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Abstract Wetlands support livelihoods of millions of
people in developing countries. However, wetland land
cover change, as a result of growing population and
subsequent anthropogenic activities, has been evident
at a global scale, and ongoing micro-climate alteration
has further deteriorating its ecological condition. Nepal
is equally vulnerable to wetland changes that can have
direct effects on the sustenance of local wetland-
dependent people. This study thus attempts to look at
how wetland areas of Nepal are undergoing changes,
taking a case of Ghodaghodi Lake Complex (GLC).
Remote sensing technique, climate, and population data
were used in the analysis aided by focus group discus-
sions and key informant interviews. Results showed that
total population of the study area has been increased
drastically in recent decades. Landsat image analysis for
25 years (1989-2016) depicts changes in the GLC in its
land cover, with maximum expansion observed in
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settlement followed by river and banks, whereas maxi-
mum reduction was observed in forests, followed by
areas of agricultural land and lake. Similarly, diurnal
temperature is increasing while total annual rainfall is
slightly decreasing during the same period. Locals have
perceived ecological degradation in the GLC due to both
anthropogenic pressure and climatic variability. The
study outlines linkage of drivers for GLC degradation
and finally makes recommendations to achieve longer
term sustainability of the lake complex.

Keywords Wetland - Land cover- Climatic variability -
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Introduction

Wetlands are vital to the local people. Often, people are
highly dependent on their ecosystem services for their
livelihoods. Current global areal extent of wetland is about
14.86 million km2; however, it could have been approxi-
mately 29.83 million km? if no anthropogenic disturbance
existed (Hu et al. 2017). Almost 71% of wetlands disap-
peared during the twentieth century (Gardner et al. 2015).
Inland wetlands depleted at higher rate compared with
coastal wetlands (Davidson 2014). Disruption of the deli-
cate balance between climatic variables (i.e., precipitation
and evaporation) as a result of increased warming made
wetlands vulnerable to climate change leading to change in
their distribution, areal extent, and overall functioning
(Clair 1998). Wetlands have carbon sequestration poten-
tial, currently with net carbon sink capacity of about 830
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Tg/year on a global scale (Mitsch et al. 2013); however, if
degraded, then they could be a source of greenhouse gas
and easily emit noxious carbon dioxide and methane into
the atmosphere (Kayranli et al. 2010; Junk et al. 2013).
Climate change is also certain to alter ecological impacts of
aquatic invasive species through enhanced competitive
and predatory effects on native species (Rahel and Olden
2008). Similarly, increased temperature affects chemical
reaction kinetics resulting in depleted water quality and
freshwater ecology (Whitehead et al. 2009). Woodward
et al. (2010) considered freshwater as vulnerable to climat-
ic changes because of low dispersal capacity of aquatic
species to respond to environmental changes, climatic
dependency of water temperature and availability, and
exposure of numerous aquatic systems to different anthro-
pogenic stressors.

The major reasons for depletion of wetland ecosys-
tems are anthropogenic, particularly overharvesting
of resources, disposal of pollutants, and land use land
cover (LULC) changes. Changes in population densi-
ty alter the land use dynamics of a given landscape
and are a driving force of the LULC change. Human
activities have modified extensive amounts of wet-
lands globally, and degree of their pressure varies
according to geographical locations (Reis et al.
2017). Prigent et al. (2012) found an overall decline
of 6% of global inundated areas within a span of 15
years, and further noted that such decline exhibited
especially in regions with soaring population. For
example, an increasing population density in Jilin
province of China has increased farm land and built
up areas, but decreased wetland, water body, and
grass land (Fei et al. 2015). Likewise, Lake Pamvotis
catchment in North West Greece has seen the rise in
population that led to significant increase in settle-
ments, tourism infrastructure, and intense agricultural
activities (Papastergiadou et al. 2010). Ruan et al.
(2008) reported land cover changes (using Landsat
images in Hongze Lake of the northern Jiangsu prov-
ince) over the period of two decades, especially of
urban settlement, fishing pond, and open water body
because of human intervention. Approximately
60,404 km? of natural inland wetlands in China dis-
appeared between 1990 and 2000 because of the
population boom and subsequent human disturbances
(Gong et al. 2010). Likewise, anthropogenic distur-
bances in the form of agricultural expansion within
the catchment of Harike Wetland in Punjab of India
caused the wetland area to shrink by 13% in just 20
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years (Mabwoga and Thukral 2014). Even though
Asia has the largest wetland area in the world, it has
also been affected by the highest human influences,
with only 8% of available wetlands protected (Reis
etal. 2017).

The wetlands of Nepal are under threats due to in-
creased anthropogenic activities, land cover change, and
ongoing climatic alteration. Accurate account of such
threats is largely unknown. A recent inventory of 92
lakes and other water bodies in the far-western Nepal
(DoF 2017) found no conservation program in place in
the 95% of wetlands, thus warrants immediate restora-
tion activities. Currently, there are ten Ramsar-listed
wetlands in Nepal, four in Terai plain, two in Mid-hills,
and four in the mountain region (Lamsal et al. 2017). In
addition to this, there are other forms of wetland
scattered around the country such as irrigated paddy
fields, rivers, marginal swamps, ponds, lakes, and
reservoirs—covering an area of approximately 8192
km”—altogether equivalent to ~ 5% of the total area of
Nepal (DoFD 2012). Dependency of people in wetland
for goods and services is high, especially in the semi-
rural and rural settings. It is believed that wetlands
located in the southern Terai plain are more vulnerable
from degradation compared with those situated in the
hilly and mountainous region, mainly because of high
human pressure. The overall population and its growth
rate are high in Terai plain and corresponding state of
land cover change and resource degradation. The main
objectives of this study are therefore to (i) examine the
extent of population pressure, land cover change, and
climatic variability in the GLC and (ii) analyze the
possible consequences of such changes on the existing
wetland resources and dependent communities.

Methodology
Study area

This study has focused on the Ghodaghodi Lake Com-
plex (GLC), a biodiversity rich Ramsar site located in
western Nepal (Fig. 1) which has been under high
population pressure for ecosystem services and thus
may be in danger of degradation in the near future if
current state of exploitation continues. The GLC is a
forested wetland and has 14 lakes, covering an area of
2563 ha, with Ghodaghodi (138 ha) being the largest,
followed by Nakharodi (70 ha), Bhainswa (10 ha), and
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Fig. 1 Study area showing the location of GLC in western Nepal

other smaller lakes. The study was carried out in the
Ghodaghodi. GLC is situated at an altitude of 205 m
above mean sea level (with latitude 0f28°42’06.6"N and
longitude of 80°56’44"E) in the lowlands of western
Nepal, and is under the jurisdiction of the government.
The GLC is connected to an extensive tropical mixed
forest in the lower slopes of the Siwalik Hills to the
north, and in between two protected areas: Bardia Na-
tional Park and Suklaphanta Wildlife Reserve in the
south. The GLC functions as an important corridor for
wildlife movement between these two protected areas
(Sah and Heinen 2001). The major inhabitants of the
area are the Tharu, an ethnic group that has been known
to reside here for over two centuries. The population has
been increasing due to influx of other communities from
hill areas. The complex is bounded by three village
development committees (VDCs),! namely Darakh,
Sandepani, and Ramsikharjhala with east-west national
highway passes through the southern section of it.

! Following the new constitution, in 2015, all old administrative divi-
sions (eg.municipalities and VDCs) were restructured into new 7
provinces, and 753 municipalities and rural municipalities. At present,
the GLC lies in Ghodaghodi Municipality.

The lake complex was listed as a Ramsar site of inter-
national importance in 2003 due to its rich wetland bio-
logical diversity JUCN 1998; Kafle 2005; Lamsal et al.
2014). It has great potential for tourism development
because of its strategic location, existing biodiversity,
and visitors’ willingness to contribute in conservation
(Lamsal et al. 2016). The area holds religious and cultural
values as well, and people from nearby villages and towns
travel to worship at a temple in the bank of the lake all year
round. Livelihood of many households in the GLC de-
pends on the wetland resources. About 13% of the local
household gross income comes from the GLC resources
(Lamsal et al. 2015a).

Data collection

Primary data was collected through remote sensing,
transect walk, key informant survey, and focus group
discussions. The use of remote sensing technique
provides both spatial and temporal information on
the structure of landscape, aiding in continuous mon-
itoring, management, and conservation of such fea-
tures. However, lack of a single unifying land cover
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feature, highly dynamic nature and constantly chang-
ing energy signatures, and narrow ecotone due to
steep environmental gradient in the edges are a few
inherent characteristics of wetlands that make it dif-
ficult to monitor remotely (Gallant 2015). Though
remote sensing technique for change detection has
been applied in the natural resource sectors for a long
time globally, its use in Nepal is recent and still being
applied scantly. Some of the earlier application in-
cludes forest (Khanal 2009; Aryal et al. 2011), river-
ine floodplain (Chettri et al. 2013; Chaudhary et al.
2016), urban (Thapa and Murayama 2009; Rimal
et al. 2015), and glacier (Bajracharya and Mool
2009; Shrestha and Joshi 2009). Hartter and
Southworth (2009) suggest that remote sensing ap-
proach is useful for initial reconnaissance mapping
and continuous monitoring of wetland landscape, and
further integration of biophysical and human change
data at temporal scale is necessary to unearth drivers
and effects of landscape change.

A field observation (transect walk) was made in the
study area on December 2015, in order to assess land
cover and environmental change. A total of nine key
informant interviews (KIIs), three in each VDC, and
three focus group discussions (FGDs), one in each
VDC that comprised 7-8 local people, were carried
out. Comparable informal queries were asked using a
checklist that was prepared in consultation with repre-
sentative of local communities in each VDC and several
rounds of discussions among the authors. The main
purpose of these activities was to capture local’s obser-
vation as well as their perception on the causes of
spatiotemporal land cover and climatic changes in the
GLC and corresponding possible consequences. Simi-
larly, field observation and pre-examination of satellite
images helped us to distinguish a total of five broad land
cover classes in the study area (Table 1), and according-
ly, 50 ground truth points were taken for each of these
categories using Garmin handheld GPS 62S.

The secondary data, i.e., Multispectral Landsats
and climatic variables, were obtained from the United
States Geological Survey (USGS) website and De-
partment of Hydrology and Meteorology (DHM),
Kathmandu, Nepal, respectively. All the satellite im-
ages were downloaded from Landsat sensors. This is
because satellite data from Landsat sensor provides
one of the longest archives and is freely accessible.
Multispectral Landsats are the major satellite systems
used to study all types of wetlands around the world
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Table 1 Wetland cover types used in image classification and
interpretation with their definitions

Class Definition

Agricultural land Area under cultivation

Forest Area under perennial vegetations
(trees, shrubs, and herbs)

River + sand bank Area filled with flowing water

and sand banks
Lake Area filled with static water

Settlement Area occupied by residential

properties (house, animal sheds)

since their first launch in 1972 (Ozesmi and Bauer
2002), and a number of studies have been using their
image data. However, in recent times, some advance-
ment was made and more new data and techniques
have been tried in wetland mapping and monitoring
with fair success. Satellite images of Landsat The-
matic Mapper (TM), Enhanced Thematic Mapper
(ETM), and Operational Land Imager (OLI) of dif-
ferent time slices (1989 to 2016) were acquired from
the USGS (http://glovis.usgs.gov), and their
characteristics are given in Table 2. Similarly, 30
years climatic (temperature and rainfall) data for
1984-2013 of the nearest climatology station in
Tikapur (N 28°32", E 81°07", and elevation 140 m
amsl) were obtained from DHM office in
Kathmandu.

Data analysis
Image pre-processing

The 2016 image was considered as a reference map,
geometrically corrected, and registered to the UTM
map coordinate system zone 45 north, Datum WGS-
84. Other images (1989 and 2002) were registered
using image to image registration technique. Simi-
larly, dark object subtraction (DOS) and top of at-
mosphere (TOA) were done as a part of atmospheric
correction, as the final outcome is expected to be
more accurate on corrected images (Song et al.
2001). The images were subset to limit the process-
ing up to the area of interest (AOI) that made image
processing easier and helped in extracting the de-
sired information.
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Table 2 Specifications of satellite data

Satellite Sensor Date of satellite pass Spatial resolution (m) Data source

Landsat ™ 1989 30 USGS Earth Explorer
Landsat 5 ETM 2002 30

Landsat 8 OLI 2016 30

Image processing and classification

All image processing was performed using the envi-
ronment for visualizing image (ENVI) version 5.1,
while maps were prepared using ArcGIS 10.2. For
training and validation sampling, we used data ob-
tained from field work, published map, and Google
Earth. For 2016 image, field work data were used for
training and validation sampling, whereas Google
Earth and topographical map were utilized for 2002
and 1989 images, respectively. Supervised classifica-
tion was done using maximum likelihood classifica-
tion (MLC) algorithm to extract information on the
identified land cover of the GLC catchment, using
training samples (in the range of 50—65 points) taken
randomly stratified by land cover class. The MLC is
one of the most effective methods in supervised clas-
sification (Gao 1998; Green et al. 1998), which com-
putes the weighted distance or likelihood of unknown
measurement vector belonging to one of the known
classes and is based on the Bayesian equation. On the
basis of spectral signature—based satellite image clas-
sification, identification and distribution of land cov-
er were analyzed.

Image post-processing and change detection analysis

We used post-classification comparison techniques to
detect changes in land cover from the three imagery
dates. It provides “from-to” change information and is
the most common change detection method. Changes in
land cover were mapped by subtracting the classified
maps between three time periods: 1989-2002, 2002—
2016, and 1989-2016. Change matrix was also devel-
oped to understand the dimension of the change.

Accuracy assessment

Validation of classification is an integral part of any
image classification process (Sinha et al. 2014). We
followed accuracy assessment method (Congalton

1991; Congalton and Green 2008) to estimate the accu-
racy of the image classification.

Results
Field observations, KIIs, and FGDs

Field observations through transect walk by the first
author, with the help of two volunteers, witnessed
many environmental issues in the study area. Major
problems observed were aquatic floral invasion, over
extraction of water from the lake and river channels
using heavy water extraction pump throughout the
year, river bank erosion, industrial activities such as
brick kiln, illegal tree felling for timber, and fuel-
wood. Both KlIIs and FGDs reported land cover and
environmental changes over the years. During the
FGDs, a majority of the participants expressed their
view about an increase in atmospheric temperature
over the last few years compared with the last 25
years. Participants also reported a decrease in the
rainfall amount and intensity and an increase in
abrupt and unpredictable rainfall pattern during the
same period. The area has had rain-fed agriculture;
however, nowadays, underground water is the main
source for irrigation. Increased temperature and de-
creased rainfall in the area have affected water re-
charge capacity of Sita Kuwa, natural water well
situated at the foothill of Siwalik range that supplies
water to the lake. Invasion by some species such as
Gandhe Jhar (Plectranthus barbatus) and Snails (He-
lix sp.) has increased drastically in the terrestrial
ecosystem, and water hyacinth (Eicchornia
crassipes) in the aquatic ecosystem—which locals
attributed to the changing climate. Populations of
some species of fish, such as Samar and Parni, have
been reduced in the lake. A record of 249 bird species
was mentioned during a KII (Pers. Comm. Ram
Bahadur Chaudhary). However, it was learnt that
Comeback Duck, locally called Nakata, were not
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seen for the last 7-8 years; the population of purple
swamphen (Porphyrio porphyrio) has declined dras-
tically these days, and lesser adjunct (Leptoptilos
Jjavanicus) has vanished from the area for a long time.
Though the area used to be rich in wild animals due
to a favorable habitat, the population is declining for
marsh crocodile (Crocodylus palustris), bear (Ursus
thibetanus), monkey (Macaca mulatta), leopard
(Panthera pardus), spotted deer (Axis axis), blue bull
(Bos gaurus), wild pig (Sus scrofa), and vulture
(Gyps himalayensis). People observed less regenera-
tion capacity of sal (Shorea robusta) and sissoo
(Dalbergia sissoo), the major vegetation types of
the GLC. Availability of wild food such as wild rice,
wild mushroom, and wild vegetables was reduced
upon which many indigenous people depend on for
their livelihoods. Many people (in the KII, FGDs)
viewed that settlement expansion in recent years has
directly exerted pressure on the forests and their
ecosystem services available in the GLC, especially
on fuel wood, leaf litter, sal and lotus leaf, and fish.

Changing demographic pattern of the study area

The populations of the three VDCs that bound the
GLC were 25,286 with 3442 households in 1991
(CBS 1991); 43,687 with 6110 households in 2001
(CBS 2001); and 60,531 with 10,587 households in

2011 (CBS 2011) (Fig. 2). The population has more
than doubled, and the number of households has
increased threefolds.

Satellite image analysis and interpretation

Fig. 3 shows the classified land cover map of GLC for
the years 1989, 2002, and 2016, and the overall classi-
fication results are summarized in Table 3. The results
indicate that agricultural land has the highest share of the
total area of GLC in all years, followed by forest, river
and banks, lakes, and settlements. Overall, the areas of
forest, agricultural land, and lakes have been decreased
by 8.73%, 4.40%, and 0.65%, respectively. However,
settlement and river and bank areas have been increased
by 361.11% and 87.70%, respectively.

The overall classification accuracies were found at
84.57, 89.35, and 90.54 and Kappa coefficient of 0.70,
0.85, and 0.86, respectively, for the years 1989, 2002, and
2016. The rates of change in the land use over the study
period were found different (Table 3). In between 1989
and 2002, forest and lake areas decreased by 7.25% and
2.61%, respectively. However, during the same period,
expansion of the river and bank (64.75%), settlement
(44.44%), and agricultural land (0.75%) was observed.
Similarly, during 2002-2016, agricultural land and forest
decreased, and river and bank, settlement, and lake areas
increased. Overall, settlement had the maximum

70000

== Number of
Households
Population

60000

50000

40000

30000

20000

10000

Number of households and population

1991

2001 2011

Fig. 2 Trends of population and households in the study area
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Fig. 3 Land cover change in GLC over a period of three decades

increment and forest had the maximum reduction in area

between 1989 and 2016 (Table

3). Fig. 4 shows the

spatiotemporal dynamics of different land cover catego-

ries for the above three time periods.
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Table 3 Land cover change in the Ghodaghodi Lake Complex, Nepal (1989-2016)

Land use Area (hectares) % changes
1989 2002 2016 1989-2002 2002-2016 1989-2016

Agricultural land 1341 1351 1282 0.75 =511 —4.40
Forest 1283 1190 1171 -7.25 - 1.60 —8.73
River + bank 122 201 229 64.75 13.93 87.70
Lake 153 149 152 -2.61 2.01 -0.65
Settlement 18 26 83 44.44 219.23 361.11
Total 2917 2917 2917 N/A N/A N/A

Climatic (diurnal temperature and rainfall) variability
in the GLC region

The historical trends of climatic variables, namely diur-
nal temperature range (DTR) and total annual rainfall, of
the study area are shown in Fig. 5 a and b, respectively.
Diurnal temperature range has been increasing at an
annual rate 0f 0.0318 °C. On the other hand, total annual
rainfall shows a slight decreasing trend (— 0.3381 mm/
year) with drastic annual variation.

Discussion

This study shows a decrease in the forest land area
(8.7%) and agricultural land area (4.4%), and a tremen-
dous increase in the settlement area (361%) and river
bank area (87.7%) during 1989-2016. The population
of the study area during the past 20 years (1991-2011)
has increased by almost 140% (CBS 2011). Increasing
population demands more area to build houses, and it
occurred through encroachment of forests and agricul-
tural land. Terai plain of Nepal, which mostly lies below
610 m elevation, comprises only 23% of the total land
area, however accommodated 50.3% of total population
of the country (MoPE 2017). This shows an increased
anthropogenic pressure on available natural resources in
the Terai. Khanal (2009) also reported decreased forest
land cover in the GLC during the 1990s. Similar result
was observed in Koshi Tappu wetland areas where
forests were reduced up to 94% within three-decade
interval and mostly converted to grasslands with the
significant impact on its ecosystem (Chettri et al.
2013). Decreased forest cover and water bodies have
also been reported in wetlands of India as a result of
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increased settlement, for example, Hokersar wetland
(Romshoo and Rashid 2014) and Dal wetland (Badar
etal. 2013) and also in Inle Lake, Myanmar (Karki et al.
2018). Similarly, Zacharia et al. (2013) reported a sig-
nificant shrinkage of lake area (almost 68%) over the
period of 20 years with the rise in human population,
built up structure, and consequent deforestation as well
as commercial and subsistence farming in the vicinity of
Lake Olbolosat in the central Kenya.

Alteration of biophysical processes such as land cov-
er change could have strong negative effect on regional
climate, which in turn is detrimental to local climate,
water cycle, ecosystems and their productivity, and bio-
diversity (Perugini et al. 2017). Rivers and their sand
banks in the GLC have increased by almost 88% during
the past 30 years. This could be due to erosion and
accretion process in the GLC catchment (Fig. 6¢). The
rivers, viz. Tenga in the west and Donga in the east
flowing through GLC, are alluvial in nature, and lateral
channel erosion leads to widening of river banks in
alluvial rivers (Debnath et al. 2017). Furthermore, an-
thropogenic activities, such as near river bank agricul-
tural production, water abstraction, and rampant sand
mining for settlement and other developmental works
undergoing in the GLC (Fig. 6b—d), could have led to
the expansion of such sand banks. The expanding river
channel bank has decreased the areal extent of GLC,
thereby creating pressures through trade off among land
uses. This has ultimately forced the inhabitants to en-
croach forest land for expanding settlements (Fig. 6f),
thereby impacting overall ecosystem functions of the
GLC in the long run including loss of wildlife habitats.
Many respondents during the KIIs and FGDs agreed
with the increasing pressure of the anthropogenic activ-
ities to ecosystem in the GLC. A global meta-analysis
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(van Asselen et al. 2013) observed agricultural develop-
ment as a main proximate cause of wetland conversion,

(a)

Fig. 6 Anthropogenic activities and ecological degradation at
GLC. a Water hyacinth and other emergent plants covering lake
water body. b Settlement and agricultural activities. ¢ Brick kiln. d
Water extraction near a lake for irrigation purpose. e River bank
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and economic growth and increasing population density
are the most concerns. Hazarika et al. (2015) also

erosion and channel expansion at Donda river. f Fuel wood ex-
traction and transportation at GLC (photos were taken by the first
author during field visit in 2015)
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reported erosion-accretion and river channel shift due to
near river bank agricultural activities in the upper Brah-
maputra plains in India. Ecological degradation of the
wetlands due to land cover change and human activities
is also indicated elsewhere, for example, in China (Gong
et al. 2010; Xie et al. 2012; Wu et al. 2015; Zhao et al.
2015), Zambia (Munyati 2000), Iran (Ghobadi et al.
2015), Bangladesh (Sun et al. 2017), and Vietnam
(Funkenberg et al. 2014).

The study also found that the area of GLC water body
decreased very slightly (< 1%) over the 30-year period.
This could be mainly due to its forested inland terrain
nature and some lake restoration work carried out local-
ly. However, local people observed degraded water level
and its quality in the last few years (Fig. 6a), citing
increasing degraded water turbidity arises from the
wastes of nearby temple and visitor’s recreational activ-
ities, high density of aquatic plant invasion, and loss of
many indigenous fishes.

In recent times, the frequency and intensity of weath-
er extremes have been increasing across Nepal (Shrestha
et al. 2016; Karki et al. 2017). Both temperature and
rainfall records of the study area show variable trends
over the last 30 years. The DTR (Fig. 5a) has been
increasing, while total annual rainfall pattern (Fig. 5b)
shows a slight decreasing trend over the same period. A
recent study (Thapa et al. 2015) also reported increased
temperature and decreased rainfall in the same area. A
similar trend was observed in the adjoining North Indian
regions (Sinha 2011; Behera et al. 2012). Climate
change is expected to cause significant changes to tem-
perature regimes and rainfall patterns that could pose
serious risks for inland freshwater wetland ecosystem
such as GLC, where people are benefitting from its
several ecosystem services. Climate change could have
direct impact on the hydrological dynamics of wetlands
by reducing water discharge from watersheds and in-
creasing evapotranspiration which could have severe
implication in the overall wetland ecosystem (Zhu
et al. 2017). A big natural water well/pit, viz. Sita
Kuwa, and two seasonal rivers, viz. Tenga and Donda
close to the GLC boundary, help to maintain water table
and water source of the study area. A likely change in
the water discharge of the rivers with future warming
could have serious impacts on the hydrological
dynamics of the GLC. For instance, Dahal et al.
(2019) reported a possible climate-induced water secu-
rity concerns in Nepalese watershed because of the
altered hydrological processes in some river systems.

They reported a case of Roshi watershed of central
Nepal where recent changes in temperature and precip-
itation influenced dry and wet spell, leading to decline in
annual and seasonal streamflow of the river.

Based on the analysis of people’s observation,
existing anthropogenic pressure, land cover changes,
and climatic variability trends, it is clear that ecological
condition of the GLC is currently in a degraded state and
will continue so if prompt action is not put in place.
High settlement demand for the booming local popula-
tion has increased encroachment of both forests and
fertile agricultural land. The forests of GLC used to be
a safe habitat for diverse flora and fauna; many of them
are endangered species (for details, please refer to [UCN
1998; Kafle and Savillo 2009; Lamsal et al. 2014). The
contraction of forests as revealed by our analysis may
have detrimental impacts on such species. Degradation
of biological diversity could have direct impact on the
socio-ecological system of the wetlands. Increasing
population with decreasing agricultural land means in-
tensification of agriculture practices using high rates of
chemical fertilizers and pesticides. Improper application
of chemical fertilizers and pesticides could degrade the
soil fertility of the area and increase the chemical pollu-
tion into the lake water through surface flow and sub-
surface leaching of such chemicals. The chemical fertil-
izers and pesticides would harm structural and function-
al diversities of microbial populations that in turn affect
numerous soil functions and integrity (Prashar and Shah
2016). Invasion by water hyacinth, for example, has
expanded all over the water surface of the lake in recent
years. High chemical concentration also hampered the
aquatic habitat of fish and other animals. A household of
Nepal applies 100 kg of chemical fertilizer in the agri-
culture land and such application is almost four times
higher in Terai region compared with the hills (Shrestha
2010). Increased agricultural productivity obtained
through extensive use of fertilizers, for example, has
triggered decline in aquatic vegetation, shrinkage of
wetland catchment, and heavy water hyacinth infesta-
tion in Samaspur wetland ecosystem of India over the
period of 30 years (Behera et al. 2012).

The study clearly shows an increase in temperature in
the GLC region for the last three decades. The change in
rainfall is not clearly observed in the nearby station of
Tikapur. Changes in climatic patterns have caused wet-
land ecological degradation in many regions of the
world. For example, Werner et al. (2013) reported a
shorter hydroperiod and less vegetation dynamic cycles

@ Springer



415 Page 12 of 16

Environ Monit Assess (2019) 191: 415

Migration from hill to Terai
(from inaccessible low productive
area to accessible high productive
areas)

Climate Change

(Increased temperature, changed

rainfall pattern)

s from farmlands)

Runoff and pollutions

(from settlements and agro-chemicals

Wetland Degradation in GLC

Population growth in GLC
(by 140% from 1991 to 2011)

(Decreased water level, water pollution,
loss of biodiversity, infestation by

Land Cover Change in GLC
(Decreased forest and farmland,
increased settlements and
riverbanks from 1989 to 2016)

invasive species of weeds)

Loss of Livelihood of Residents

(Decreased ecosystem services)

Fig. 7 Linkages between population pressure and wetland degradation in the GLC

affecting the productivity of numerous aquatic species
in the wetlands of Prairic Pothole Region (PPR) in
Canada. Likewise, Rashford et al. (2014) reported de-
creased productivity at PPR of Dakota, USA, with + 4
°C warming. Similarly, diurnal temperature range
(DTR) is an important indicator for climate change
(Karl et al. 2004). Englehart and Douglas (2005) men-
tioned that regional land cover change, to some extent,
is a potential forcing mechanism for DTR, including
forest cover losses (Alkama and Cescatti 2016). Such
temperature variability could impact the population vi-
ability of many endothermic animals (Briga and
Verhulst 2015) and disrupt plant development and pro-
ductivity including pollination (Hatfield and Prueger
2015). It should be noted that in future, the impact of
climatic change on wetland habitats will act differential-
ly on a regional and mega-watershed level (Erwin
2009). This study considers only two variables, DTR
and annual rainfall, in analyzing climatic variability
trend of the GLC. Therefore, it is hard for the present
study to remark such degradation simply based on the
two historic climatic trends; however, overlooking such
climate-based ecological damage in the GLC is also not
justified.

@ Springer

There are few community conservation activities car-
ried out at GLC by local community-based organiza-
tions (CBOs) through a support of some international
initiatives such as International Union for Nature Con-
servation (IUCN), World Wildlife Fund (WWF), and
United Nation Development Program (UNDP); howev-
er, looking at the current state of degradation, those
efforts seem insufficient. A community-based conserva-
tion program has been advocated for wetland conserva-
tion (Bamford et al. 2017; Lopez-Maldonado and
Berkes 2017; Wali et al. 2017) and GLC management
(Lamsal et al. 2015a). Local communities of GLC are
willing to participate in the conservation activities
(Lamsal et al. 2015b). The recreational potential of the
GLC for visitors is immense (Lamsal et al. 2016). Nepal
government recently adopted a National Ramsar Strate-
gy and Action Plan for the years 2018-2024 (MoFE
2018), which plans to conserve, wise use, restore, and
ensure benefits to local communities, primarily engag-
ing local-, federal-, and state-evel stakeholders. The
current increasing population trend (Fig. 2) will expedite
unsustainable resource extraction from the complex,
which coupled with climatic variability threatens eco-
system supply potential and endangering biodiversity
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that will have longer term impact on local livelihood
(Fig. 7). Livelihood of the Tharu ethnic community in
the study area is mostly based on the GLC resources.
Lamsal et al. (2015a) reported a significant contribution
of GLC resources to the livelihood of local people,
supplying fuelwood, timber, fish, leaf litter, and lotus
leaf among others, contributing 13% of their total house-
hold annual income.

Finally, it is worth to note two limitations of this
study, viz. the use of low-resolution Landsat satellite
images of longer interval for land cover change and
consideration of only two climatic variables, i.e., DTR
and annual rainfall. Future studies should try to incor-
porate high-resolution images of short interval to assess
land cover change and more climatic variables to gain an
in-depth insight on micro-climatic change and wetland
resource degradation.

Conclusion and recommendations

This study has outlined the importance of wetland eco-
systems in Nepalese context along with current degra-
dation trend, citing a case of GLC. Multiple resources
are derived from the GLC to sustain livelihoods in the
study area, signifying their high dependence. Ecological
condition of the area, on the other hand, is being de-
graded in recent times in the form of disappearance of
floral and faunal species and emergence of invasion
since the last few decades through anthropogenic activ-
ities. Alteration of important land cover such as contrac-
tion of forest and agricultural land and expansion of
settlement in the recent past is a serious concern. Mete-
orological data further revealed the variability in micro-
scale temperature and rainfall patterns that could possi-
bly have serious consequences on the overall biodiver-
sity of the GLC.

In general, this study could help the local-, regional-,
and national-level natural resources policy makers in
order to prepare a future management plan of the GLC.
Having said that, wise use of GLC resources should be
continued along with community-based conservation ac-
tivities through the adoption of socio-ecological system
and adaptive management concept by considering in-
creasing population and degraded resource circumstance.
All the programs to be implemented both by the govern-
ment and development partners should strive to make
locals aware of the importance of protecting biodiversity
in the GLC in order to maintain healthy local ecosystem

and ensure sustainable flow of lake-based ecosystem
services for human welfare. As the GLC bears high
significance in terms of tourism development, the evi-
dence of changes in climatic variability as shown in this
study should be seriously considered and start initiating
more researches with a focus to the impact of climatic
change on its biodiversity. We also suggest concerned
authorities utilizing remote sensing technology for con-
tinuous monitoring of the GLC resources that could
provide a sound basis of resource management in the
long run. More specifically, following five recommenda-
tions are offered for immediate consideration.

1. Inthe context of booming population and increasing
wetland resource demands in the GLC, monitoring
of current and likely future condition is a must,
where application of remote sensing can play a role.
The land cover change map could be a useful re-
source for natural resource managers and policy
makers of the region for utilizing in current as well
as future integrated wetland complex resource plan-
ning and management.

2. Ecological restoration of the GLC should be a
prime objective to be incorporated in any future
lake management plans and programs. Conserva-
tion and wise use of GLC through efficient man-
agement systems are needed at present. This ne-
cessitates good conservation partnership effort
between government, private organizations, and
local community agencies.

3. Environmental awareness is still lacking. Therefore,
more awareness targeting locals—both males and
females as well as school children—is necessary on
climate change and its likely impact on the GLC
resources in addition to the pressure from escalating
anthropogenic activities. The attitude of people on
conservation needs to be changed, and local conser-
vation organizations need to be motivated to play a
role on it.

4. Supporting local people for expanding sustainable
tourism activities targeting domestic visitors could
be a good viable livelihood alternative for local
dependent people. The GLC is a Ramsar-listed wet-
land that may not only attract domestic visitors but
also could fascinate international visitors because of
its unique biodiversity and rich ethnic Tharu cul-
ture. It is easily accessible by road transport and
geographically situated in between two western
lowland protected areas (PAs), viz. Bardia National
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Park and Suklaphanta Wildlife Reserve. Thus,
implementing an integrated tourism package in-
volving both the PAs and the GLC would be a
useful initiative for the region.

5. Setting a buffer zone between the GLC and human
settlement and realignment of east-west highway
away from the lake are necessary for the longer term
sustainable ecological restoration that supports bio-
diversity and maintains continuous flow of ecosys-
tem services.
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