To assess the accuracy for the post classifica-
tion change analysis of forest class, we overlaid two
maps to produce the 1996-2016 forest change map.
Accordingly, a stratified random sample was selected
as the reference of land cover for forest class to
assessing the accuracy using Google Earth images,
TM, and Landsat images. Then, the abovementioned
equations were applied to evaluate the error-adjusted
area of deforestation.

Results
Accuracy and uncertainty assessment

An assessment of the accuracy measures and esti-
mated areas suggests that the classification of most
classes was highly accurate (Tables 3, 4, 5, 6, and
7). For example, the mapped area of forest class for
years 1996, 2006, and 2016 km? is 7571, 7673 km?,
and 7778 km?, respectively; whereas the stratified
error-adjusted area estimate of forest area is only
slightly less (i.e. 7404 km?, 7581 km?, and 7577 km?)
(Tables 3, 4, and 5). The confidence interval quanti-
fies the uncertainty associated with the sample-based
estimate of the area of different classes. Accordingly,

Table 3 The mapped and estimated adjusted areas with a mar-
gin of error (95% confidence interval) for 1996

Table 4 The mapped and estimated adjusted areas with a mar-
gin of error (95% confidence interval) for 2006

Class Mapped Adjusted Margin of
error (95%
CD)
Urban 83 152 +57.96
Cultivated 4293 4151 +189.06
Forest 7673 7581 +148.12
Shrub land 727 856 +108.52
Barren land 3941 3840 +153.61
Water body 219 209 +17.87
Grass land 2349 2476 +138.89
1&SC 2729 2749 +127.98

the true area of forest for 2016 could be as low as
7410 km? or as high as 7744 km? at the 95% level of
confidence (Tables 3, 4, 5, 6, and 7).

The accuracy assessment based on the stratified
estimators showed that the forest area had an overall
accuracy of 91%, 93%, and 96% and a user’s accuracy
of 96%, 97%, and 96% for years 1996, 2006, and 2016,
respectively (Table 7). Also, the producer’s accuracy
is above 95% for forest class, except for 1996 which
is 90%. So, the omission error of forest class does not
have a strong influence on the estimated area of forest.
Accordingly, map error is small and the area mapped
of forest class is close to the true area. If the produc-
er’s accuracy was too low, it would have alerated to
the problem of omission error associated with the for-
est category. Totally, the difference between the biased
and unbiased overall accuracies was less than 0.03 in
all years (Tables 6 and 7).

Table 5 The mapped and estimated adjusted areas with a mar-
gin of error (95% confidence interval) for 2016

Class Mapped Adjusted Margin of Class Mapped Adjusted Margin of
error (95% error (95%
CD) CI)
Urban 53 160 +73.36 Urban 141 215 +62.12
Cultivated 4346 4010 +212.3 Cultivated 4077 3924 +180.37
Forest 7571 7404 +154.12 Forest 7778 7577 +167.04
Shrub land 624 852 +125.32 Shrub land 635 821 +120.94
Barren land 4130 4228 +190.32 Barren land 4233 4177 +153.51
Water body 177 170 +17.81 Water body 196 207 +25.8
Grass land 2434 2691 +171.15 Grass land 2799 2870 +154.16
1&SC 2679 2498 +144.65 1&SC 2154 2222 +107.02
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Table 6 Accuracy measures based on error matrix of sample counts for 1996, 2006, and 2016

Urban Cultivated Forest Shrub land Barren land Water body Grass land 1&SC

1996

User’s 0.84 0.84 0.96 0.88 0.92 0.91 0.91 0.87
Producer’s 0.93 0.86 0.96 0.88 0.83 0.96 0.85 0.93
Overall 0.90

2006

User’s 0.88 0.89 0.97 0.87 0.92 0.91 0.92 0.93
Producer’s 0.95 0.88 0.96 0.89 0.90 0.97 0.87 0.92
Overall 0.92

2016

User’s 0.90 0.89 0.96 0.90 0.93 0.95 0.91 0.95
Producer’s 0.95 0.89 0.96 091 0.90 0.97 0.89 0.94
Overall 0.92

The obtained user’s accuracy of the deforestation
class through change detection procedure was about
84% which shows the forest change obtained by post
classification is acceptable. Also, forest/non-forest
maps were highly accurate with user’s accuracy more
than 90% (Table 8).

Details of LULC changes and the spatial distribu-
tion of LULC classes are presented in Table 9 and
Fig. 2. Major changes observed during 1996-2016
include increases in urban/built-up, forest cover
and barren land, sharp declines in cultivated land,
and fluctuations for grassland, water bodies, bar-
ren land and shrub areas. Built-up land expanded in
this period, increasing from 53 to 141 km? Grass
land was converted into forest and forests increased

by 207 km? over the 20-year period. Cultivated land
faced intense pressure due to the rapid urbanization
below 999.99 m elevation zone. However, forest
area decreased in the <500 m elevation zone. Forest
encroachment was observed mainly in the city out-
skirts (Appendix Fig. 6).

During 1996-2006, forest cover increased by 102
km?, from 7571 to 7673 km? with losses of 37 km?
cultivated land, 19 km? shrub, 38 km? barren land,
11 km? water body, 142 km? grass land, and 16 km?
snow/ice cover. Shrub area increased from 624 to 727
km? as 60 km? was converted from cultivated land
and 89 km? from forest (Appendix Table 12). A tran-
sition map of the year 1996 and 2006 and 2006 and
2016 highlights these changes (Fig. 3a—c).

Table 7 Accuracy measures based on error matrix of estimated area proportions (with a 95% confidence interval) for 1996, 2006,

and 2016

Urban Cultivated Forest Shrub land Barren land  Water body  Grass land 1&SC
1996
User’s 0.84+0.049 0.84+0.037 0.96+0.018 0.88+0.044 0.92+0.031 0.91+0.039 0.91+0.032 0.87+0.043
Producer’s 0.48+0.13  091+0.03 0.90+0.009 0.64+0.091 0.90+0.029 0.94+0.089 0.83+0.046 0.93+0.031
Overall 0.91+0.013
2006
User’s 0.88+0.045 0.89+0.032 0.97+0.016 0.87+0.045 0.92+0.03 0.91+0.039 0.92+0.031 0.93+0.031
Producer’s 0.58+0.18  0.92+0.028 0.95+0.01 0.74+0.088 0.94+0.023 0.96+0.07 0.87+0.041 0.93+0.031
Overall 0.93+0.011
2016
User’s 0.90+0.042 0.89+0.032 0.96+0.019 0.90+0.04 0.93+0.028 0.95+0.03 0.91+0.031 0.95+0.027
Producer’s 0.69+0.167 0.92+0.028 0.96+0.009 0.69+0.098 0.94+0.021 0.88+0.105 0.91+0.039 0.92+0.036
Overall 0.95+0.012
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Table 8 Error matrix for the 19962016 change map of forest class. Accuracy measures are presented with a 95% confidence inter-

val

Class Deforestation Stable forest Stable non-  Total W, User’s Producer’s
forest

Deforestation 98 14 7 119 0.003 0.84+0.07 0.72+0.24

Stable forest 8 461 37 506 0.352 0.91+0.02 0.90+0.03

Stable non-forest 0 38 647 685 0.645 0.94+0.02 0.93+0.01

Total 106 513 689 1310

Based on the land use transition matrix grass
land declined by 84 km? (from 2434 to 2349 km?),
mainly due to the conversions into cultivated land (21
km?), forest (142 km?), barren land (52 km?), water
body (25 km?), and ice/snow cover (5 km?). The land
cover change matrix during 2006-2016 (Appendix
Table 13) shows that forest area increased by 105
km? (from 7673 to 7778 km?). Major factors contrib-
uting to the increase in forest cover are conversions
from cultivated land (277 km?), shrub (75 km?), bar-
ren land (66 km?), water body (15 km?), grass (115
km?), and snow/ice (19 km?) into forest cover. Mean-
while, barren land increased by 292 km? (from 3941
to 4233 km?) due to the conversions from snow/
ice (628 km?), grass (310 km?), and forest (40 km?)
(Fig. 3a—c). Shrub area declined by 92 km? (from 727
to 635 km?) due to the conversion of 60 km? shrub
area into cultivated land, 75 km? into forest cover, and
42 km? into grass.

Forest cover change based on physiographic zone

The Tarai and the Mid-Hill zones are mostly cultivated
and forest land. Forest, barren land, and grass are the
dominant land uses in the mid-mountain zone and most

Fig. 2 Land use/land cover
changes in the Gandaki
Basin during 1996-2016
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Table 9 Land use/land cover change of the study area during
1996-2016 (in km?)

LULC 1996 2006 2016 Change Change
1996-2006 2006—
2016
Urban/built-up 53 83 141 30 58
Cultivated 4346 4293 4077 -53 =216
land
Forest land 7571 7673 7778 102 105
Shrub land 624 727 635 103 -92
Barren land 4130 3941 4233 -189 292
Water body 177 219 196 42 -23
Grass land 2434 2349 2799 -84.41 450
Snow/ice 2679 2729 2154 50 =575

cover

of the high-mountain zone is covered by barren land
and snow. Most importantly, extensive deforestation
occurred during 19962006 which contributed in the
decline of forest area from 625 to 558 km? and doubled
the shrub area by 78 to 155 km* (Appendix Table 14)
in Tarai < 500 meters. Forest encroachment and forest
decline was observed mainly in areas where there was
infrastructure development and urban development.
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Fig. 3 Transition map. (a) Land cover transition from all land cover to forest cover 1996-2006 and 2006-2016. (b) Land cover

change 1996-2006. (c¢) Land cover change 2006-2016

However, during 20062016, forest cover decline was
limited to 1 km? because of the strong contribution of
community-based forest management plans and Chure
Conservation program of the Government of Nepal to
combat deforestation and degradation.

In Chure and Mahabharat (Siwalik), increases
in urban area and forest cover and decline in

cultivated land area were the notable transforma-
tions during 1996-2016. Forest cover area increased
by 1 km?, from 1399 to 1400 km? during 19962006
and a further 49 km? during 2006-2016 (Table 10).
We observed that the major changes were driven by
the community forestry program and increases in pri-
vate forest in abandoned cultivated land in the rural

Table 10 Physiographic
distribution of forest cover
change during 1996-2016

(in km? and percentage)

Physiographical zones 1996 2006 2016

km?> % km®> % km?> %
<499.99 (Tarai) 625 8.36 558 7.3 557 72
500-999.99 (Siwalik (Chure )) 1399  18.5 1400 18.3 1451 18.7
1000-2499.99 (mid-hill) 3111 41.1 3125 40.7 3183 40.9
2500-4499.99 (mid-mountain) 2436  32.2 2590 33.8 2587 333
>4500 (high mountain) 0 0 0 0 0 0
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areas due to out-migration. Decline in cultivated
land and increases in urban/built-up and forest area
were the major changes for the Mid-Hill zone. Urban
area increased in both time periods 1996-2006
and 2006-2016 (Appendix Table 14). Forest cover
increased by 14 km® during 1996-2006 and 56 km*
during 2006-2016 (Table 10, Fig. 4) in mid-hill. In
the mid-mountain zone, the majority of the area is
occupied by forest, barren land, and grass. According
to our analysis, forest cover had occupied 2436 km? in
1996 which increased by 154 km? (2590 km?)in 2006
but slightly dropped (=3 km?) and totaled 2587 km? by
2016 (Fig. 5a—0). The High mountain zone is mainly
occupied by barren land, snow cover and grass land.
However, the northern-most part of the study area is
mostly periodically covered by snow. Seasonal snowfall
means that coverage of ice/snow, grass land, and barren
land fluctuate.

The total forest area across all zones increased
from 7571 km? in 1996 to 7673 in 2006 and 7778
km? in 2016 (Appendix Fig. 7 and Table 14). Most
of these increases were in the Siwalik, mid-hill, and
mid-mountain zones, but forest cover declined in the
Tarai region from 8.36% in 1996 to 7.2% to 2016
(Table 10).

Fig. 4 Physiographic
distribution of forest cover
area in the study area dur- 3,000.00

3,500.00
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Fig. 5 Physiographic distribution of forest cover and other»
land uses in the Gandaki basin during 1996-2016 (Tarai (a—c);
Chure and Mahabharat (d—f); mid-hill (g-i); high-hill (-1);
and high-mountain (m-o))

Ecological distribution of forest resource

We identified 21 different forest types in the study
area (Appendix Fig. 8) which Schima-Castanopsis and
hill sal forest were the two most widespread. During
19962006, there were notable increases in some of
the forest classes including birch-fir-blue pine-cypress,
birch-rhododendron forest, Schima-Castanopsis, tem-
perate mountain oak, trans-Himalayan forest, fir forest,
and upper temperate blue pine forest. In northern part,
birch-fir-blue pine-cypress increased from 332 km? in
1996 to 395 km? in 2006. Similarly, trans-Himalayan
forest expanded by 40 km?, from 51 to 91 km?, and
birch-rhododendron expanded by 15 km?, from 245
to 260 km?2. Schima-Castanopsis, which had occu-
pied 1949 km? which expanded by 16 km? and tem-
perate mountain oak forest increased from 1006 km?
to 1017 km? by 2006 (Table 11). In contrast, there
were declines for hill sal forests, lower tropical sal,
and mixed broad leaved forest, Khair Sisoo riverine,
mixed blue pine oak forests. Hill sal forest declined
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m 2006

2016
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Table 11 Changes in areas of different forest types during 1996-2016 (in km?)

SN Forest type 1996 2006 2016  Change Change Net change
1996-2006 2006-2016 1996-2016

1 Alder forest deciduous walnut-maple-alder forest (AF) 117 118 132 1 14 15

2 Birch-fir-blue pine-cypress forest (BPB) 332 395 385 63 -10 53

3 Birch-rhododendron forest (FBR) 245 260 251 15 -9 6

4 Blue pine-spruce forest (BPS) 42 44 47 2 3 5

5 Chir pine forest (CPF) 87 89 93 2 4 6

6 Chir pine-broad leaved forest (CPB) 66 66 72 0 6 6

7 East Himalayan oak-laurel forest (OLF) 651 654 662 3 8 11

8 Fir forest (FF) 491 500 496 9 -4 5

9 Hill sal forest (HSF) 1299 1246 1276  -53 30 -23

10 Juniper forest (JF) 71 75 77 4 2 6

11 Larch forest (LF) 17 17 17 0 0 0

12 Lower temperate oak forest (LTO) 644 646 646 2 0 2

13 Lower tropical sal and mixed broad-leaved forest (LTS) 162 148 146 -14 -2 -16

14 Khair-Sissoo riverine forest (KSR) 28 23 23 -5 0 5

15 Mixed blue pine-oak forest (MBPO) 79 77 80 -2 3 1

16 Rhododendron Hemlock oak forest (RHO) 52 53 56 1 3 4

17 Schima-Castanopsis forest (SCF) 1949 1966 2014 16 49 65

18 Temperate mountain oak forest (TMO) 1006 1017 1021 11 4 15

19 Trans-Himalayan zone (THZ) 51 91 85 40 -6 34

20 Upper temperate blue pine forest (UTB) 147 156 167 9 11 20

21 Other (O) 34 32 32 -3 0 -2

Source of forest types: TISC (2002) and https://rds.icimod.org/Home/Data?any=ecology&Category=datasets

from 1299 km? in 1996 to 1246 km? by 2006. Simi-
larly, lower tropical sal and mixed broad leaved forest
declined by 14 km? from 162 to 148 km? and continued
to decline from 2006 to 2016 but the rate of decline
was low. On the other hand, alder forest and lower
temperate oak forest remained almost constant.

During 2006-2016, alder forest, hill sal forest,
Schima-Castanopsis, and upper temperate blue pine
witnessed increase whereas trans-Himalayan zone,
fir forest, birch-fir-blue pine-cypress forest experi-
enced some declines.

Alder forest increased from 118 to 132 km? whereas
hill sal forest increased from 1246 to 1276 km?.
Schima-Castanopsis increased by 49 from 1966 km? to
2014 km?. Upper temperate blue pine increased from
156 to 167 km?. Trans-Himalayan forest decreased
by 6 km? from 91 to 85 km® Birch-rhododendron
declined from 260 to 251 km?. Fir forest declined from
500 to 496 km* while birch-fir-blue pine-cypress had
decreased by 10 km? during 2006 to 2016.

@ Springer

Discussion and conclusion

Many factors could have contributed to the increase in
forest cover change in the hill and mountain regions,
and these include (a) improved institutional mecha-
nisms (Ministry of forests, departments, regional for-
est offices and district forest offices); (b) sectoral plans
and policies; (c) community, leasehold, and collabo-
rative forestry programs (at least 3,844 CFUG); and
(d) other factors such as abandonment of agricultural
land, partnership with donor agencies, and collabora-
tive actions with conservation partners such as TUCN,
UNDP, WWEF, and ICIMOD (Ghimire et al., 2018).
REDD +program to reduce deforestation and forest
degradation, sustainably managing forests resource
while conserving and enhancing forest-based carbon
stocks (MoFSC, 2015). Furthermore, the Government
of Nepal introduced a forestry decade (2014-2024)
with the motto of “one house one tree, one village one
forest, one city several gardens” targeting in particular
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the restoration and planting of at least 26,000 hectares
of forest in the Tarai, Siwalik, and Hill regions. Con-
sequently, a scientific forest management program was
created aiming the protected forest area by around 0.2
million hectares (DFRS, 2016). Similar successful for-
est restoration programs were observed in India (Borah
et al., 2018), China, South Korea, Vietnam (Choi et al.,
2019), Indonesia (Van Oosten et al., 2014), and Africa
(Goftner et al., 2019).

In this study, we have explored the spatiotemporal,
physiographic and ecological changes in forest within
the Gandaki river basin during 1996-2016 and identi-
fied the increases in forest cover in all the regions except
Tarai (<500 m). A common trend in Nepal as previous
reported by Bhattarai and Conway (2021d), in the study
area, is the out-migration in the mid-hill and mountain
regions,has resulted in previously cultivated lands being
left fallow and turning into other forms of vegetation
cover (Bhattarai & Conway, 2021e).

The trend in increasing also seen in the national
level from 38% in 1978/1979 (LRMP) to 40.36% in
2015 (DFRS, 2015). Furthermore, this trend is also
replicated in some smaller clusters within the study
area such as Kaski district (Bhandari et al., 2019),
Tanahun district (Oli & Shrestha, 2009; Shrestha,
2015), CHAL region (Subedi, 2018), and Phewa
watershed (Paudyal et al., 2017b). In Phewa lake
watershed, forest cover has increased by 12% since
the 1970s mainly due to the community-based for-
est management and regeneration programs (Besseau
et al., 2018). Subedi et al. (2018) found an increase in
forest cover by 57.2 km? in the 12 districts of Chitwan
Annapurna Landscape (CHAL) (Baglung, Dhading,
Gorkha, Gulmi, Kaski, Lamjung, Manang, Mustang,
Myagdi, Parbat, Syangja, and Tanahu districts) dur-
ing 2000-2010.

The National Biodiversity Strategy and Action
Plan provides the strategic roadmap for biodiversity
conservation of Nepal (Rai et al., 2016). National
level plans prioritize preservation of forest, control
of forest fire and invasive species, community-based
integrated forest management for water, wildlife, con-
servation of endangered species, wetland and riverine
forest conservation and agroforestry (MoFSC, 2015).

In addition, there has been reduced risks of envi-
ronmental degradation and watershed destruction
and improved landscape regeneration (Paudyal et al.,
2017b). Much of this is because of controls on illegal
logging, encroachment and forest fires (Pokharel &

Nurse, 2004), dissuading farmers from open grazing,
reduced pressure upon the community forests (Upreti,
2001), and preservation-oriented forest operational
plans (Kimengsi et al., 2019).

Emigration to the Tarai and peri/urban areas due to per-
sonal insecurity aroused by political conflict (1996-2006)
and people’s quest for better quality of life, economic
opportunities, and public service accessibility has resulted
in abandoned cultivated land in hill and mountain region of
Nepal (Adhikari et al., 2019; Jaquet et al., 2016, 2019; Kha-
nal & Watanabe, 2006; Rai et al., 2019). Of the total cul-
tivated land, 24% was abandoned in the study area where
private forest cover developed (PPC, 2019).

Shifts to alternative sources such as liquefied petro-
leum gas (LPG) and electricity (Paudyal et al., 2019)
for cooking has reduced people’s dependency upon for-
est aiding the increase in forest cover. The consump-
tion of LPG gas was increased and imported 77,594 ton
in 2004/2005 and 258,299 ton in 2014/2015 from India
(Bhandari & Pandit, 2018).

The national-level plantation program of reha-
bilitation and conservation in degraded and denuded
areas is still ongoing with trained and motivated
NGOs and community-based organizations (CBOs)
contributing. Funding has come through a number of
bilateral and multilateral institutional arrangements
including DFID/USAID, GIZ, and ADB. UK-funded
DFID has largely contributed to the restoration of
1.56 million ha in the denuded hills and degraded
forests through the Plantation and Forest Manage-
ment Research and Extension Program (Tamrakar &
Mohans,2013; DFRS, 1999). New plantations have
been developed in 204.28 ha in the barren land in
the study area during 2019 (PPC, 2019).

Protecting primary forests is essential as they
maintain ecological functions, carbon storage, and
environmental equilibrium. The increasing for-
est cover observed for the study area go a long way
to help meet to the national and global agenda of
reforestation along with SDG 15. However, utiliza-
tion of the forest ecosystem for poverty alleviation
and local livelihood enhancement still remains as a
challenge. For this, forest management, forest-based
ecotourism and other enterprises map provide new
opportunities.

Despite widely reported global forest losses and
degradation, other evidence of forest restoration at
the global, regional, and national levels indicates
that the historical momentum is moving toward
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balanced ecosystems and the natural environment
(Jacobs et al., 2015). The novelty of our study lies
in the fact that we have used regional LULC data
and forest cover data on ecological and physio-
graphic zones to provide the details of changes in
a mountain to lowland watershed, and we suggest it
can be replicated to provide a scenario analysis of
forest restoration elsewhere in the world at regional
and local levels.
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Table 12 Land use transfer matrix between 1996 and 2006 (area in km?)

Year 2006
LULC Urban  Cultivated  Forest Shrub  Barren  Water  Grass Snowl/ice cover  Total

1996  Urban/built-up 53.3 0.000 0 0.000 0 0.007 0 0 53.3
Cultivated land ~ 26.3 4192.5 37.1 59.8 19.1 5.1 59 0.0 4345.8
Forest land 1.0 34.6 7410.0 89.0 13.3 10.3 9.2 3.6 7571.0
Shrub land 0.4 344 18.7 563.2 2.5 1.7 3.1 0 623.9
Barren land 1.1 8.2 37.7 9.4 3758.3 29.9 134.4 151.0 4129.9
Water body 0.2 2.4 10.7 1.6 12.9 147.2 1.1 1.5 177.5
Grass land 0.4 20.7 142.5 3.7 51.6 24.6 21850 5.3 2433.6
Snowl/ice cover 0.0 0.0 16.2 0.3 83.6 0.6 10.6 2567.4 2678.6
Total 82.6 4292.7 7672.8  727.0 39412 2194 23492  2728.8

Table 13 Land use transfer matrix between 2006 and 2016 (area in km?)

Year 2016
LULC Urban Cultivated  Forest Shrub  BL WB Grass Snowl/ice cover  Total

2006  Urban/built-up 80.99 1.1 0.3 0.2 0.1 0.0 0.0 82.6
Cultivated land 50.06  3806.1 271.5 41.0 9.7 6.1 102.1 0.3 4292.8
Forest land 3.1 170.5 7210.8 18.3 39.6 0.3 218.6 11.6 7672.8
Shrub land 0.59 59.9 747  539.5 8.9 1.1 42.3 0.0 727.0
Barren land 4.21 20.0 66.2 6.7 32094 24.7 473.1 136.9 3941.2
Water body 1.1 6.4 14.8 1.4 27.5 158.0 9.6 0.6 219.3
Grass land 1.02 12.9 1154 28.3 310.4 37 1855.6 22.0 2349.2
Snowl/ice cover 0.0 18.8 0.0 627.8 2.4 97.4  1982.5 2728.8
Total 141.06  4076.9 77782 6354 42334 1963  2798.7 2153.7 22,013.6
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Table 14 Forest

o Elevation in meters 1996 2006 2016 Change in %
distribution in the stpdy (1996-2016)
area based on elevation
(area in km?®) Urban/built-up 8 15 27 237.50

<499.99 Cultivated land 731 698 690 -5.61
Forest land 625 558 557 -10.88
Shrub land 78 155 169 116.67
Barren land 77 87 86 11.69
Water body 73 75 64 -12.33
Grass land 4 8 3 -25.00
Snow and ice land 0

500-999.99 Urban/built-up 30 46 74 146.67
Cultivated land 1656 1633 1567 -5.37
Forest land 1399 1400 1449 3.57
Shrub land 132 144 137 3.79
Barren land 53 33 29 -45.28
Water body 47 60 46 -2.13
Grass land 26 26 41 57.69
Snow and ice land 0 0 0

1000-1499.99 Urban/built-up 9 15 27 189.62
Cultivated land 1133 1120 1060 -6.45
Forest land 1026 1037 1082 547
Shrub land 80 81 67 -15.84
Barren land 27 17 12 -54.27
Water body 15 19 16 543
Grass land 27 27 52 92.49
Snow and ice land 0 0 0

1500-1999.99 Urban/built-up 4 5 10 152.75
Cultivated land 529 525 499 -5.65
Forest land 916 921 927 1.23
Shrub land 70 71 55 -22.10
Barren land 10 7 5 -46.20
Water body 6 7 5 -11.60
Grass land 28 26 62 122.18
Snow and ice land 0 0 0

2000-2499.99 Urban/built-up 1 1 1 63.61
Cultivated land 191 190 175 -8.39
Forest land 1169 1170 1176 0.60
Shrub land 55 57 41 -24.59
Barren land 7 6 4 -50.41
Water body 4 6 4 16.34
Grass land 35 32 61 76.77
Snow and ice land 0
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Table 14 (continued)

Elevation in meters 1996 2006 2016 Change in %
(1996-2016)

2500-2999.99 Urban/built-up 1 1 1 51.65
Cultivated land 61 67 44 -27.71
Forest land 1159 1171 1177 1.50
Shrub land 49 46 34 -29.35
Barren land 68 72 59 -12.80
Water body 6 14 13 123.58
Grass land 79 51 94 19.30
Snow and ice land

3000-3499.99 Urban/built-up 0 0 1 288.89
Cultivated land 18 27 13 -27.55
Forest land 844 898 902 6.81
Shrub land 78 64 38 -51.05
Barren land 223 216 195 -12.55
Water body 4 9 14 226.19
Grass land 251 204 256 1.91
Snow and ice land 4 4 3 -21.49

3500-3999.99 Urban/built-up 0 1
Cultivated land 21 25 20 -7.85
Forest land 338 386 389 15.18
Shrub land 55 50 37 -32.35
Barren land 545 525 466 -14.44
Water body 5 7 10 88.21
Grass land 628 599 681 8.54
Snow and ice land 28 27 16 -42.88

4000-4499.99 Urban/built-up 0 0 1
Cultivated land 6 6 4 -28.10
Forest land 94 135 120 27.58
Shrub land 11 13 15 42.33
Barren land 714 695 603 -15.59
Water body 5 6 7 31.68
Grass land 804 791 943 17.22
Snow and ice land 134 124 76 -43.74

>4500 Urban/built-up 0 0 0
Cultivated land 0 0 0
Forest land 0 0 0
Shrub land 16 44 44 175.00
Barren land 2403 2277 2771 15.31
Water body 9 12 13 44.44
Grass land 551 584 604 9.62
Snow and Ice land 2507 2570 2055 -18.03
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Forest Type of Study Area
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Fig. 8 Ecological distribution of forest types in the study area
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