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Abstract /l
In addition to supporting a rich biodiversity, wetlands serve as ecosystems
that connect aquatic and terrestrial settings. They also play a critical
ecological role by providing essential supplies. According to the National Article History
Wetland Atlas (2010), Bihar has a total of 21,988 wetlands with a total gggg'vedi 29 December
area of 4,03,209 hectares. These wetlands exhibit great range of floral and Accepted: 08 April 2024
faunal diversity with large number of endemic species. The present paper
endeavors to map the natural wetlands of Madhubani district of North Bihar Keywords
and assess their evolving hydro-physiographic characteristics. The study Biodiversity;

. . . . . Ecosystems; NDWI,
area is endowed with numerous small wetlands as it receives high average Sustainability, TWI.

annual rainfall in Bihar. This study primarily emphasizes on identification
of wetlands and their spatial-temporal assessment during the period 1975-
2022 by utilizing datasets from various sources like topographical maps,
satellite imageries, and other ancillary data. It uses geospatial tool like Arc
Hydro and indices like Topographic Wetness Index (TWI) and Normalized
Difference Wetness Index (NDWI) for identification and spatial-temporal
assessment of wetlands during pre-monsoon and post-monsoon season.
The study finds that despite being one of the rainiest districts of Bihar,
the annual rainfall trends in Madhubani is decreasing. This has impacted
upon the water quality, productivity, biodiversity and annual recharge
of wetlands of Madhubani. Its entire geographic region has thus been
significantly reduced as a result. Other important factors like accelerated
anthropogenic intervention, land use changes and process of urbanization
have contributed towards rapid transformation of floodplains of Madhubani
District. These changes may affect future water potential of the region and
thus threaten sustainability in the region.
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Introduction

Large tracts of marshy ground, bog, fen, or water
that have developed naturally or as a result of
human activity are referred to be wetlands. Wetlands
contain freshwater, brackish water, saltwater, and
occasionally even parts of oceanic habitats. The
water may be moving or stationary.' These are
intrinsic ecosystems or habitats for specific group
of plants and animals where presence or absence
of water and its saturation level determines their
formation, processes and other characteristics.*®
These are of great importance to man and nature
as it purifies water, reduce flood, stores water,
prevents soil erosion and supports varied bio-
diversities.3488-1 Numerous plant and animal
species that are vital to the ecological system use
it as a habitat. Though wetlands have numerous
advantages, they are often perceived as a breeding
ground for mosquitoes that transmits diseases to
humans." The importance of wetlands is recognized
in the Millennium Ecosystem Assessment (MEA)
for ecosystems and human well-being. It also
serves as a contextual framework for the "wise
use" concept outlined in the Ramsar Convention.?
In addition to being useful in reducing floods, 314
wetlands can serve as a reservoir for water, retaining
peak runoff after significant precipitation.’ Their
dynamic character, which encompasses a range
of salinities and fluctuates from stagnant to flowing
water, emphasizes their adaptability, resilience, and
multifunctionality in sustaining biological diversity
and hierarchical ecological processes. A thorough
examination of wetlands necessitates the collecting
of field data on their physio-chemical characteristics
as well as the application of contemporary geospatial
technology to comprehend their fluvial-hydrological
characteristics.

Geospatial technology development and application
for wetlands health monitoring was promoted by
the Ramsar Convention.'® The identification of
different land cover types, such as water, natural
vegetation, and soil surfaces, is made easier by
multispectral sensors (MSS), which allow for data
collection with spectral resolution in visible and
infrared (IR) wavelengths."'® Multispectral datasets
like Landsat-8 and IRS MSS (LISS-III + LISS-Il) are
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widely utilized for distinctive assessment of wetlands
based on reflectivity.2'92° Multispectral datasets like
as Landsat-8 and Sentinel 1-2 have been thoroughly
analyzed in a number of studies to investigate their
potential for spectral signature-based soil, water,
and vegetation differentiation. According to their
research, the shortwave infra-red (SWIR) bands
showed segregation and were useful in certain
situations, such as differentiating the shallow water
class. However, the red (R) and near-infrared (NIR)
bands are best suited for classifying wetlands.?'?
Many indices were similarly developed for different
purposes such as NDWI (Normalized Difference
Water Index) to identify water bodies*-2% and
NDVI (Normalized Difference Vegetation Index)
for vegetation?®?” or to monitor the restoration
of abandoned quarries.??228 |n contrast, some
research mapped the open water bodies in the study
region using a ratio metric known as the "Modified
Normalized Difference Water Index (MNDWI)".20-22

In both terrestrial and marine environments, wetlands
function as incredibly rich and diverse ecosystems
that demonstrate the interconnectedness of land
and water. These regions are distinguished by
complex hydro-chemical and ecological systems in
a variety of land compositions that are essential to
the planet's cycles of water, nitrogen, and carbon.?-%!
There are about 2493 wetlands of international
significance (Ramsar Sites) on the territories of
172 countries across the world, covering about 257
million hectares (ha), which accounts for about 21%
of the global wetland area. In all, 75 wetlands from
this list of Ramsar sites will be located in India in
2023. According to the Ramsar sites in India (2023),
26 new sites were added in 2022. These sites
include the Pallikaranai Marsh Reserve Forest &
Pichavaram Mangrove, the Sakhya Sagar in Madhya
Pradesh, the Karikili Bird Sanctuary in Tamil Nadu,
and the Pala wetland in Mizoram. The Ramsar Sites
encompass around 4.6% of the world's total land
area. In India, Tamil Nadu has the most Ramsar
sites—14 total. The National Wetlands Conservation
Programme (NWCP) has recognized 115 wetlands
regions in India, including Kusheshwarasthan
(Darbhanga), Baraila Wetland (Vaishali), and Kabar
Tal (Begusarai).
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Table 1: Wetlands types in Bihar and Madhubani

S. Types of Significance Bihar Madhubani
No Wetlands
Area Area Area  Area
(ha) (%) (ha) (%)
1 River/Stream  Controlling water flow, removing 298408 74 4645 86.5
pollutants, and providing a home
for a variety of aquatic animals.
2 Natural Behave like sponges, soaking up 34878 8.7 135 25
waterlogged extra water when it rains a much.
3 Lakes/Ponds aquatic species' habitats, drinking 20281 5 407 7.6
water sources, recreational opport
-unities, and groundwater recharge
sources.
4 Ox-bow lakes  Hotspots for biodiversity, sediment 16172 4 159 3
-ation, and nutrient cycling
5 Others Recreation, culture, and sequestr 33470 8.3 21 0.4
-ation of carbon.
Total 403209 100 5367 100

Source: National Wetland Atlas of Bihar (2010)

Bihar is a hydrologically diverse state with large
wetland area (estimated to be 403209 ha) accounting
for 4.40 percent of total geographic area (Table 1).
The most common types of wetlands in this area are
rivers and streams, which make up over 74% of the
total wetlands (2.98 lakh ha). These are followed
by naturally occurring waterlogged areas (0.35
lakh ha), lakes and ponds (0.2 lakh ha), and oxbow
lakes/cut-off meanders (0.2 lakh ha). In Bihar, inland
natural wetlands make up around 92% of the overall
wetland extent, with man-made wetlands making up
the remaining 3.50%.%2 In Madhubani district, total
wetland area is estimated to be 5367 ha, which is
around 2.5 percent of total geographical area. The
largest wetlands in this area include rivers or streams
(4645 ha), oxbow lakes or cut-off meanders (159 ha),
tanks or ponds (407 ha), and naturally waterlogged
areas (135 ha).*2

Wetlands of north Bihar are mainly fed by Indian
summer monsoonal rainfall brought by annual
streams consisting of Adhwara group of streams,
Baghmati, Kosi, Gandak and Burhi Gandak. Under

the effect of decreasing annual rainfall and as a result
of development activities in the region and caging
of rivers through construction of embankments,
these wetlands are undergoing rapid transformation
to other land uses. Thus, this paper attempts to
identify and assess spatial-temporal transformation
of wetlands and future implications caused by their
degradation in floodplain areas of Madhubani district
of North Bihar.

Study Area

Madhubani district is situated between latitudes
25°59’ to 26°39’ N and longitudes 85°43’ to 86°42’
E in state Bihar in India (Map 1). It forms an
international boundary with Nepal in the north,
Sitamarhi district on the west, Darbhanga district
on the south and Supaul district on the east. From
nearly north to almost south, the ground slopes.
Itis drained by major rivers like Kosi, Tiljuga, Bhuthi-
Balan, Kamla-Balan, Kamla and Dhauns which after
originating from Nepal Himalayas flow down south
into Mithila Plains.
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Map 1: Physiography of Madhubani District

Source: Prepared by the authors

The topography of these plains consists of alluvium
transported by rivers from Nepal as sediment loads.
Madhubani experiences sub-tropical monsoon
type climate (Cwa) due to its nearness to both
Bay of Bengal and Himalayan mountains. The
subtropical climate experiences great variation
with temperatures ranging between 42°C during
summers to significantly cold temperatures below
4°C during winters.?®* Madhubani is the rainiest
district of Bihar with an annual average rainfall above
1100-1200 mm (IMD Annual Report 2021). Here both
terrestrial and aquatic vegetation is found. The major
aquatic plants include foxnut (Euryale ferox), water

hyacinth (Eichhornia crassipes), water chestnuts
(Trapa bispinosa), lotus (Nelumbo nucifera), blue
water lily (Nympha eanouchali), duck lettuce (Ottelia
alismoides), and water moss (Salvinia natans), etc.3
The major terrestrial plants include bamboo (Bambusa
vulgaris), rosewood (Dalberigia sissoo), mango
(Mangifera indica), peepal (Ficus religiosa) etc.

The total geographical area of Madhubani district is
3501 square kilometres that supports a population
of 44.8 lakhs. The density of the population is high
(1282 persons per square kilometre). Out of the total
population, 96.4% of population lives in rural regions
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while rest 3.6% lives in urban regions of the district. =~ and much lower than national average of 74.04
Here literacy level is at 58.62 percent which is fairly ~ percent.®
lower than Bihar state’s average of 61.8 percent

| Collection of data
;i:;ﬂsgtaf; - il S0I Toposheets
Ancillary data Sheet No-72F15, 72J3,
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Fig. 1: Methodology of Wetland Identification and Spatial-temporal assessment

Source: Prepared by the authors.

Objectives . To assess spatial-temporal changes in
Three objectives have been selected for this study: wetlands in the study area.
. To identify and map wetlands of Madhubani To study effect of rainfall variations on

district on the basis of their catchment area. morphology of wetlands.
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Data Sources and Methodology

Satellites with different spectral, spatial, and
temporal resolution provides huge amount of primary
data on regular in which are used for wetland-based
studies.®® For the present study data from different
sources such as scanned toposheets from Survey of
India (SOI), satellite imageries from Landsat series
and other ancillary data were collected for extraction
of natural and man-made wetlands (Figure 1).
Landsat data (4-9) for the period 1975 to 2022 were
acquired from United States of Geological Survey
(USGS). A pre-processing technique of atmospheric
correction has been done on all satellite imageries
to enhance their quality and remove atmospheric
effects. For the classification of different wetlands,
they were segregated on the basis of their catchment
areas and drainage. The network of streams in the
study area were generated using Arc Hydro tool in
ArcGIS-Pro environment. Different steps involved
in delineation of different catchment areas in
Madhubani using USGS-DEM is represented with
the help of flowchart (Figure 2). The Mann-Kendall
test was performed to assess the significance of the
long-term trend in the Madhubani rainfall data using
Sen's slope estimator.36-3°
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A key component of a thorough assessment of
wetlands is the morphometric analysis, which allows
for the quantitative assessment of a range of physical
features, including size, shape, and elevation.
These features are essential for comprehending
hydrological dynamics, habitat suitability, and
natural landscape transformations within these
complex ecosystems. The study uses two indices,
the Topographic Wetness Index (TWI) and the
Normalized Difference Wetness Index (NDWI),
for physical analysis through the use of Arc Hydro
tool and morphometric analysis for the purpose
of assessing changes in wetlands over time and
space (Table 2). The Topographic Wetness Index
(TWI), which assesses the influence of the local
slope-upslope drainage region on topography, aids
in the identification of wetlands based on comparable
criteria.'7.18.212431.40 Because of the extensive upslope
that contributes to the catchment area and the ability
to collect huge volumes of water, wetlands typically
occur at elevated TWI values. In the meantime, the
local slope is smaller than the surrounding one,
which helps retain water. Two indices utilized in this
investigation are described in Table 2, along with the
formulas used to calculate them.

Table 2: Indices utilization for Wetlands Assessment

SINo Indices Description

Equations

1 TWI

By using a depression-less DEM (Digital Elevation

Model) without sinks, a reflects the local upslope o

area draining through a specific point per net

TWI=1In]

tan ([3)]

contour length. In the DEM, the steepest down
-slope direction corresponds to the local slope,

represented by B.
2 NDWI

The NDWI has a value between -1.0 and 1.0.
Positive NDWI values are used to classify wet

Green— NIR
Green+ NIR

NDWI=

areas, whilst negative values are used to

identify dry areas.

Source: Compiled by the authors.

Although the Normalized Difference Wetness Index
(NDWI) is a commonly used technique for extracting
water features from Landsat imagery, it occasionally
contains erroneous results from built-up areas and
urban structures.? Given that gravity and the local
terrain play a crucial role in regulating surface water
movement, these factors can also be used to identify

wetlands based on the soil's hydraulic behaviour,
flow paths, and convergence.®'®42-44 Accuracy
assessment was performed through ground truthing
and estimation of Kappa coefficient.?045

Six toposheets of open map series (72F/15, 72J/12,
72J13,72Jd/4, 72J/7 and 72J/8) of Madhubani district
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have been procured from Survey of India (SOI) to
identify different types of wetlands in the study area.
Old land records at block level as ancillary data have
also been used to identify extent of major wetlands
in Madhubani.

Results and Discussion

This paper utilizes objective method of identification
and assessment of changes in wetlands in
Madhubani. The study also provides a discussion
on rainfall variations, changing status of wetlands
in Madhubani district (pre-monsoon and post-
monsoon) and their transformation during the period
1975 to 2022.
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Hydrological profile of Wetlands (TWI)

The hydrological investigations help us to identify
the catchment characteristics, water recharge and
discharge boundaries, and water storage capacities
within wetland areas. This analysis of wetlands
begins with the delineation of catchment areas
within the river basins. Arc Hydro tool has been
used to comprehend the hydrological characteristics
of Madhubani district. The process of identification
of catchment areas and drainage patterns of
Madhubani has been represented with the help of
flow chart (Figure 2).
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— \_
H e

{ Tan slope :,4

Flow accumulation
scaled

Fig. 2: Identification of catchment areas and drainage

Source: Prepared by the authors

The analysis finds presence of seven major
catchment areas formed by rivers Kosi, Tiljuga,
Bhuthi-Balan, Kamla-Balan, Kamla and Dhauns.

They are labelled using roman numerals (as I-VII)
for ease of understanding. Only the slope of river
Kosi in catchment area |A-IB flanks from north-east
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to south-west while in all other catchment it dips in
north to south direction.

The analysis finds that Kamla-Balan has the largest
river catchment area followed by Kosi, Tiljuga, Bhuthi-
Balan, Kamla-Balan, Kamla, Dhauns and rivers of
Adhawara group. Catchment area (VII) of river
Dhauns is smallest in the west whereas catchment
area of river Kamla (IV, V, VI) and Balan (lIA, IIB)
are the largest in the east (Map 2). The Kamla
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River traverses the blocks of Madhepur, Rajnagar,
Jaynagar, Babubarhi, Khajauli, Jhanjharpur,
Lakhnaur, and Andhrathadhi. Khutauna, Phulparas,
and Ghoghardiha are all traversed by Bhuthi
Balan. The Adhawara group's minor rivers pass via
Bisfi, Madhwapur, and Benipatti. These rivers are
regarded as the district's nerve centers since they
breathe life into wetlands. These rivers frequently
experience severe flooding during the monsoon,
which results in a significant loss of life and property.
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Map 2: Drainage of the Study Area

Source: Prepared by the authors

Arc Hydro Tool also helps in calculation of
Topographic Wetness Index (TWI) which is a terrain-
based hydrological index used to assess the wetness

or moisture conditions of a region. 40 It is widely
used in field of environmental studies to understand
the spatial distribution of water on the land surface
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(Figure 2). The TWI takes into consideration of the
fact that topography influences the accumulation
and redistribution of water depending on the slope
and upslope contributing areas of a particular region.
It is also useful in modelling and assessment of
soil moisture, surface runoff, and the occurrence
of wetlands or areas prone to flooding. Its values
are presented in a logarithmic scale, which means
higher values of TWI indicate wet regions, while
lower values represent dry regions. Wetlands
usually have poor drainage and thus tend to have
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higher TWI values.?* For the present study, the
value of TWI ranged between -2.7 to 14.98 (Map 3).
Heavy wetness has been found in the middle part
of catchment area of river Bhuthi-Balan and Kamla-
Balan (lll, IV and 1V) and west of river Kamla (V1)
(Map 3). Lower southern catchment areas of river
Kamla (VI) has higher wetness compared to its
northern parts, while catchment area of river Dhauns
(VIl) and west of Kosi (IA-IB) display moderate level
of wetness.
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Map 3: TWI of the Study Area

Source: Prepared by the authors
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Overall, it was found that there is fair amount of
wetness in every catchment area of Madhubani and
no prominent dry areas could be found anywhere.
This has been attributed to heavy monsoonal rainfall
in the Terai region and resultant annual flooding that
distributes water evenly across Madhubani.

Rainfall Variations and Changes in Morphology
of Wetlands

Wetlands play an important role in biodiversity
conservation, flood control, purification of water, and
carbon sequestration. Understanding and monitoring
of changes in wetland morphology caused due to
erosion and sedimentation, subsidence, precipitation
pattern and variability, and several anthropogenic

2500
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factors are essential for effective conservation
and management efforts. The total amount of
precipitation received and its distribution has a great
bearing on the spatial-temporal extent and quality
of water in wetlands. Madhubani receives a fairly
good amount of rainfall i.e., 1138 millimetres from
southwest monsoons and western disturbances.
Sen's slope estimator and the Mann Kendall
trend detection test give a decent indication of the
interannual precipitation behaviour and trend of
rainfall.3337-% During the period 1901-2022 it was
found that annual total rainfall is decreasing at a
significant rate (Figure 3). The precipitation patterns
were recorded as highly variable on inter-annual and
inter-seasonal scale.

ANNUAL RAINFALL TREND OF MADHUBANI DISTRICT
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Fig. 3: Annual Rainfall Trend of Madhubani District

Source: IMD (Indian Meteorolical Department)

Table 3: Annual and Seasonal Rainfall Trend in Madhubani

SI. No Season Mann Kendall Sen’s slope Trend

Test (mml/year)
1 Winter -1.52 -0.05 Non-Significant Decrease
2 Summer -0.51 -0.08 Non-Significant Decrease
3 Monsoon -2.91 -2.09 Significant Decrease
4 Post-Monsoon -2.06 -0.20 Significant Decrease
5. Annual -3.21 -2.57 Significant Decrease

Source: Computed by the authors
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During the study period, the annual rainfall trend
has decreased at a rate of -2.57 mm/year annually.
Significant decreasing rate has also been recorded
for monsoons (-2.09 mm/year) and post-monsoons
(-0.20 mm/year). Rainfall has also been recorded
as decreasing during winters and summers but

this change is non-significant (Table 3).3® This
decreasing rainfall specially during monsoons and
post-monsoons will have serious implications on
the areal extent, water depth, and quality of water
in wetlands.
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Map-4: Spatial Distribution of Morphological Changes in Wetlands (1975-2022)

Source: Prepared by the authors

For the morphological assessment of the wetlands,
a widely used technique called “unsupervised
classification” has been identify and employed to
classify wetlands in the study area. The classification
method selects training samples with some prior
knowledge obtained from topographic sheets and

land records, and then classifies satellite image for
identification of density and distribution of wetlands.
The accuracy of the training sets was verified
through Kappa Coefficient and ground truthing on
field visits. The overall accuracy is 93.47% with
Kappa coefficient of 0.94.

Table. 4: Seasonal and Annual change in Wetlands

Years Pre-monsoon Post-monsoon
Area of Percent Area of Percent
Wetlands of Total Wetlands of Total
(sg. km) area (%) (sqg. km) area (%)
1975 126 3.6 281 8.0
2000 109 3.1 253 7.2
2022 75 2.1 224 6.4
Total Change 51 1.5% 57 1.6%

The morphological changes of wetlands in
Madhubani district during pre-monsoon and post-
monsoon from 1975 to 2022 has been shown in
map 4. In 1975 during pre-monsoon the wetlands

were found highly concentrated in the lower parts of
catchment area lIB, IV and V, whereas in catchment
area IA and lIA, the density of wetlands was sparse
(Map 4a). The wetland extent was calculated to be
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about 3.6% of total geographic area (Table 4). It was
found that the presence of wetland was significantly
high in west of Kamla in the central and southern
parts of Madhubani. During post-monsoon in 1975,
high concentration of wetland has been found in
the northern parts of catchment area IA, IIA and
southern parts recorded as catchment areas VII,
while the concentration of wetland in catchment
areas V and VI was sparse (Map 4b). The wetlands
distributions were high during monsoons i.e., 281
square kilometres i.e., 8% of total geographic area
(Table 4).

After two and half decades, the areal extent of
wetlands was found as reduced, where it decreased
to 3.1 % during pre-monsoons, and 7.2% during
post-monsoons (Table 4). In the year 2000 during
pre-monsoon (Map 4c), wetlands were fewer
concentration in catchment areas |IA and IIA where
heavy concentrations were located in catchment
areas IB, IIB and Il of river Kamla-Balan and
Bhuthi-Balan doab while it was found as sparse in
all other areas. In map 4(d) during post-monsoon
2000, maximum wetland concentration was found in
catchment area lIA and 11B and uniformly distributed
throughout the northern parts of catchment areas
Il, V and VI. During the period 1975 to 2000,
the main reason attributed for this transformation
of wetlands is the sudden rise in anthropogenic
activities, transformation of wetlands into other
land uses such as agriculture and built ups along
with subsequent decrease in total annual rainfall.
In the recent past in the year 2022, changes in
area extent of wetlands were drastic as during
pre-monsoon the total geographic area reduced to
2.1% while during post-monsoon it declined to 6.4%
of the total geographic area (Table 4). During pre-
monsoon the spatial concentration of wetlands were
significantly less in lower parts of catchment area
IA and IIA (Map 4e). While during post-monsoon in
2022 the concentrations of wetlands were detected
predominantly high only in the upper parts of the
catchment areas IA, IIA and Il (Map 4f). During the
period 2000 to 2022, the areal extent of wetlands
has decreased by 1.5% during both pre-monsoon
and post-monsoon seasons. The transformation
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of wetlands resulted in emergence of large dry
areas during pre-monsoon period, which could be
attributed to declining trend of summer rainfall in the
Madhubani district.

Hydrological Changes in Wetlands

The impact of rainfall variations, urban development,
and changes in land use patterns resultin hydrological
modifications in wetlands. Hydrological alterations
within a study region are commonly evaluated
by quantifying the degree of wetness present in
the area. This study analysis wetness using the
computation of a derived index, namely NDWI, to
define the hydrological characteristics of wetlands
(depicted in Maps 5a to 5f). Using satellite imagery,
the Normalized Difference Water Index (NDWI)
is used to identify the presence of water bodies
and monitor changes in the total water content.
It is particularly useful for differentiating between
different land use/land cover groups, such as bare
soil, vegetation, and agricultural, and water bodies.
The underlying principle is that water absorbs light in
the visible infrared and near-infrared (NIR) sections
of the electromagnetic spectrum, while vegetation
and soil reflect more light in the NIR region.

In Map 5a, a substantial number of water bodies
are evident in the lower regions of catchment
areas IB and IIB, whereas their presence is lesser
in the centrally located catchment areas. This
signifies presence of large extent of water bodies
in the lower portions of the Kamla and Kosi doab.
Map 5b displays more distinct water bodies in the
southwest section of catchment area VI and the
lower section of catchment area Il during the post-
monsoon period of 1975, with other areas exhibit a
more evenly distributed presence of water bodies.
During pre-monsoon (2000) map shows a heavily
distributed presence of water bodies in the lower
parts of catchment areas I, V, VI, and while fewer
water bodies were identified in the northern regions
of Madhubani (Map 5c). During the post-monsoon
phase (2000), extensive coverage is observed in
the lower areas of catchment area lll, contrasting
with a regular distribution in other catchment areas
(Map 5d).
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In the pre-monsoon period of 2022, large water
bodies are distinct in the lower sections of catchment
areas |IB and VI, whereas their presence appears
sparse in the northern catchments of Madhubani
(Map 5e). While during post-monsoon (2022), a
considerable number of water bodies were identified
in the lower parts of catchment area Ill, whereas
fewer number of water bodies were confirmed across
the remaining study area. Over the period spanning
from 1975 to 2022, notable fluctuations were
observed in NDWI values, with significant reductions
in the presence of wetlands and an increase in extent
of dry regions. Substantial changes were recorded
in the lower doab of Kamla and Kosi, as well as the
western and northern parts of Madhubani district
where built ups structured have grown during the
study period. This change is confirmed and highly
correlated with the decreasing trend of annual
rainfall in Madhubani district that led to land use
transformation in the district.

Conclusion

The long-term hydrological investigations conducted
in this study aimed to analyse various aspects of
wetlands in Madhubani district, including catchment
characteristics, effect of rainfall trends and variability,

and urbanisation. Resulting morphological changes
in the analysis included delineating catchment
areas within river basins using the Arc Hydro tool.
The study identified seven major rivers and their
catchment areas: Kosi, Tiljuga, Balan, Kamla, and
Dhauns. With Kamla-Balan having the biggest
catchment area, these rivers are significant to the
hydrology of the area. The study also employed
the TWI to assess the wetness conditions of the
landscape and explained about the distribution of
water on land surface. The values of TWI ranged
between -2.7 to 14.98, indicating varying wetness
levels across the district. High values of TWI were
found in the middle part of doab Bhuthi-Balan and
Kamla-Balan and west of river Kamla while lower
values of TWI were recorded in northern part of
Madhubani district.

Using unsupervised classification techniques,
the study identified wetlands in Madhubani
district and examined their distribution during
pre-monsoon and post-monsoon periods for the
period 1975 to 2022. The study finds significant
changes in the extent and density of wetlands,
with factors such as anthropogenic activities, land
use changes, and declining rainfall contributing to
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these transformations. The study found that during
1975-2022 wetland areas have decreased from 3.6
% to 2.1% of total geographic area in pre-monsoon
season, while in post monsoon it decreased from
8.0% to 6.4% respectively. There is a decrease in
annual total rainfall, especially during monsoons and
post-monsoons, which has negative implications for
wetland area, depth, and water quality. NDWI was
used to track hydrological changes in wetlands, that
highlighted reductions in the net area of water bodies
and rise in area of dry regions. These changes were
particularly prominent in the lower doab of Kamla
and Kosi rivers, and the western and northern parts
of Madhubani district.

In conclusion, this comprehensive study provided
valuable insights into the hydrological characteristics
and changes in wetlands within Madhubani district.
It highlighted the importance of factors such as
catchment areas, wetness indices, and hydrological
changes which govern the state and dynamics
of wetland ecosystems. The report suggests that
appropriate action be taken by the state and local
governments to stop further loss of the wetland
area and work toward restoring it to its former level
of health.
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