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Abstract

Human activities have degraded lakes in Uttarakhand, endangering their vital role in urban sustainability, which includes
providing essential services like water supply, flood mitigation, agriculture support, and biodiversity conservation in the
Himalayan region. This study focused on Nainital district lakes, utilizing remote sensing and GIS techniques to assess their
condition. Time series Landsat 8 satellite imageries acquire by USGS earth explorer from 2017 and 2022 were captured,
pre-processed, and subjected to spectral-based classification algorithms in ArcGIS software to calculate Normalised Dif-
ference Vegetation Index (NDVI), Normalised Difference Water Index (NDWI), and Normalised Difference Built-up Index
(NDBI) indices to assess changes in vegetation, water bodies, and build-up area in and around the lakes respectively. The
results indicate a decrease in built-up areas for Nainital district lakes from 2017 to 2022: Naini Lake (1.42%), Bhimtal Lake
(1.83%), Naukuchiatal Lake (1.45%), Sattal Lake (2.18%), Khurpatal Lake (2.25%), and Sariyatal Lake (1.3%). Additionally,
Bhimtal, Naukuchiatal, and Khurpatal lakes exhibited reductions in shrub and grass vegetation by approximately 12%,
16%, and 0% over the five-year period. Notably, Sattal and Khurapatal lakes demonstrated significant decreases in built-
up areas, likely attributed to restoration efforts or landslides. Findings emphasize the need for conservation, sustainable
land-use practices, and effective management to protect lake ecosystems.

Article highlights

e Built-up areas decreased: Uttarakhand lakes saw e Restoration efforts: Sattal and Khurapatal lakes showed
reduced built-up areas from 2017 to 2022. significant improvement due to restoration.

e Vegetation changes: Shrubs and grass declined in
Bhimtal, Naukuchiatal, and Khurpatal lakes.
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1 Introduction

Lakes are crucial for maintaining biodiversity because they
provide homes for a wide variety of species, promote the
cycling of nutrients, and provide water for many ecologi-
cal processes [1]. However, due to increased pollution,
sedimentation, encroachment, and disruption of hydro-
logical regimes because of rapid speed of urbanization,
industrialization, and agricultural intensification, once-
pristine ecosystems are today dealing with problems like
eutrophication, biodiversity loss, habitat degradation, and
degraded water quality [2-4].

The Nainital district, widely known as India’s lake dis-
trict, and located amid Uttarakhand’s picturesque land-
scapes, is home to six beautiful lakes namely Naini Lake,
Bhimtal Lake, Sattal Lake, Sariyatal Lake, Khurpatal Lake,
and Naukuchiatal Lake [5-7]. However, these lakes have
been inflicted by encroachments, illegal development in
the catchment areas surrounding the lakes, population

Fig. 1 Location of study area
(using ArcGIS software)
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growth, increased tourism, eutrophication, and contami-
nation due to pollution because of the quick expansion
of homes and hotels [8, 9]. These issues are made worse
by silt deposition, solid waste disposal, and untreated
wastewater discharge. Consequently, it is imperative to
thoroughly examine the present state of the lakes in the
Nainital district and present a comprehensive overview
to the relevant authorities for appropriate action [10-14].

For comprehending lake issues and creating success-
ful conservation strategies, ecohydrology blends ecology
and hydrology. By facilitating effective decision-making
and the evaluation of ecological repercussions, remote
sensing and GIS technology has revolutionised lake man-
agement [15-19]. GIS-based technologies have recently
started to be used to assess the condition of the lakes. It
has been used for aquaculture site suitability, landslide
susceptibility, and water quality assessment of the lakes of
the Nainital district [20-23]. The water of Nainital, Bhimtal,
Naukuchiatal, and Sattal lakes were found to be unsuitable
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Fig.2 Satellite images of Nainital’s Six Lakes dated 1 February 2023 (Source United States Geological Survey)

for drinking [21]. The same has been employed for deter-
mining the land use/ land cover change dynamics in the
Bhimtal Lake catchment area using a multi-criteria evalu-
ation approach, the results of which showed an increase
in the settlement and agricultural area and a decrease in

the forest area of the region [24]. Water spread areas of
Bhimtal, Sattal, and Naukuchiatal lakes from 2001 to 2018
have also been calculated based on the band rationing
indices revealing a significant increasing trend in the water
surface area of Sattal Lake and Naukuchiatal Lake [25].
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Satellite Images of Nainital

District From USGS (Landsat 8)
of 2017 & 2022

Demarcation 6 Lakes of Nainital
by Clipping Satellite Images
using Arc GIS

™ Create Buffer Zone of 5 km
1 around each Lake

Study changes in Lake

Fig.3 Flowchart of the methodology adopted

Much of the research work focused on the Nainital Lake
and least on the other five lakes of the Nainital district.
Moreover, the current condition of the lakes needs to be
assessed and addressed. The potential for using GIS tech-
nologies to assess lake environmental degradation in the
Nainital District is enormous. Thus, using remote sensing
and GIS techniques, the current study aims:

o To assess the condition of Nainital district lakes namely
Nainital Lake, Bhimtal Lake, Sattal Lake, Khurpatal Lake,
Naukuchiatal Lake, and Sariyatal Lake in Uttarakhand
using remote sensing and GIS techniques.

e To analyze and quantify the changes in vegetation,
water bodies, and built-up areas in the lakes from 2017
to 2022 using satellite imagery and spectral-based clas-
sification indices.

e Toinvestigate the factors contributing to the observed
changes such as restoration efforts or landslides and
emphasise the value of conservation, environmentally
responsible land use, and efficient management tech-
niques for protecting lake ecosystems.

e Toadd to the body of knowledge on lake conservation
and management by merging remote sensing, GIS, and
an eco-hydrological perspective.

The present study made use of maps from the Survey
of India that are scaled to 1:50,000 as well as Landsat 8
satellite imageries acquired by USGS earth explorer from
2017 and 2022. These satellite images were then analyzed
by using ArcGlIS software to calculate spectral-based
classification indices namely Normalised Difference Veg-
etation Index (NDVI), Normalised Difference Water Index
(NDWI), and Normalised Difference Built-up Index (NDBI)
indices to assess changes in vegetation, water bodies,
and build-up area in and around the lakes respectively.
For assessing these indices, a 5 km buffer zone around
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the lakes was taken in ArcGlIS. The buffer zone enables
the inclusion of the lake’s immediate surroundings, which
might have an impact on the lake ecosystems and their
biological dynamics, allowing for a more accurate assess-
ment of the ecological integrity of the lakes. The results
of the study enhance understanding of lake degrada-
tion and provide valuable information to policymakers,
stakeholders, and communities for informed decisions
and sustainable practices, safeguarding ecosystems for
future generations.

The article is divided into several sections: Sect. 2
describes the data and methods used in the study; Sect. 3
presents the results in detail; and Sect. 4 brings the discus-
sion of the results; and Sect. 5 closes the article by sum-
marising the main conclusions and their implications.

2 Data and methods

The lakes in the Nainital District in Uttarakhand, India,
are the subject of this study, which aims to comprehend
its ecohydrological perspectives. Six well-known lakes—
Nainital Lake, Bhimtal Lake, Sattal Lake, Sariyatal Lake,
Khurpatal Lake, and Naukuchiatal Lake—are the sub-
jects of the evaluation. Nainital district in Uttarakhand,
India, enjoys a moderate climate with temperatures rang-
ing from 14 to 30 °C (57-86°F) in summer and 3-15 °C
(37-59°F) in winter. It receives an average annual rainfall
of 1500-2000 mm (59-79 inches), with the majority occur-
ring from July to September. Humidity is higher in sum-
mer and monsoon seasons. As shown in Fig. 2, the location
map of the lakes in the Nainital District was created using
ArcGIS software to help visualize their spatial distribution
within the research area. Figure 1 displays the location of
the study area and Fig. 2 shows the satellite images of the
six lakes under study.
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USGS Earth Explorer was used to gather Landsat-8 satel-
lite raster images of the six lakes from 2017 to 2022. The
satellite images of 1 September 2017 and 1 July 2022 were
taken for different lakes for 2017 and 2022 respectively.
For analyzing Landsat imagery, “ArcGIS” software has been
used. Figure 3 gives the flowchart of the methodology
adopted in the present study.

The six lakes under study were delineated using ArcGIS
software. To do this, image clipping technique was used
to extract the precise regions belonging to each lake. The
regions of interest were then highlighted by segmenting
the satellite pictures. A 5 km-radius buffer zone was cre-
ated around each lake to examine the lake’s extent and
spatial impact. Buffering enables to examine the areas
close to the lakes facilitating the evaluation of their ecolog-
ical and hydrological consequences. Buffering is followed
by the determination of band rationing indices viz. NDWI,
NDBI, and NDVI with the help of ArcGIS software. These
indices provide key information on lake health, vegeta-
tion, built-up areas, and water bodies. They help analyze
lake changes and environmental degradation by measur-
ing variations in these indices. Satellite imagery’s spectral
bands are used in band ratio calculations to obtain specific
Earth surface information. Table 1 gives the summary of
the band rationing indices.

Figures 4,5,6,7,8,9,10,11,12,13, 14,15, 16,17, 18,
19, 20, 21 shows the images of Nainital lake, Bhimtal lake,
Naukuchiatal lake, Sattal lake, Khurpatal lake, and Sariyatal
lake analyzed for NDVI, NDBI, and NDWI by ArcGIS soft-
ware after buffering. Finally, a thorough evaluation of the
environmental deterioration was carried out by examining
the alterations seen in the lakes by the application of the
band rationing indices.

Band5—Band4
Band5+Band4
Band6—Band5
Band6+Band5
(Band3—Band5)
(Band3+Band5)

Band 5 corresponds to a near-infrared range of frequency [26]

frequency and Band 5 corresponds to a near-infrared range of

infrared range (NIR) of frequency and Band 4 corresponds to
frequency [26]

the red frequency range [26]
where, Band 6 corresponds to shortwave infrared (SWIR) range of

where, Band 5 corresponds to electromagnetic spectrum’s near-
where, Band 3 corresponds to the green frequency range and

Expression

NDVI
NDBI
NDWI

growth, land use planning, and the observation of urbaniza-

tion processes
Higher NDBI values indicate urbanized or built-up areas

Lower values indicate underdeveloped areas [27, 28]
whereas higher values denote the presence of water

deforestation or stressed vegetation

Values range from — 1 to+1 [26]

3 Results

Positive NDVI values describe regions with active vegetation

Higher NDVI values indicate denser and healthier vegetation
Negative NDVI areas are unvegetated or covered in water
Used to locate populated or urban areas, analysis of urban
Used to analyze changes in water extent over time [27, 28]

Lower values signify non-water areas like land or plants,

Description

Table 2 displays the findings of the investigation into
changes in built-up areas, vegetation and water indices
near five lakes in the Nainital region. Three parameters—
the Normalised Difference Vegetation Index (NDVI), the
Normalised Difference Water Index (NDWI), and the Nor-
malised Difference Built-up Index (NDBI)—were the sub-
ject of the analysis. Data for the years 2017 and 2022 were
compared to determine the change percentages. The
areas were measured as a percentage of a 5-km buffer
around each lake.

For Lake Nainital, the NDVI values pointed an overall
positive trend, with an increase in the area covered by
shrubs and grass (7% change), sparse vegetation (20%
change), and dense vegetation (3.88% change). The NDWI
- ~ m implied a significant increase in the water area, with a

Normalised Difference Vegetation Index (NDVI) Used to track vegetation changes, calculate biomass, and spot

Normalised Difference Built-up Index (NDBI)
Normalised Difference Water Index (NDWI)

Table 1 Band rationing indices used in the study

S.No Band rationing index
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Fig.4 Analyzed image of

Nainital lake for NDVI MDY
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Fig.5 Analyzed image of
Nainital lake for NDBI NDBI
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change of 7.29%. However, the NDBI showed a decrease
in built-up areas by 1.42%.

The NDVI measurements for Lake Bhimtal showed that
the area covered by shrubs and grass decreased (-12%
change), whilst the area covered by sparse vegetation
increased (19% change). Along with growth, the dense
vegetation changed by 4.49%. The NDWI showed a
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2.37% increase in water areas, whereas the NDBI showed
a 1.83% decrease in built-up areas.

The NDVI readings for Lake Naukuchiatal showed a
notable decline in the area covered by shrubs and grass
(-16% change). However, there was an increase in the
sparse vegetation (13.44% change), whereas the lush veg-
etation only slightly increased (3.91% change). While the
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Fig.6 Analyzed image of
Nainital lake for NDWI

NDWI

Fig.7 Analyzed image of

Bhimtal Lake for NDVI HEI

NDBI showed a drop in built-up areas of 1.45%, the NDWI
showed a considerable increase in water areas of 4.06%.

In the case of Lake Sattal, the NDVI values showed a
decrease in the area covered by shrubs and grass (— 7%
change). The change in the sparse vegetation was signifi-
cant (18.6% change), while the change in the dense veg-
etation was minimal (3.94% change). The NDWI showed a
2.59% increase in water areas, whereas the NDBI showed
a 2.18% decrease in built-up areas.

NAINITAL LAKE R

WAOE  WZOE  IWMOE  WNOE  WNOE  WNVE

BHIMTAL LAKE N

WHOE  WBOE  WWOE

For Lake Khurpatal, the NDVI values showed no sub-
stantial change in the area covered by shrubs and grass
(0% change). The amount of sparse vegetation increased
(13.6% change), whereas the amount of dense vegetation
only slightly increased (5.36% change). The NDWI showed
a 5.1% rise in water areas, whereas the NDBI showed a
2.25% decrease in built-up areas.

SN Applied Sciences

A SPRINGERNATURE journal



Research SN Applied Sciences (2023) 5:271 | https://doi.org/10.1007/s42452-023-05491-9

Fig.8 Analyzed image of N
Bhimtal Lake for NDBI e BHIMTAL LAKE A
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Lastly, the NDVI values for Lake Sariyatal showed asmall 4 Discussions
increase (3% change) in the area covered by shrubs and
grass. Both the sparse vegetation (17.8% change) and the  Figure 22 shows how the NDVI values for shrubs and grass,
dense vegetation (5.88% change) experienced significant  sparse vegetation, and dense vegetation changed across
growth. While the NDBI showed a decrease in built-up  various lakes in the Nainital region between 2017 and
areas of 1.3%, the NDWI showed a large increase in water ~ 2022.
areas of 7.44%.
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Fig. 10 Analyzed image of
Naukuchiatal Lake for NDVI NDVI

2017

Fig. 11 Analyzed image of
Naukuchiatal Lake for NDBI NDBI

Sattal, which had a modest reduction of -7%, was found
to have the highest overall NDVI value of 35, followed
by Bhimtal, indicating a generally healthier and denser
vegetation cover in all categories. Bhimtal nevertheless
stood out in terms of overall vegetation density even if
the vegetation cover area showed a drop of -12%. This
contrasts with the study conducted by Deoli V. et al. [25]

NAUKUCHIATAL LAKE &

NAUKUCHIATALLAKE Ly

7350 wHOE  wMoE

2022

which reported 14.77% and 7.77% increase in the NDVI of
Sattal and Bhimtal lakes respectively. The reduction in the
vegetation can be attributed to the increase in tourism
activity and expansion of infrastructure in and around the
two lakes.

Nainital displayed moderate NDVI readings, which
indicated a rather healthy amount of vegetation. It saw
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Fig. 12 Analyzed image of N
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Fig. 13 Analyzed image of Sat-
tal Lake for NDVI NDVI
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an improvement in the vegetation cover overall, with a
7% rise. Similar NDVI values were seen in Sariyatal, Nauku-
chiatal, and Khurpatal, indicating similar vegetation densi-
ties. Overall vegetation cover varied between Sariyatal and
Naukuchiatal, increasing somewhat in Sariyatal by 3% and
significantly in Naukuchiatal by — 16%. With no change in
percent area, Khurpatal showed a rather steady vegetation
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cover area. The study conduted by Deoli V. et al. [25] pro-
jected a growth in vegetation of the Naukuchiatal lake by
4.58%. 16% reduction in the vegetation cover in Nauku-
chiatal lake can be attributed to the heavy infrastructure
construction to promote tourism in the region.

With a notable increase of 19% in the area covered
by vegetation, Bhimtal showed the highest NDVI value,
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Fig. 14 Analyzed image of Sat-
tal Lake for NDBI NDBI
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Fig. 15 Analyzed image of Sat-

tal Lake for NDWI NDWI

WHOE  WNOE  WHOE  WROE

indicating a healthier and denser sparse vegetation cover.
Significant increases in the amount of sparse vegetation
were seen in Nainital, Sattal, Naukuchiatal, Khurpatal, and
Sariyatal, with increases ranging from 13.44 to 17.8%. Sat-
tal exhibited the greatest NDVI value for dense vegetation,
indicating a generally healthy and dense vegetation cover.
The area covered by vegetation increased somewhat, by

R0E

SATTAL LAKE N

A

WROE  WuOE WHOE  WWOE  WHCE  WNOE

SATTAL LAKE N

2022

3.94%. Similar NDVI values were seen at Bhimtal, Nainital,
Naukuchiatal, Khurpatal, and Sariyatal, indicating similarly
dense vegetation density. Between 3.88 and 5.88%, the
dense vegetation cover around these lakes showed sub-
stantial expansions. Higher NDVI values, which indicate
comparatively healthier and denser vegetation coverings,
were particularly noticeable in Sattal and Bhimtal.
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Fig. 16 Analyzed image of

N
Khurpatal Lake for NDVI NDVI KHURPATAL LAKE A

Fig. 17 Analyzed image of
Khurpatal Lake for NDBI

wave  wacr  wasve

2017 2022

The variation in NDBI values for 2017 and 2022 across  concentration of built-up areas and urban growth. Among
several lakes in the Nainital region is shown in Fig. 23.In  all the lakes, it showed the greatest decline in the NDBI
comparison to the other lakes, Khurpatal lake has the value, with a decrease of 2.25%.
lowest NDBI value (2.35), indicating a significantly smaller
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Fig. 18 Analyzed image of
Khurpatal Lake for NDWI

KHURPATAL LAKE

Fig. 19 Analyzed image of
Sariyatal Lake for NDVI

This shows that Khurpatal’s built-up areas have signifi-
cantly decreased. Following Khurpatal, Nainital Lake had
an NDBI rating of 2.44, indicating a little larger propor-
tion of built-up areas than Khurpatal. In Nainital’s built-up
regions, the NDBI figure shows a decline of 1.42%. In com-
parison to Khurpatal and Nainital, Bhimtal Lake showed an
NDBI value of 3.43, indicating a more prominent concen-
tration of built-up areas and urbanisation. In the popu-
lated areas, it decreased by 1.83%. Compared to Khurpatal
and Nainital, Lake Naukuchiatal displayed an NDBI value
of 3.42, indicating a larger concentration of built-up areas.

22N

For Naukuchiatal, the NDBI value predicts a 1.45% decline
in the built-up areas. The NDBI value for Sattal Lake was
3.16, which indicates that there are somewhat less built-up
areas there than in Naukuchiatal but a larger concentra-
tion of built-up areas than in Khurpatal and Nainital. With
afall of 2.18%, it witnessed the second-largest decrease in
the NDBI value among all the lakes. This decrease in all the
lakes is a result of government regulations and restrictions
on construction activities or a move towards more envi-
ronmentally friendly development methods. The decrease
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Fig.20 Analyzed image of
Sariyatal Lake for NDBI NDBI

Fig.21 Analyzed image of
Sariyatal Lake for NDWI

in built-up area can also be contributed to the landslides
in the vicinity of the lakes.

The variance of NDWI (Normalised Difference Water
Index) values for several lakes in the research area are
shown in Fig. 24.

Sariyatal Lake had the highest NDWI value of 8.3, which
contrasted significantly with the other lakes and indicated
a significant increase in water areas. With a gain of almost
7.44%, it showed the area’s biggest percentage change.
This means that Sariyatal’s water bodies will significantly
expand. Nainital Lake came in second with an NDWI value
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SARIYATAL LAKE R

of 8, indicating a significant expansion of water areas. It
showed a percentage shift of almost 7.29%, showing a sig-
nificant increase in the number of water bodies in Nainital.

The NDWI values for Khurpatal and Naukuchiatal lakes
were 5.5 and 4.63, respectively, indicating a significant
increase in water areas relative to the baseline conditions.
They observed changes in percentage of roughly 5.1%
and 4.06%, respectively, which shows a significant rise in
the number of water bodies. The rise in NDWI is in sync
with the study conducted by Deoli V. et al. [25] which also



SN Applied Sciences (2023) 5:271

| https://doi.org/10.1007/542452-023-05491-9

Research

Table 2 NDVI, NDWI, AND NDBI area changes in percentage

Lake Parameter Subcategory  Areain % of 5km
buffer
2017 2022 Change %
Nainital NDVI Shrubs and 26 33 7
grass
Sparse 5 25 20
Dense 012 4 3.88
NDWI - 071 8 7.29
NDBI - 3.86 244 -142
Bhimtal NDVI Shrubs and 44 32 -12
grass
Sparse 9 28 19
Dense 0.11 46 449
NDWI - 043 28 237
NDBI - 526 343 -1.83
Naukuchiatal NDVI Shrubs and 47 31 -16
grass
Sparse 9.56 23 13.44
Dense 0.09 4 3.91
NDWI - 0.57 4.63 4.06
NDBI - 487 342 -—-145
Sattal NDVI Shrubs and 42 35 -7
grass
Sparse 94 28 18.6
Dense 0.06 4 3.94
NDWI - 011 27 259
NDBI - 534 3.16 -2.18
Khurpatal NDVI Shrubs and 31 31 0
grass
Sparse 10 236 136
Dense 0.14 55 536
NDWI - 04 55 51
NDBI - 46 235 -225
Sariyatal NDVI Shrubs and 28 31 3
grass
Sparse 72 25 17.8
Dense 012 6 5.88
NDWI - 086 83 744
NDBI - 43 3 -13

projected an increase of around 4.76% in the water cover-
age area of Naukuchiatal lake.

Compared to the initial conditions, Bhimtal Lake’s NDWI
score of 2.8 showed a moderate increase in water areas.
It changed by a percentage of roughly 2.37%, indicating
a very minor increase in Bhimtal’s water bodies. The low-
est NDWI value was recorded in Sattal Lake (2.7), which
was due to a modest expansion of the water area. This
contrasts with the study conducted by Deoli V. et al. [25]
which projected a very high increase of 18.56% and 6.93%
in the water coverage of Sattal lake and Bhimtal lake. This

variation can be attributed to the decrease rainfall in the
area in 2022 as compared to 2018. A change in percent-
age of roughly 2.59% was observed, indicating a moder-
ate expansion of water bodies in Sattal. This significant
increase in all the lakes is possibly as a result of ongoing
monitoring and conservation initiatives to protect the
lake’s water resources and preserve a thriving aquatic
ecology.

Inferring significant water body expansion, Sariyatal
and Nainital had the highest NDWI readings and the larg-
est percentage increases in the water area. While Sattal
showed a relatively lesser expansion, the water areas in
Khurpatal, Naukuchiatal, and Bhimtal all showed consid-
erable increases. These results demonstrate the range of
water area changes across the research area’s lakes as well
as variances in water body dynamics.

5 Conclusions

The present study investigated the variation of band
rationing indices viz. NDVI, NDBI, and NDWI for six lakes
of the Nainital district. The results highlight the dynamic
nature of the lakes’ ecosystems and provide valuable
insights into their ecological health.

e The analysis revealed an overall positive trend in
NDVI values for Lake Nainital, indicating increases in
the area covered by shrubs and grass, sparse vegeta-
tion, and dense vegetation. This suggests a generally
healthier and denser vegetation cover in the lake.

e The NDBI values indicated variations in built-up areas
among the lakes, with Lake Khurpatal showing the
lowest value and the largest decrease. This suggests a
relatively smaller concentration of built-up areas and
urban growth around Khurpatal.

e The NDWI values revealed changes in water areas, with
Lake Sariyatal exhibiting the highest value and the larg-
est percentage increase. Nainital, Khurpatal, Nauku-
chiatal, and Bhimtal also displayed notable changes in
water areas.

According to the study’s conclusions, it is advised
to give conservation efforts the top priority through
responsible land management and habitat preservation.
It's essential to strike a balance between urbanization
and environmental protection, as well as to put effec-
tive water resource management strategies into action.
For each lake, specific conservation strategies should be
created, and long-term monitoring programmes should
be set up to observe trends and assess conservation
efforts. These suggestions are meant to safeguard the
lakes’ long-term sustainability as well as preserve and
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improve their natural health. These recommendations
can be put into practice by all parties involved in order
to guarantee the sustainable management and preserva-
tion of the lakes in the Nainital region, preserving their
ecological integrity and fostering the welfare of the envi-
ronment as well as the local communities.
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