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Abstract

Changes in fluvial characteristics, water flow regimes, and anthropogenic pressure have severely impacted the middle
Ganga River, leading to resource scarcity for aquatic biodiversity. Despite the importance of habitat assessment in man-
aging these ecosystems, gaps remain in understanding the process to fluvial stress factor, maintenance of minimum
water to sustain Environmental flow (E-flow) and delineating potential riverine habitats for biodiversity. This study aims
to identify clusters of riverine habitats. We used Geographic Information System (GIS) and Analytical Hierarchical Process
(AHP) to undergo Multi Criteria Decision Making (MCDM) analysis. Weights assigned to variables based on their ecological
significance, achieving a favourable consistency ratio of 0.0276 in model validation. The resulting potential habitat areas
are categorized into four classes i.e., high, moderate, and low potential area along with restoration area. Key findings
indicate that Ganga River from Sirsa to Kaithi has high potential habitat for aquatic biodiversity. Stretch between Jhilmil
Jheel Conservation Reserve to Bijnor and Narora to Kannauj need more conservation effort for aquatic biodiversity.
Particularly, stretches downstream of tributary confluences possess high potentiality for supporting species, such as the
Gangetic dolphin (Platanista gangetica), whereas, sand bars and islands are important habitat for Smooth coated otter
(Lutrogale perspicillata), Gharial (Gavialis gangeticus), Turtles and birds. River sections between barrages, particularly
those lacking tributary input, are critical for species survival. This study underscores the need for effective management
strategies to address fluvial stressors and enhance habitat conservation for aquatic biodiversity in the Ganga River system.

Article Highlights

e The study emphasises importance of fluvial stress factors and their effectiveness towards river conservation planning
and management.

e Framework for maintenance of minimum water in river to sustain E-flow is highlighted in this study.

e The study highlights the potential riverine habitats for biodiversity conservation in the middle Ganga River.
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1 Introduction

The fluvial system is important for water supply in river channels to maintain natural integrity of rivers. The impact assess-
ment of flowing water on the riverbed, surrounding environment and the sustenance of habitat for aquatic biodiversity
is important in ecohydrology and geomorphology. The spatial distribution of geomorphological characteristics of river
system governs the structure and composition of aquatic biodiversity [1]. The stress factors are forces exerted by flow-
ing water on the river bed and bank as well. These forces play important role in shaping river channels, and sediment
transport. It also alters the morphology and ecology of fluvial environment. The stressors are influenced by variables,
like flow which results in greater stress on the river bed, banks, depth, and parent material which differs from genesis,
type and size of the sediment. The fluvial stressor dynamics is a key factor in ensuring water availability and sustainable
management for addressing the Sustainable Development Goal (SDG). The alteration in fluvial attributes modifies stream
habitats [2, 3].

River flow, changes in climatic conditions, and anthropogenic pressure on rivers are major causes of Land Use Land
Cover (LULC) change, which alters the river hydromorphology and leads towards habitat loss for aquatic biodiversity [4].
The equilibrium between flow, infiltration, and anthropogenic pressure on rivers needs to be maintained for hydrologic
cycle. However, due to environmental factors, freshwater scarcity, soil structure and parent material, assessing potential
habitat is a significant concern globally [5, 6]. The anthropogenic factors due to human disturbances and dependencies
on rivers the changes in climatic conditions, deforestation, and land use changes significantly affect river hydrology
leading to alterations in river discharge, water availability, and the timing of peak flows [7]. Urbanisation along rivers and
embankments also increases surface runoff which results in reduced base flows, prolonged low-water periods and flash
floods. Altered snowmelt regimes in mountainous regions change the timing and volume of runoff introduced to the
sink rivers, which impacts water storage and seasonal flow. The warming of glaciers has led to changes in river discharge
patterns at headwaters in the Himalaya [8]. The riparian areas experience more extreme weather events, including heavy
rainfall followed by long droughts because of rising temperatures and decreased precipitation [9].

The alteration of fluvial dynamics disrupts the ecosystem of conservation concerned species [10]. Trees and vegeta-
tion regulate water flow by intercepting rainfall, promoting groundwater recharge, and reducing soil erosion. Loss of
vegetation cover leads to increased surface runoff, greater sediment transport, and higher rates of soil erosion resulting
in the siltation of rivers, where sediments are deposited on the riverbed, altering flow patterns and ecological integrity
of the river system [11]. The reducing flow regime increases sediment loads at the river bed which alters the shape of
river channel, water discharge, erosion rates, and floodplain dynamics. The river bed mining activity is also detrimental;
uncontrolled mining leads to deeper channel, lower water tables, and loss of riparian habitat [12]. The rapid, concen-
trated influx of water triggers the river systems to swell unpredictably, leading to increased flood risks and changes
in river channel morphology that finally affect the habitats of aquatic biodiversity. Irrigation for agricultural practices
along the river diverts water from the mainstem to the canal system, which reduces the available water to downstream
of barrages, lowering river discharge and altering flow patterns. Dams control flow, and regulate the discharge which
alters the natural hydrological cycle. The natural flow pattern maintains longitudinal connectivity and Environmental
flow (E-flow) in riverine habitat to sustain aquatic biodiversity in river system [13]. The dams and barrages reduce the
flow variability of rivers by regulating the seasonal peaks and troughs, which have significant ecological consequences.
Aquatic biodiversity like fish, Gangetic dolphin (Platanista gangetica), and Gharial (Gavialis gangeticus) rely on seasonal
flow fluctuations for migration, and habitat availability [14-16]. The release of water from dam controls in a way that is
detrimental to downstream ecosystems. Riparian vegetation and wetlands along rivers stabilize the soil, reduce erosion,
and help in groundwater recharge. Wetlands act as natural buffers, filtering pollutants and absorbing excess nutrients
from water [17]. Loss of riparian vegetation and wetlands due to land development, and agricultural expansion in river
bed impact river systems by increasing runoff, sedimentation, and pollutant load leading to more erratic flow regimes
and habitat loss for aquatic biodiversity.

The Ganga River basin has an extensive alluvial plain [18] and carries a sediment load of 356 million tonnes per
year [19]. The middle Ganga River has very high human dependency in terms of agriculture, human habitations which
lead to construction of four barrages in this segment of the Ganga River. The barrages restrict natural flow and free
movement of aquatic biodiversity in the Ganga River. The sediment remains less transported as a result of lower flow
in the river and decrease in stressors like dams and barrages, closed drainage systems and changing climate, which
changes the river morphology and reduces the water supply, particularly in the lean season [20]. The anthropogenic
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pressure in sediment water interaction changes the ecosystem functioning of the Ganga River [21]. E-flow is essential
to for preserving biodiversity in the Ganga River [22].

The study was carried out using Geographic Information System (GIS) and Analytical Hierarchical Process (AHP)
techniques [23] to assess the fluvial stressor, riverine habitat areas in the Ganga River. The study assigns weights and
scoring to variables based on their ecological significance leading to river zones by evaluating the model through
Multi Criteria Decision Making (MCDM) analysis. Various studies use AHP for river-related decision-making scenarios
like hydropower planning, water quality management and river basin restoration. Various studies were conducted
previously using GIS, MCDM and AHP method. The river zones were assessed river zones for water quality manage-
ment by considering pollution levels, land use, and water flow characteristics using AHP method [24]. In another
study, suitable water storage sites were identified based on GIS, and MCDM using AHP method [25]. AHP and Remote
Sensing and GIS were used for identifying groundwater zones with varying hydrological characteristics of river sys-
tems by considering rainfall, water flow, geological features, and land use as factors [26]. The riparian zones were
delineated in data scarce regions and indicated connectivity within riverscape [27]. The Ganga River has been studied
to understand impact of stressors in fluvial dynamics, geomorphic diversity and potential habitat of aquatic biodi-
versity [18, 28]. This study is significant to monitor the impact of fluvial stress factors on river ecohydrology and a
framework for sustainable management of stressors and restore the resilience of river systems by adopting integrated
approaches that account for environmental, social, and economic factors towards aquatic biodiversity conservation.

2 Materials and methods
2.1 Study area

The study was carried out in the stretch of middle Ganga River (MGR), which is a part of Gangetic Plain (7) biogeo-
graphic zone and Upper Gangetic Plain (7A) biotic province [29]. The region starts from the downstream of Bhimgoda
barrage, at Haridwar, Uttarakhand to the confluence of Gomti River in the Ganga River, at Kaithi, Varanasi, Uttar
Pradesh (Fig. 1). This stretch of Ganga River extends from 25° 20" N to 28° 10’ N and 78° 10’ E to 83° 04'E. Protected
forest areas i.e. Hastinapur Wildlife Sanctuary, Turtle (Kachhua) Wildlife Sanctuary, Dr Bhimrao Ambedkar Bird Sanc-
tuary are located in this segment of the Ganga River. The stretch of MGR is fragmented by four dams and barrages
namely, Bhimgoda barrage at Haridwar, Madhya Ganga barrage at Bijnor, Charan Singh Ganga barrage at Narora and
Luv Kush barrage at Kanpur. Ramganga, Loni, Duar, Gomti rivers are the major north bank tributaries and Yamuna,
Tamas rivers are the major south bank tributaries of the Ganga River in the region. The entire MGR is highly suitable
for intensive agriculture practices. Human population growth along the Ganga River has resulted in agricultural
development, urbanization and industrialization.

2.2 Data source and methodology

The study was carried out using the GIS and AHP to undergo MCDM analysis [26, 30]. The GIS technique was used for
delineating the boundary of the river and the floodplain by channel width and proximity to river bank. Physical, environ-
mental and anthropogenic factors governing as stressors to the fluvial system were derived from multiple sources and
harmonised the factors to 30 m spatial resolution. AHP technique was used moreover relating with the MCDM process
to classify the continuous variable and providing specific weight and rank (Fig. 2).

The Survey of India topographical sheets (Table 1) were used for study area delineation, Land Use Land Cover (LULC)
was derived from the Landsat 8 OLlI satellite image (Table 2), flow, depth, width and proximity to barrages were measured
at field site which were further classified by reclassification method in ArcGIS 10.6.1 software. Physical earth features of
geomorphology, soil texture, parent material and mineral were derived from the Bhoomi portal by the National Bureau
of Soil Survey and Land Use Planning (NBSS&LUP), Government of India (Gol). Elevation, slope and drainage density
were derived from the Advanced Land Observing Satellite (ALOS) Digital Elevation Model (DEM) by the Japan Aero-
space Exploration Agency (JAXA). Precipitation and Temperature were derived from Worldclim, Human footprint were
derived from Earthdata portal by the National Aeronautics and Space Administration (NASA) and Socioeconomic Data
and Applications Center (SEDAC) (Table 3).

@ Discover

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Research

Discover Applied Sciences (2025) 7:500 | https://doi.org/10.1007/542452-025-07067-1
o s o ;ri“ : e e
N z a0 N | 2
o A d W s ey A
) : B 2 "_Z.Madhyafa'nﬁﬂgafB:rrage 0 30 60 120 Km
21 : \C P B Bijnor
. Ganga Basin , : | {\ %3
e A B e L " ‘.’ & ;
%“ INGE P 4 —2 | Charan Singr?éanga %
; NG % » &Barrage \{ \ .
& arora ) (’; \ i

0 00N

L
.

OL!UN
a
F

>
=

0O0E < e iR
oy - 7 ma : Luv Kush Barragé’""%&x Go,,,’/

Kanpﬁr. “‘j_’l{oo/ \m%
o RAG
2 2 2
8 ‘f;,')‘:\'\_ &

e

ey

7SO0 B0°00°F 85°00°F 90°0°0'
1

Legend

= Barrage

25°00'N

20700N

® Major Town
——— River

:] State Boundary
! e

T T
75°00°E 8000 25°00°E 70°00°E 6000

=
El

Fig. 1 Study area showing middle Ganga River

2.3 Multi criteria decision making using geographical information system

Multi Criteria Decision Making (MCDM) using Analytical Hierarchical Process (AHP) in combination with Geographical
Information Systems (GIS) is a widely used approach for delineating potential wildlife habitats [31]. Spatial decision
support system, and evaluation of multi criteria factors to address aquatic systems is a globally accepted approach
[32]. MCDM is a Decision Support System (DSS) that integrates environmental, physical, anthropogenic and socioeco-
nomic factors in a single framework. The DSS supports spatial visualization and analysis of these criteria to provide a
comprehensive understanding about the geo-physical, hydrological and biological variables involved all together.
GIS technique overlays multiple layers derived from these factors enabling the spatial correlation and identification
of suitable areas based on multiple objectives. This integrated approach is widely used in urban planning, environ-
mental management, land suitability analysis, and resource allocation [33]. Various thematic layers (n=15) were
considered for this study. These thematic layers are the stress factors to maintain hydrological balance, natural flow,
and storage of water in the MGR area. Combining these controlling factors are weighted according to their influence
on fluvial morphology and biodiversity occurrence. A parameter with high weight and rank depicts its high control
over the aquatic system, whereas parameters with low weight showcase the lesser impact on potential areas for spe-
cies restoration. The weightages of each factor were assigned according to Saaty’s scale (1-9) of relative importance
value [34] with consideration of reference studies and field experience. The Saaty’s scale of relative importance value
reveals that value of 9 indicates primary importance, 8 very strong, 7 very to extreme importance, 6 strong plus, 5
strong importance, 4 moderate plus, 3 moderate importance, 2 weak and 1 equal importance [35]. Every factor has
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Fig.2 Methodology flow
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Table 1 List of topographical sheets

Source Topographical Sheet Number

Survey of India (SOI), Government of India ~ 53J04 53K01 53K05 53G14  53K02 53K06 53G15 53K03 53G16
53K04 53H13 53L01 53L05 53L02 53L06 53L03 53L07 53L08
53L12 53L16 54109 54113 54M01 54M05 54M09 54114 54M02
54M06  54M10  54M14  54M07  54M11 54M15 63A03 54M12  54M16
63A04 54N13 63B01 63B05 63B02 63B06 63B10 63B03 63B07
63B11 63B08 63B12 63B16 63F04 63F08 63C13 63G01 63G05
63002 63G06 63G10 63G14 63007 63003 63K15 63K11 63G11
63K07 63G15 63K03 63004 63K16 63K12 63K08 63K04

been compared with each other in a pairwise comparison matrix (Table 4). The continuous parameters were reclas-
sified using ArcGIS 10.6.1 software for assigning weight.

The consistency ratio (CR) was calculated by computing, Principal Eigen value (£) and Consistency Index (Cl) (Egs. 1
and 2).
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Table 2 Satellite images used

) Satellite Path/Row Date Resolution Source

to derive Land Use Land Cover

classes Landsat 8 OLI 144/041 08.03.2023 30m https://earthexplorer.usgs.gov
144/042 08.03.2023
146/039 06.03.2023
146/040 06.03.2023
142/042 02.03.2023
142/043 02.03.2023
143/042 01.03.2023
145/041 15.03.2023

Table 3 List of variables

Serial No Variables Source

1 Flow (m3/s) Measured at field site

2 Depth (m) Measured at field site

3 Width (m) Measured at field site

4 Precipitation (mm) Derived from Worldclim (https://www.worldclim.org/data/monthlywth.html)

5 Land Use Land Cover Derived from Landsat 8 OLI satellite image from Landsat 8 OLI (https://earthexplorer.usgs.gov)

6 Geomorphology Derived from Bhoomi portal, NBSS&LUP, Gol (https://www.bhoomigeoportal-nbsslup.in/)

7 Soil texture Derived from Bhoomi portal, NBSS&LUP, Gol (https://www.bhoomigeoportal-nbsslup.in/)

8 Parent material Derived from Bhoomi portal, NBSS&LUP, Gol (https://www.bhoomigeoportal-nbsslup.in/)

9 Mineral Derived from Bhoomi portal, NBSS&LUP, Gol (https://www.bhoomigeoportal-nbsslup.in/)

10 Drainage density (km/km?) Derived from ALOS DEM (https://www.eorc.jaxa.jp/ALOS/en/dataset/aw3d30/aw3d30_e.htm)

11 Elevation (m) Derived from ALOS DEM (https://www.eorc.jaxa.jp/ALOS/en/dataset/aw3d30/aw3d30_e.htm)

12 Slope (degree) Derived from ALOS DEM (https://www.eorc.jaxa.jp/ALOS/en/dataset/aw3d30/aw3d30_e.htm)

13 Proximity to barrage (km) Measured at field site

14 Human footprint Derived from Earthdata, NASA and SEDAC (https://earthdata.nasa.gov/data/catalog/sedac-
ciesin-sedac-lwp2-hf-geog-2.00)

15 Temperature (°C) Derived from Worldclim (https://www.worldclim.org/data/monthlywth.html)

max = ZGeomerricMean = 15614 M

A = (Apox = N)/(n = 1) )

where n=15 is the number of factors used in the analysis.

Cl = (15.614—15)/ (15— 1) = 0.0439

Consistency Ratio is defined as the ratio of the Consistency Index (Cl) to the Random Consistency Index (RCI) (Eqg. 3).

CR = CI/RCl = 0.0439/1.59 = 0.0276 (3)

RCl values were obtained from the Saaty’s standard (Table 5).
CR of 0.10 or less is acceptable to continue the analysis [32]. We obtained the CR value 0.0276. The CR value equal to 0

shows the perfect level of consistency in pairwise comparison. The threshold value has not exceeded 0.1, which means the
judgment matrix is reasonably consistent. All the 15 layers of factors were integrated with the Weighted Overlay Analysis
(WOL) method in ArcGIS 10.6.1 for potential habitat areas estimation.

(Eg. 4). The assigned rank and weights to the thematic layers are listed in Table 6.

Potential Habitat Area = Z(X; X V) @)
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Table 5 Saaty’s standard The consistency indices of randomly generated reciprocal matrices

Order of the matrix

N 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15

RClvalue 0 0 058 09 112 124 132 141 145 149 151 148 156 157 1.59

The RCl values 1.59 (in bold) is used for calculating the consistency ratio

3 Results

The potential habitat area mapping is important for sustainable water resource management in view of conser-
vation of aquatic biodiversity and their habitat in freshwater systems [36]. Delineation and mapping of potential
habitat areas using GIS, and MCDM analysis through AHP methods are targeted. GIS is used as a spatial tool for data
collection, analysis, and visualization of various factors. AHP is used as a decision making methodology to assign
relative weights to factors based on their importance in determining habitat suitability. MCDM applied to combine
these factors into a single suitability index, generating maps of potential habitat areas. This multi-faceted approach
allows for a holistic understanding of potential aquatic habitat, considering physical, environmental, ecological and
anthropogenic factors. The classified layers of stressors are segmented based on the digital and visual interpreta-
tion techniques and verified with ground truth data [37]. In this study following factors are used as thematic layers
and ranks are assigned to the layer classes as per the hierarchical analytical process with the Satty’s scale [34] for
identification of potential habitat areas.

3.1 Flow

Flow is a critical factor for structure and function of river systems that influence the habitat availability. The natural
flow regime of the river, including variations in temporal discharge impacts the physical, environmental, and biologi-
cal factors that augment to maintain E-flow to sustain aquatic biodiversity in river system. Seasonal flow variations
support ecological processes such as species migration, and nutrient cycling. Alternated flow regimes impact aquatic
biodiversity by affecting physical habitat, life history strategies of aquatic species, connectivity, and facilitating the
invasion of exotic and introduced species [38]. Flow measurement using Acoustic Doppler Current Profiler (ADCP) is
a widely accepted method for assessing discharge and water velocity in rivers [39]. The flow was measured in field
using ADCP in selected locations and interpolated the result in the study area. The continuous layer was reclassified
in seven thematic classes (Table 7, Appendix 1). The Ganga River from downstream of Jhilmil Jheel Conservation
Reserve (CR) to downstream of Madhya Ganga barrage at Bijnor, and downstream of Charan Singh Ganga barrage at
Narora to upstream of Ramganga River confluence at Kannauj is observed with less flow (< 220 m3/s) covering the
largest area i.e. 7812.91 km? and 43.18% of the MGR. Whereas, from downstream of Tamas River confluence at Sirsa
to Gomti River confluence at Kaithi is observed with maximum flow (> 500 m3/s) covering 1799.59 km? and 9.95%
of the area (Figure 3, Appendix 2).

3.2 Depth

Depth is important as it influence the habitat structure, biodiversity, and availability of water resource for aquatic
organisms in the river system. Freshwater biodiversity is threatened by overexploitation, water pollution, flow modi-
fication, habitat destruction, and invasion by exotic species [4]. Stretches with deeper sections provide refuge for
species during low flow conditions and support habitat pockets for aquatic organisms, whereas shallow areas play
a key role for spawning and nutrient cycling. Change in water depth disrupts the river geomorphological features
that acts as habitat for aquatic biodiversity. It also impacts species survival and river ecosystem [38, 40]. Depth was
measured in the field. The continuous layer was reclassified in seven thematic classes (Table 8, Appendix 1). The Ganga
River from downstream of Jhilmil Jheel CR to Brijghat is observed with low depth (< 4 m) covering 1706.90 km? and
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Table 6 Categorisation of
factors influencing potential

habitat areas

Weightage
Category

Factor

Assigned
weight (X)

Class Name

Rank (Y)

1

Flow (m3/s)

Depth (m)

Width (m)

Precipitation (mm)

Land Use Land Cover

Geomorphology

Soil texture

Parent material

9

<220

221 to 300
301 to 350
351 to 400
401 to 450
451 to 500
>500

<4

5to7

8to 10

11to 14
15to 17
18to 20

>20

<200

201 to 250
251 to 300
301 to 350
351 to 400
>400

<950

951 to 1000
1001 to 1200
1201 to 1500
>1500
Sandbar
Island

River
Barrenland
Waterbody
Agriculture
Builtup
Forest
Grassland
Flood Plain
Waterbody
Alluvial Plain
River
Pediment Pediplain Complex
Dam and Reservoir
Moderately Dissected Plateau
Highly Dissected Hills and Valleys

Moderately Dissected Hills and Valleys

Loamy Skeletal
Loamy

Sandy

Clayey
Colluvium
Alluvium
Sandstone
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Table 6 (continued) Weightage Factor Assigned  Class Name Rank (Y)

Category weight (X)

9 Mineral composition 7 Smectite Mixed Mineral
Illite Mineral

Montmorillonite

10 Drainage density (km/km?) 6 <0.8
09t0 1.0
1.1to 1.2
13to 1.5
>15

11 Elevation (m) 6 <50
5110 100
101 to 150
151 to 200
201 to 250
251to 300
301 to 400
>400

12 Slope (degree) 6 <05
0.6to1
1.1to2
21t03
3.1to4
41to5
>5

13 Proximity to barrage (km) 5 <20
21to 50
51to 100
101 to 200
>200

14 Human footprint 4 <30
31to40
41to 60
61to 80
>80

15 Temperature (°C) 3 <24
24.1to 25
25.1t0 26
>26

0 N O LT N W LT N VW VW OO LT W WO OVN N0 VW D UTOON N OOV VOV O N NP OO

9.43% of the total area. Whereas, from downstream of Luv Kush barrage at Kanpur to Loni River confluence at Bhitura
is observed with deeper channel (> 20 m) covering 468.33 km? and 2.59% of the area. The Ganga River downstream
of Brijghat and downstream Charan Singh Ganga barrage at Narora to Ramganga River confluence at Kannauj having
channel depth 4 to 7 m, that covers maximum area of 6452.67 km? which is 35.66% of the MGR (Figure 4, Appendix 2).

3.3 Width
The width of river plays a critical role in shaping the habitat structure and biodiversity within the ecosystem. Wider
river channels create a greater variety of habitats, such as shallow water areas, lateral channels, and floodplains, which

support a diverse range of aquatic species, particularly the faunal species used to bask and floral species of riparian
vegetation. Channelization of rivers reduces nutrient flow and macroinvertebrate diversity in the transition zone
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between the river and riparian floodplain [41]. Width was measured in field. The continuous layer was reclassified
in six thematic classes (Table 9, Appendix 1). The Ganga River from downstream of Bhimgoda barrage at Haridwar
to downstream of Madhya Ganga barrage at Bijnor is observed with less channel width (<200 m) covering 1453.29
km? and 8.03% of the total area. Whereas, from Turtle (Kachhua) Wildlife Sanctuary to Gomti River confluence near
Kaithi is observed with highest channel width (>400 m) covering 2463.98 km? and 13.62% of the area. The Ganga
River downstream of Charan Singh Ganga barrage at Narora to upstream of Ranganga River confluence at Kannauj
having channel width 250 to 300 m, that covers maximum area of 4715.16 km? which is 26.06% of the MGR (Fig. 5,
Appendix 2).

3.4 Precipitation

Precipitation is a fundamental driver of river habitat dynamics, as it directly influences streamflow, water levels, and sedi-
ment transport [42]. Rainfall leads to maximize river discharge, resulting in flooding events that alter channel morphology,
expand floodplain areas, and connect the fragmented habitats into single stretch of habitat areas. However, excessive
precipitation also leads to rapid erosion and higher sediment loads, which negatively affects the stable habitat for spe-
cies occurrence. Lean periods observe low precipitation leading to reduced streamflow which causes river shrinkage.
Seasonal and long term variations in precipitation significantly impact the health of river ecosystems, affecting species
composition, migration patterns, and food availability [43]. Precipitation was derived from the Worldclim. The continuous
layer was reclassified in five thematic classes (Table 10, Appendix 1). The Ganga River from downstream of Luv Kush bar-
rage at Kanpur to Tamas River confluence at Sirsa is observed with minimum annual precipitation (< 950 mm) covering
3736.97 km? and 20.65% of the total area. The river from Bhimgoda barrage at Haridwar to upstream of Madhya Ganga
barrage at Bijnor (> 1500 mm) covers 755.20 km? and 4.17% of the area. The Ganga River downstream Charan Singh
Ganga barrage at Narora to Farrukhabad having precipitation 1000 to 1200 mm, that covers maximum area of 8129.28
km? which is 44.93% of the MGR (Fig. 6, Appendix 2).

3.5 Land use land cover

The flooding, erosion, landslides, runoff, and sedimentation are prevalent as a resultant of Land Use Land Cover (LULC)
changes that alter aquatic habitats [2, 3, 44]. LULC changes are important for the environment’s changing dynamics that
impact hydrology and morphology of the river [45]. The derived LULC summarized in Table 11 (Appendix 1) and Fig. 7
(Appendix 2). Satellite images were rectified radiometrically and geometrically to undergo object based image classifica-
tion for categorizing pixels from the Landsat images into different LULC classes [46] by supervised image classification
method using Maximum Likelihood Classifier (MLC) [47]. The area was classified in nine attributes, i.e., River, Sandbar,
and Island, Barrenland, Waterbody, Forest, Agriculture, Builtup, and Grassland. It is observed that the river floodplain is
dominated by agriculture in 71.05% area, whereas grassland is the least dominated class with 0.35% area in the river
floodplain. The geomorphological features in the river are observed with maximum area of river channel covering 3.81%
area, whereas, Islands are the least dominated geomorphological feature covering 1.06% area. The sand bars are a very
prominent feature present within the river channels as point bar, mid bar and lateral bar covering 2.69% area.

3.6 Geomorphology

Geomorphological factors are essential in the hydrological system process on the earth surface. It significantly influences
river habitat systems by physical features of river channels and floodplains. Geomorphological processes result dynamic
and diverse habitats in river and floodplain ecotones [48]. The fluvial morphology, including channel shape, flow patterns,
sediment transport, and sediment deposition, determines the diversity of aquatic environments. Meandering rivers with
varied depth and flow forms a mosaic of habitats like flowing rifles, moving pools. Geomorphology was derived from
the Bhoomi portal, NBSS&LUP. The continuous layer was reclassified in nine thematic classes (Table 12, Appendix 1). The
alluvial plains are predominant in lateral position of the bank of Ganga River, particularly from downstream of Ramganga
River confluence at Kannauj to Gomti River confluence at Sirsa. However, a large extent of floodplain is present from
Bhimgoda barrage at Haridwar to Ramganga River confluence at Kannauj (Fig. 8, Appendix 2).
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3.7 Soil texture

Soil texture influences river systems and aquatic habitats by affecting water infiltration, and sediment transport. The
size and composition of soil particles determine water movement through the riverscape [49]. Soil texture shapes river
channel morphology. Coarse-textured soils like gravel and sand contribute to dynamic fluvial features of riffles and
pools, that act as habitat for several aquatic species. Fine-textured soils tend to produce sluggish flows, reducing habitat
complexity and biodiversity [50]. Soil texture was derived from the Bhoomi portal, NBSS&LUP. The continuous layer was
reclassified in four thematic classes (Table 13, Appendix 1). The loamy soil is predominant throughout the study region
near water channels from Haridwar to Varanasi, particularly in segment between Farrukhabad and Kanpur. The loamy
soil texture covers 9231.88 km? and 51.02% of the total area. The mid river areas from Haridwar to Farrukhabad and
Kanpur to Varanasi is having sandy soil which covers 8082.38 km? and 44.67% of the area. Other soil textures present in
the region are clayey and loamy skeletal (Fig. 9, Appendix 2).

3.8 Parent material

Parent material plays an important role in shaping river systems. These materials are the underlying geological features
from which soils and sediments are derived. The composition and structure of the parent material directly influence
sediment types, water chemistry, and river morphology. Rivers in its middle course flow through softer eroded parent
material like alluvium, limestone and sandstone, tend to have slower flow with meanders and finer sediments like sand
and silt [51]. Parent material was derived from the Bhoomi portal, NBSS&LUP. The continuous layer was reclassified in
three thematic classes (Table 14, Appendix 1). The alluvium is dominant throughout the study region. It is extended
from Jhilmil Jheel CR to Varanasi covering 17260.65 km? and 95.39% of the MGR. Colluvium is present in 193.61 km?
near Haridwar which is approximately 1.07% whereas, sandstone is present in 639.80 km? area at Chunar, approximately
3.54% of the area (Fig. 10, Appendix 2).

3.9 Mineral

The sediment and chemical composition of parent materials affects the mineral content of river. Transport and fate of
minerals and metals in river systems is crucial for environmental management [52]. Mineral was derived from the Bhoomi
portal, NBSS&LUP. The continuous layer was reclassified in three thematic classes (Table 15, Appendix 1). The Smectite
mixed mineral is dominant throughout the MGR, it covers a major part i.e. 17524.99 km? and 96.85% of the total area.
Montmorillonite covers 20.77 km? and 0.11% of the total area. lllite minerals are present near lateral sandbars (Fig. 11,
Appendix 2).

3.10 Drainage density

Water availability is the primary determinant of ecological processes in most drainage networks, with hydrologic con-
nectivity and geomorphic change [53]. Drainage density is the ratio between length of drainage area and the total area.
High drainage density indicates a highly dissected landscape with a dense network of streams, which tends to faster
runoff. Drainage was derived from the ALOS DEM with 30 m resolution. The continuous layer was reclassified in five the-
matic classes (Table 16, Appendix 1). The Ganga River at Haridwar, Bijnor, Kannauj and Kanpur barrage and Farrukhabad
(>1.5) covering 6959.56 km? and 38.46% of the area. The river upstream of Madhya Ganga barrage at Bijnor to Brijghat
and downstream of Charan Singh Ganga barrage at Narora to Yamuna River confluence at Prayagraj having maximum
area of drainage density (1.2 to 1.5) covering 6959.56 km? which is 38.46% of the MGR (Fig. 12, Appendix 2).

3.11 Elevation
Elevation plays important role in hydrological processes and structures by influencing the gradient, velocity, and erosion
processes within river course [54]. Rivers that originate at higher elevations have steep gradients, resulting in faster flow

rates and higher energy levels. This increased velocity accelerates erosion and forms features like rapids, and V-shaped
valleys in the upper reaches. In lower elevations, the flow gets slow down and allows the deposition of sediments,
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which leads to the formation of floodplains and meanders. These geomorphic features act as habitat for many aquatic
species. The elevation was derived from the ALOS DEM with 30 m resolution. The continuous layer was reclassified in
eight thematic classes (Table 17, Appendix 1). The Ganga River at Haridwar has the higher elevation (> 400 m) covering
48.04 km? and 0.027% of the area. Whereas, lower elevation (< 50) has the coverage of 0.17 km? and 0.0009% of the MGR
(Fig. 13, Appendix 2).

3.12 Slope

Slopes strongly influence interrill erosion processes, with time to runoff, flow velocity, runoff rate, and interrill erosion
rate decreasing with increasing gradients [55]. Slope was derived from the ALOS DEM with 30 m resolution. The continu-
ous layer was reclassified in seven thematic classes (Table 18, Appendix 1). The Ganga River at Prayagraj and Varanasi
has lower slope (< 0.5 degree) covering 3707.91 km? and 20.49% of the MGR. Whereas, higher slope (> 5 degree) has the
coverage of 348.43 km? and 1.93% of the area that lies near Bhimgoda barrage at Haridwar (Fig. 14, Appendix 2).

3.13 Proximity to barrage

The dams and barrages are major driving forces behind the alteration of fluvial environment at downstream flows [56].
Alteration takes place particularly in aquatic and riparian habitat by affecting river hydrology at downstream [57]. The
proximity to barrage governs species movement which was measured in field. The continuous layer was reclassified in
five thematic classes (Table 19, Appendix 1). The Ganga River <20 km from the dams and barrages are covered by 2457.56
km? and 13.58% of the total area. Whereas, the stretch > 200 km from the dams and barrages are covered by 3335.83 km?
and 18.44% of the MGR (Fig. 15, Appendix 2).

3.14 Human footprint

Human activities have profoundly altered river systems, often leading to significant ecological and hydrological changes.
The human driven modifications exacerbates the vulnerability of river systems towards alteration of flow regimes com-
promising the resilience system of river to extreme weather events [38]. The human footprint was derived from Earth-
data, NASA and Socioeconomic Data and Applications Center (SEDAC) [58]. The continuous layer was reclassified in five
thematic classes (Table 20, Appendix 1). The Ganga River channels are minimum human footprint areas (< 30) covering
2048.29 km? and 11.32% of the total area, whereas the large cities along the Ganga River are observed with maximum
human footprint (> 80) covering 736.43 km? area and 4.07% of the MGR. The largest area of 7859.55 km? which is 43.44%
of the total study area is covered under human footprint range 31 to 40 (Fig. 16, Appendix 2).

3.15 Temperature

Warming temperatures, along with changes in precipitation contribute to the effects on aquatic systems [59]. Tempera-
ture influences the water flow, aquatic ecosystems, and biogeochemical processes, that lead to climate change, altered
flow regime, increased evaporation and lower water levels. The temperature induced changes in river system have
cascading effects on water resources and ecosystem services as well highlighting the need for adaptive management
strategies. Temperature was derived from the Worldclim. The continuous layer was reclassified in four thematic classes
(Table 21, Appendix 1). The Ganga River from upstream of Farrukhabad to Gomti River confluence at Kaithi having higher
temperature (> 26 °C) covering 12,434.57 km? and 68.72% of the total area. The Ganga River near Bhimgoda barrage at
Haridwar having temperature < 24 °C covers 29.52 km? area and 0.16% of the MGR (Fig. 17, Appendix 2).

3.16 Potential habitat areas

Assessment of potential habitat areas in river systems using Geographic Information Systems (GIS) combined with the
Analytic Hierarchy Process (AHP) is a globally accepted approach for environmental management and conservation plan-
ning. GIS and remote sensing supports the spatial analysis of riverscape by integrating environmental, physical, biological
and anthropogenic factors that influences ecological pattern and process in rivers [60]. The decision making tool AHP is
used to assign weights to these factors based on their relative importance, facilitating the evaluation of multiple criteria
simultaneously by creating weighted suitability map in river to augment suitable conditions for aquatic biodiversity [61].
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Ilaabslsee?s Potential habitatarea  qqpip| g Potential habitat area Area (km?) Area (%) Length (km) Length (%)
1 High potential area 3015.05 16.66 210 21
2 Moderate potential area 1546.38 8.55 110 1
3 Low potential area 6309.31 34.87 370 37
4 Restoration area 722332 39.92 310 31

The combined use of GIS and AHP has been successfully applied in various river systems, offering insights for habitat
restoration, conservation priorities, and sustainable water resource management. Studies have shown the integrated
approach provides more accurate and reliable habitat assessment [62]. The derived potential habitat area was classified
in four thematic classes (Table 7) and (Fig. 3).

The result shows that the Ganga River from downstream of Tamas River confluence at Sirsa to Gomti River confluence
at Kaithi has high potential habitat areas for aquatic biodiversity covering 210 km river length and 3015.05 km? floodplain
area, which is 21% of length and 16.66% of floodplain in the MGR. Turtle (Kachhua) Wildlife Sanctuary is located in this
stretch of the Ganga River. Stretch from upstream of Duar River confluence near Dr. Bhimrao Ambedkar Bird Sanctu-
ary at Kunda to Tamas River confluence at Sirsa has moderate potential habitat areas for aquatic biodiversity covering
110 km river length and 1546.38 km? floodplain area, which is 11% of length and 8.55% of floodplain in the MGR. Stretch
between downstream of Madhya Ganga barrage at Bijnor to Charan Singh Ganga barrage at Narora and downstream of
Ramganga River confluence at Kannauj to Duar River confluence near Dr. Bhimrao Ambedkar Bird Sanctuary at Kunda
has low potential habitat areas for aquatic biodiversity covering 370 km river length and 6309.31 km? floodplain area,
which is 37% of length and 34.87% of floodplain in the MGR. Hydromorphological status of the Ganga River between
downstream of Jhilmil Jheel CR to downstream of Madhya Ganga barrage at Bijnor and downstream of Charan Singh
Ganga barrage at Narora to Ramganga River confluence at Kannauj need to be restored to achieve sustainable habitat for
aquatic biodiversity. These restoration areas are covering 310 km river length and 7223.32 km? floodplain area, which is
31% of length and 39.92% of floodplain in the MGR (Fig. 4). The restoration area has maximum coverage in MGR, where
natural flow need to be maintained to sustain aquatic biodiversity.

4 Discussion

The assessment of stress factors in river system is critical for understanding their impact on aquatic biodiversity and imple-
menting sustainable river management strategies. Riverine ecosystem is highly susceptible to wide range of stressors,
including physical factors like geomorphological change, environmental factors like alteration in precipitation and tem-
perature, anthropogenic factors like water extraction, construction of barrages and biological factors like invasive species
to the aquatic ecosystem. Holistic approach amalgamating GIS, AHP offers better assessment of stress factors on river
systems by allowing systematic mapping, prioritization, and quantification of stressors. GIS allows visualisation of spatial
distribution for stress factors with overlapping areas and helps to implement decision-making methodology like AHP
particularly for prioritizing factors by weight calculation and ranking based on relative importance and pairwise matrix.
The assessment of aquatic habitats in river systems is crucial for managing biodiversity, preserving ecosystems, effective
decisions regarding habitat restoration, conservation priorities, and stressor mitigation strategies. Understanding the
spatial distribution of potential aquatic habitat is essential for conservation planning and sustainable river manage-
ment. Natural flow regime of rivers is fundamental to maintain ecological integrity. Alterations to flow regimes, primarily
due to human activities, have significant impacts on river ecosystems. High flow events in rivers redistribute sediment,
maintain floodplain connectivity, and forms diverse aquatic habitats in river channels and riparian areas. Whereas, low
flow condition governs reduction in water quality due to low water discharge and fragmented pools in the river that
puts aquatic organisms in stress [40]. E-flow regime is required in river to achieve desired ecological objectives [63] that
result in ecological recovery in regulated rivers, with 30% of taxa increasing in frequency at regulated sites following
the implementation of the flows [64]. Ecologically relevant environmental flows are essential for restoring the flood-
plain of rivers impacted by flow regulation and guiding flow restoration measures [65]. River management design must
restore natural flow variability and achieve hydrological connectivity between a river and its surroundings for successful
restoration [66]. E-flow was assessed to understand challenges and opportunities for implementation, which requires
enhancement of water in the Ganga River [67]. E-flow can be maintained in the MGR by allocation of minimum water to
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all potential habitat areas to sustain aquatic biodiversity. Elevation gradient impacts drainage patterns and hydrology,
as higher altitudes receive more precipitation forms snow or rain, feeding into the river system and influencing flow
regimes. Rivers in elevated regions are more susceptible to sudden, high-magnitude floods due to rapid runoff during
storms. Whereas, at lower elevations, river systems tend to have more stable, slower flow regimes, often heavily influenced
by seasonal fluctuations in precipitation [68]. Urbanization and increased irrigation demand significantly contribute to
increased surface runoff and water yield in the Ganga River basin, impacting hydrological regimes and requiring sustain-
able water resource strategies [69]. Climate change and socioeconomic changes, such as population growth, land use
changes, and water transfers, will significantly impact the Ganga River system'’s flow and affect the water availability,
water quality, and aquatic habitats [70, 71]. In another study suggested that climate change will increases river flows in
India, but socioeconomic changes, such as population growth and industrial development will reduce water availability
in drought conditions, threatening water supplies and ecosystems. Soil plays a crucial role in determining the health
and diversity of aquatic ecosystems, influencing everything from sediment dynamics to water quality and the stability
of habitats [72]. Sandy soils allow for rapid water infiltration, leading to less surface runoff, whereas clayey or silty soils
produce more runoff, increasing sediment delivery to the river, which results in higher turbidity and degrades water
quality. Fine sediments in the river system can transport pollutants and excess nutrients, leading to eutrophication,
algal blooms, and hypoxic conditions that harm aquatic life [73]. Anthropogenic factors like dams and barrages, water
extraction, LULC changes have altered natural flow patterns in many rivers globally, which negatively affects species
migration and aquatic habitats. Dams and reservoirs, designed to control water flow, interrupt sediment transport and
disrupt the natural processes of erosion and deposition, resulting in downstream sediment starvation and altered channel
morphology [74]. Dams and barrages in the Ganga River system affect water flow, resulting in the accumulation of solid
waste on the river bed and restricting the migration of aquatic fauna [73, 75]. Ecohydrological approach can enhance
the sustainability and human well-being of the Ganga River by managing water, biodiversity, ecosystem services, and
resilience [74, 76]. Conservation measures should focus on maintaining minimum flow for ecosystem processes as Gha-
rial (Gavialis gangeticus) prefer sandy river banks and sand bars for basking [77], alteration in flow regime of the Ganga
River has resulted in the isolation and fragmentation of turtle populations [78], Gangetic dolphin (Platanista gangetica)
abundance is positively influenced by river depth and adequate dry-season flows is important for ensuring river habitat
connectivity for dolphins [79]. Freshwater biodiversity is threatened by overexploitation, water pollution, flow modifica-
tion, habitat destruction, and invasion by exotic species globally, which requires action with a sustainable management
approach [80]. Construction of large dams and barrages on the Ganga River has severely fragmented the dolphin habitat,
causing changes in hydraulic geometry, flow characteristics, and loss of longitudinal and lateral connectivity [81]. The river
modifications for human need is also a global concern. Fragmentation of rivers for over extraction of water and mining
activity also forming shallow and narrow paleo channels in the Ganga River. The sufficient water is essential for natural
depth and widening of river also. Deeper and wider channels allow dynamic flow patterns, promoting sediment deposi-
tion and the formation of different microhabitats essential for species diversity. However, shallow and narrower channels
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limit habitat availability, concentrate flow velocity, and reduce the diversity of habitats. Changes in channel depth and
width, often influenced by human activities or river channelization, significantly impact the ecological health of river.
Maintaining natural flow variability is crucial for sustaining river ecosystems and ensuring the resilience of freshwater
habitats [4]. The flow in the Ganga River is highly regulated which needs to be maintained for the natural connectivity
of potential habitat and restoration areas.

5 Conclusion

Assessment of stress factors in river ecology is important for sustainability of freshwater ecosystems. The presence of
multiple stressors significantly impacts biodiversity, water quality, and the overall ecological balance of river systems.
Evaluation of direct and indirect effects of stressors helps in sustainable river management strategies for ecosystem
resilience and policy making. Increasing pressures on river ecosystems from geomorphological change to human activity,
regular monitoring is essential to maintaining ecological integrity and adaptive management. As the types of habitats
are analogous to river hydromorphology, the temporal alteration of fluvial dynamics like shifting river channels are
important for sustainable river management. Flow dynamics such as discharge rates, seasonal variability, and hydrologi-
cal patterns directly influence the ecological processes within aquatic habitats. The E-flow supports survival of aquatic
species, facilitates nutrient cycling, and ensures sediment transport, which is crucial for maintaining habitat diversity.
Whereas, fluctuating water flows results into habitat degradation and loss of aquatic biodiversity. The sand bars and
islands are a very important habitat for mammals like Smooth coated otter (Lutrogale perspicillata), reptiles like Gharial
(Gavialis gangeticus), Turtles and birds, as they bask and lay eggs on the sandy areas. Whereas, deep pools are suitable
habitats for Gangetic dolphin (Platanista gangetica) and ichthyofauna species in the Ganga River. The maintenance of
adequate natural water flow in the Ganga River, particularly in lean season ensures river connectivity and sustenance of
aquatic biodiversity. High potential habitat areas are present in the Ganga River from downstream of Tamas River conflu-
ence at Sirsa to Gomti River confluence at Kaithi, followed by moderate potential habitat areas from upstream of Duar
River confluence at Kunda to Tamas River confluence at Sirsa. Stretch between downstream of Madhya Ganga barrage
at Bijnor to Charan Singh Ganga barrage at Narora and downstream of Ramganga River confluence at Kannauj to Duar
River confluence at Kunda has low potential habitat areas. The stretches between downstream of Jhilmil Jheel CR to
Madhya Ganga barrage at Bijnor, downstream of Charan Singh Ganga barrage at Narora to Ramganga River confluence
at Kannauj need more conservation effort with strategic river management for aquatic biodiversity conservation. This
study is important for policymakers to step forward in the Ganga River rejuvenation.
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