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The eco-geomorphology of the Varanasi Turtle Sanct-
uary (VTS) located on the Ganga River in Uttar Pra-
desh, India was examined for its stability using 
hydraulic geometry of the channels, such as width, 
depth and discharge acquired from an Acoustic Dopp-
ler Current Profiler, and the mapping of planform 
morphology from remote-sensing images. Planform 
maps were generated using Corona and Landsat satel-
lite images for the period 1965–2018. The assessment 
suggests a well-defined, stable cross-section profile 
along this stretch of the river. It provides conclusive 
evidence that the geomorphology of the Ganga River 
within the VTS has remained stable for the past 50 
years, except for some minor changes in the form of 
bar growth and erosion both upstream and down-
stream of the sanctuary. Construction activities along 
the bank, movement of large vessels, sand mining in 
the sanctuary or dredging of the main channel may 
destabilize the river geomorphology that will negatively  
affect the integrity of the VTS as well as the ghats at 
Varanasi. 
 
Keywords: Hydraulic geometry, planform morphology, 
river conservation, turtle sanctuary. 
 
THE Ganga River near Varanasi, Uttar Pradesh, India, is 
an epitome of the constant conflict of humans with the 
natural environment. This stretch of the river has a prom-
inent aquatic habitat, which supports many life forms, 
aquatic as well as terrestrial. The ghats on the left bank 
have a special religious and cultural significance for a 
large population of the country. However, the large  
human population and associated effluents are posing a 
serious threat to the aquatic health of the Ganga River1. 
To reduce pollution load in the river, softshell turtle spe-
cies were introduced in the Ganga River at Varanasi in 
1989, under Phase-1 of the Ganga Action Plan2. The soft-
shell turtle (Nilssonia gangetica) feeds on human car-
casses that are released into the river as a part of religious 

ritual at the Manikarnika and Harishchandra ghats in  
Varanasi. They help in disintegrating large decaying  
organic matter. To ensure protection of these turtle spe-
cies from poaching and other accidental human encoun-
ters, their habitat at Varanasi, a 7 km long stretch from 
Ramnagar to Malviya Bridge (Figure 1) was declared as 
the Varanasi Turtle Sanctuary (VTS) under the Wildlife 
(Protection) Act, 1972 (ref. 3). 
 As a part of the river conservation management meas-
ures and under the initiative by the Ganga Action Plan 
Phase I, the Kashi Forest Division started rearing N. gan-
getica at the Sarnath Turtle Centre and releasing them  
into VTS. The Sarnath Centre also acts as a rescue and 
rehabilitation facility for turtles confiscated from illegal 
trade and releasing them in the Sanctuary, enhancing the 
genetic diversity of the source population. Till today, the 
Kashi Forest Division has released more than about 
41,000 turtles in to VTS. Apart from turtles, this stretch 
of the Ganga River is important for other conservation-
dependent species such as gharials (Gavialis gangeticus), 
dolphins (Platanista gangetica) and several island nesting 
birds4,5. 
 Maintenance of flow and channel morphology as a 
conservation practice in this stretch of the Ganga is a 
huge challenge considering the geomorphic and ecologi-
cal attributes, and societal significance of the stretch. 
When determining the morphological changes in a river, 
one must also consider the factors causing these changes 
and their consequences. Engineering structures such as 
dams, bridges and weirs may locally alter the morphology 
of alluvial rivers. They may also initiate aggradation or 
scouring of the channel bed6,7. As the ecological condi-
tions and biotic associations in a river are significantly 
influenced by the geomorphic conditions of the river, any 
impact on the morphology of a river due to human inter-
vention must be assessed. 
 Moreover, the ecological health of a river is a function 
of channel morphology and associated physical processes 
(e.g. discharge erosion and transportation of sediments). 
The temporal and spatial variability of channel processes 
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Figure 1. A planform view of the Ganga River and location of the Varanasi Turtle Sanctuary. 
 
 
have particularly important controls on both local com-
munity composition and adaptive strategies for aquatic 
and riparian ecosystems8. Other important aspects include 
the distribution of different geomorphic units within  
the channel (e.g. islands, bars, pools and riffles) and the 
floodplains (e.g. flood basins, wetlands, active and inac-
tive floodplains) that provide necessary habitat, and the 
longitudinal and lateral connectivity of a river9. 
 Further, the proposed National Waterway-1 (NW-1) 
under the ‘Jal Marg Vikas’ Project (JMVP) is aimed at 
enabling the passage of cargo ships and boats through 
VTS10. This is expected to disrupt the morphological and 
ecological sanctity of VTS. In order to evaluate the  
impacts of these large-scale interventions, it is important 
to assess the scale of alteration(s) they may cause to the 
eco-geomorphic attributes of the river. 
 This study reports a preliminary analysis of the mor-
phology and hydraulic parameters of the Ganga River at 

VTS. Following this, we discuss how the passage of boats 
and cargo ships through the Sanctuary may affect the 
physical habitat by inducing changes in the channel mor-
phology of the river. 

Ecological implications of river morphology 

Morphology of fluvial systems determines the habitat 
type and extent8. Temporal and longitudinal changes in 
the fluvial system bring about changes in the landscape8. 
The patches and corridors embedded in a landscape form 
the habitat in a fluvial system that varies at different 
scales (Figure 2). Microscale habitat pertains to cell level, 
habitat patch or a water column. Mesoscale habitat  
assessment is done at cross-section or reach scale,  
whereas macroscale assessment is carried out at the cat-
chment scale11. The scale of interest on habitat study 
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Figure 2. Conceptual overview of habitat assessment at different scales in a river. 
 
 
depends on the objective and management strategy. The 
morphology–habitat relationship is usually studied at  
mesoscale. 
 Geomorphologic characteristics, such as geometry and 
planform, of mesoscale habitats are the basis of extent of 
physical habitat that is occupied by different biota. Any 
change in these characteristics may occur as a result of 
variations in water and sediment discharges of the river. 
It can lead to alteration or fragmentation of the existing 
habitat at a particular cross-section. For example, a reach 
of a river that receives high sediment flux usually  
aggrades the channel bed and forms a point or mid-
channel bar. Formation of point bar promotes encroach-
ment and growth of riparian habitat12. In contrast, less se-
diment transport and high water discharge may lead to 
incision of a river channel. 
 A hydraulic assessment approach of a habitat links the 
physical environment with the biological distribution and 
behaviour. Quantification of the hydraulic properties of 
flow, such as width and wetted perimeter indicates the 
extent of river-channel biotopes. There is a certain level 
of protection provided by the channel width and wetted 
perimeter to the species inhabiting the river. If other spe-

cies inhabit the same habitat, then maintaining minimum 
depth, width and sediment suspension becomes essential. 
A stream habitat may sustain different types of aquatic 
species; but, due to the functional role they play, their 
hydraulic requirement varies. To maintain the equilibrium 
between populations and energy flow in the community, 
each individual plays a specific functional role. This  
defines their niche along with their distribution. Another 
approach of river habitat assessment is species-specific 
hydraulic measurement. As established earlier, a mini-
mum flow is required to sustain a suitable habitat, but this 
is a more generalized approach. High flow velocity and 
incised channel cross-section could ensure a suitable  
habitat for a particular species, but for others it might be 
lethal13. Habitat assessment with focus on single species 
and determination of its favourable hydraulic criteria 
simplifies the task. Such a species can be a ‘target spe-
cies’ or a ‘keystone species’. The habitat conservation of 
a target species can ensure the survival of other species in 
the community and maintain the integrity of the eco-
system. 
 From the purpose of conservation, turtles of VTS can 
be considered as the target species. A recent study 
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Figure 3. Time-series geomorphic mapping of the Ganga River at Varanasi using Corona (1965) and Landsat (1980–2018) images. 
 
 
revealed the presence of five species of turtles from this 
stretch of the Ganga River. Different species of turtles 
have different patterns of resource use. Some species pre-
fer shallow water and minimal flow velocity and basking. 
Other turtle species, due to their morphological advantages, 
occupy deep waters where flow velocity is comparatively 
higher14,15. Therefore, the focus should be on preserving 
the habitat of both shallow and deep water-inhabiting tur-
tles. This will not only preserve the integrity of the river 
as a habitat, but will also provide continued protection  
to the other aquatic species sharing the same habitat in  
the Sanctuary. The present study uses the mesoscale  
approach to assess the geomorphic and hydraulic conditions 
of VTS. 

Methodology 

We have adopted two different approaches in this study – 
planform mapping and hydraulic assessment. The former 
has been performed using the Corona (1965) and Landsat 
satellite time series images of the Ganga River at Varanasi 

(Figure 3). First, a baseline morphology map was deve-
loped using the Corona image. Corona images were pro-
duced by a series of high spatial resolution (2.75 m) spy 
satellites that had operated from 1959 to 1972. The Corona 
images helped us to reconstruct the planform morphology 
of the Ganga River that corresponds to the year before 
any major human intervention on the river. Temporal 
changes for subsequent years were mapped using the 
Landsat images from 1980 to 2018 pertaining to the pre-
monsoon period (February–May). 
 In planform analysis, we studied and compared signifi-
cant changes that have occurred in the different geomor-
phic units such as islands, bars, pools and riffles. For the 
assessment of hydraulic geometry (width, depth, velocity 
and discharge) of the river, we have used an Acoustic 
Doppler Current Profiler (ADCP) which works on the 
principle of Doppler effect; it emits high-frequency 
acoustic pulses and receives a proportion of the emitted 
energy that is reflected back by the suspended particles or 
bubbles. As the micro-particles move approximately at 
the velocity of water, the Doppler effect shifts the fre-
quency of the reflected pulse. The magnitude of this shift 
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Figure 4. Velocity profile measured across the Ganga River channel at Manikarnika Ghat in Varanasi using ADCP. 
 
 
 
is proportional to the water velocity projected along the  
direction of the acoustic beam16. To measure the meso-
habitat parameter, we conducted a field campaign in Feb-
ruary 2018, along the river near Varanasi and deployed 
an ADCP (Rio Grande 1200 kHz) on an inflatable motor-
boat platform. To record the location and improve the ac-
curacy of channel depth, we supplemented the ADCP 
measurements with a handheld GPS and echo sound-
er17,18. The baud rate of the ADCP, echo sounder and 
GPS was set at 115,200, 9,600 and 4,600 bits/sec respec-

tively. The channel was surveyed perpendicular to the 
flow direction to record channel depth, width and flow 
velocity at regular intervals across a given transect. Using 
these measurements, we calculated the flow discharge. In 
total, we have measured 13 cross-sections at different  
locations along VTS (Figure 4). At each location, we col-
lected 2–3 consecutive transects. Using these repetitive 
measurements, we computed the relative error on the 
mean value as 10%, 15%, 5%, and 12% for the channel 
width, depth, velocity and discharge respectively. 
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Results 

Planform analysis 

Planform map for the year 1965 shows that a slightly 
wider channel existed in the past (Figure 3). The river 
primarily flowed in a single channel with little or no 
channel bars. Around Manikarnika Ghat, a prominent 
point bar (about 1.6 km2) and an abandoned meander belt 
existed on the opposite bank at the convex bend of the 
river (Figure 4). The active floodplain was narrow, and a 
large alluvial island (about 16.6 km2) was a prominent 
feature in the downstream end of this reach. In 1980, sev-
eral meander scars are seen upstream of the Manikarnika 
Ghat could be seen, suggesting eastward shifting of the 
meander. The most prominent change during this period 
(1965–1980) was the strengthening of the northern ana-
branch of the channel in the most extreme downstream 
reach. However, this northern anabranch started to dimi-
nish by 1990 and disappeared by 2000. Another ana-
branch developed in the southern channel and a central 
bar started to grow since 1990. The large alluvial island 
nearly merged with the floodplain. Later in 2006, a prom-
inent side bar developed immediately downstream of the 
Manikarnika Ghat, which exists till today. The large 
abandoned meander belt which developed opposite the 
Manikarnika Ghat is not a part of the active floodplain 
anymore. The small channel bar and anabranch in the  
extreme downstream reach have also disappeared, and are 
replaced by a side bar. Despite the physical changes, the 
overall morphology of the Ganga River at Varanasi has 
remained almost similar from 1965 to 2018, particularly 
the position of the major meander bend around the Mani-
karnika Ghat. However, significant changes in terms of 
channel dynamics, growth and erosion of channel bars 
and alluvial island have occurred both in the upstream 
and the downstream of the Manikarnika Ghat. The most 
obvious manifestation of this instability is the shifting of 
the meanders, although the main flow has been stable 
around the ghats. 

Hydraulics 

In accordance with the planform morphology, we observed 
well-defined channel cross-sections along VTS (Figure 
4). Table 1 reports the measurement of width, depth,  
velocity and discharge across different transects (T1–T13). 
For comparison purposes, we have divided the Sanctuary 
into three different reaches – upstream (T1–T4), mid-
stream (T5–T10) and downstream (T11–T13). There was 
significant increase in channel width (about 1.5 times) 
and decrease in channel depth (about half), as can be seen 
from T1 to T4 (Figure 5 a and b). A possible explanation 
of these changes could be the construction of the Ganga 
Bridge and Ramnagar Bridge that might have altered the 

flow and led to the deposition of sediments in the down-
stream reaches. This has further resulted in wider and 
shallower channel cross-sections. In the midstream tran-
sects (T5–T10), depth of the channel increases, whereas its 
width decreases gradually. The impact of the Ganga and 
Ramnagar bridges appears to reduce slowly in the mid-
stream transects from T5 to T10, and the river approaches 
an equilibrium geometry. In the downstream transects 
from T11 to T13, there is an increase in both the channel 
width and depth. We also observed a sharp increase in 
channel depth at T13. It is important to notice that the 
Malviya Bridge is located at a distance of about 500 m 
downstream from T13. To the first order, it appears that 
this bridge alters the flow and initiates the scouring of the 
channels bed, resulting into channel incision. 
 To further assess the morphology of the Ganga River, 
we have plotted the aspect ratio as a function of distance 
(Figure 5 c) from the upstream (Ganga Bridge) to the 
downstream (Malviya Bridge). Aspect ratio of a channel 
is a dimensionless quantity that allows distinguishing the 
meandering rivers from the braided pattern of rivers.  
Alluvial rivers found in nature often start to develop a 
braided pattern at aspect ratios of above 60 (refs 19, 20). 
In this study, we have considered an aspect ratio of 100 
to analyse our cross-sections (Table 1). As expected, we 
found transects T3, T4 and T5 exhibiting high aspect  
ratio of about 100, 196 and 136 respectively. This shows 
that the river is shallower and wider at these locations, 
and suggests that the initiation of channel bar may split 
the channel into more than one thread, leading to braid-
ing. Further, the aspect ratio decreases in the downstream 
transects from T6 (98) to T13 (36), suggesting a single 
thread and relatively incised channels. 

Discussion 

Geomorphology provides a physical template for inte-
grating ecosystem structure, function and alteration. The 
hydraulic measurements are useful in ascertaining the 
present river habitat conditions. A single channel with 
deep cross-sections provides natural protection from  
human predation. If we look at the depth profile of the 
entire Sanctuary, we can observe that the maximum depth 
is available in the upstream reaches. As we move down-
stream, depth decreases attaining a range between 3 and 
4 m. This indicates that VTS has adequate depth through-
out its reach to support turtle habitat even during the low 
flow period. 
 Further, the upstream reaches of VTS have wider and 
shallower cross-sections indicating a relatively higher 
wetted area. In contrast, in the mid reaches of the Sanctu-
ary the width of the channel decreases whereas the depth 
increases. In this reach, the river forms a meander with its 
convex bend along the left bank. This results in the depo-
sition of sediments on the concave bend, forming a large 



RESEARCH ARTICLES 
 

CURRENT SCIENCE, VOL. 116, NO. 12, 25 JUNE 2019  2069

Table 1. Summary of the average depth, velocity and discharge computed from ADCP measurements at each transect 

Transect no. Width (m) Depth (m) Discharge (m3 s–1) Velocity (ms–1) Aspect ratio Latitude (dd) Longitude (dd) 
 

 T1 357 10.4 276 0.08  34 25.252 83.028 
 T2 392  8.7 291 0.08  45 25.254 83.028 
 T3 496  4.9 280 0.10 100 25.264 83.024 
 T4 637  3.2 262 0.17 196 25.273 83.019 
 T5 357  2.6 257 0.26 136 25.282 83.013 
 T6 309  3.1 265 0.26  98 25.285 83.011 
 T7 266  3.6 253 0.25  73 25.288 83.009 
 T8 268  3.5 256 0.20  76 25.290 83.009 
 T9 320  3.5 236 0.19  90 25.291 83.008 
T10 263  5.4 245 0.16  49 25.295 83.009 
T11 262  5.4 235 0.15  48 25.309 83.015 
T12 340  6.9 268 0.10  49 25.317 83.023 
T13 335  9.3 289 0.08  36 25.321 83.030 

 
 

 
 

Figure 5. Variation in channel width, depth and aspect ratio of the 
Ganga River as a function of distance from upstream to downstream. 

point bar on the right bank of the river. Such locations are 
prone to human interactions, and therefore, are most un-
suitable for turtles and other aquatic organisms to thrive. 
Morphological changes in the river resulting in the reduc-
tion of channel width and depth to their threshold values 
will eventually degrade the habitat. 
 Our investigation suggests that the morphology of the 
Ganga River in VTS has remained fairly stable during the 
past 50 years, except for some minor changes in the form 
of bar growth and erosion in the reaches upstream and 
downstream that are a little outside the Sanctuary limits. 
However, a major threat that can alter the morphology of 
the Ganga River to a great extent is from the proposed 
NW-1 system under JMVP that will enable the movement 
of large vessels into the river; this will run through VTS. 
This waterway has a planned route from Haldia to Alla-
habad across the Ganga, Bhagirathi and Hooghly rivers. 
The waterway scheme will allow the passage of cargo 
ships and boats through the Sanctuary21. These boats will 
generate large wavelength waves on the water surface 
that can exert lateral force on the banks. Such waves also 
have the tendency to travel far in comparison to waves 
with lesser wavelength. The amplitude and frequency of 
such waves increases and the wavelength decreases as 
they approach shallower depth. The waves would travel 
laterally and hit the banks and sometimes the channel 
bed; this may induce shear stress that can erode or resus-
pend sediments in the water column. 
 In several studies, the relationship between boat-gene-
rated waves and sediment resuspension concentration has 
been developed22–24. A boat travelling at a different speed 
at a different sailing length from the bank will produce a 
wave train which may cause suspension concentration to 
change22. The most probable cause of sediment suspen-
sion from the channel bed is by the shear and lift force 
exerted by the movement of the boat/ship propeller. The 
lift force raises the sediment particles by turbulence and 
eddy currents, which eventually resettle. The resettlement 
rate depends on the particle size and concentration of the 
suspension. Turbidity drastically increases after passage 
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of the boat, suggesting that boat traffic can easily surpass 
the natural factors responsible for turbidity and sediment 
suspension. Increase in ship traffic in the channel can  
increase bank erosion and sediment suspension of the 
Ganga River, and may hamper the existing suitable envi-
ronmental conditions in VTS. The resuspended sediments 
are transported with discharge downstream or laterally 
towards the banks. This transportation of suspended se-
diments downstream can cause aggradation in certain 
reaches of the channel. We urge that it will disturb the 
morphological equilibrium that has been maintained in 
this region for long24. Varying deposition and erosion rate 
of channel bed can alter the river morphology. Ship-
induced waves of high velocity/wavelength can uproot 
macrophytes, induce bank slumping and initiate habitat 
degradation. Apart from habitat degradation, resuspended 
sediments also reintroduce excess nutrients and toxicants 
into the water column, which may be remobilized and 
dissolved again. Since the entire Sanctuary in Varanasi is 
an ecologically sensitive and active habitat, a critical 
evaluation of factors that increase the rate of sediment 
suspension and transportation downstream is essential 
because of their potential to alter productive physical  
habitat. 

Conclusion and future directions 

Geomorphic mapping of the Ganga River at Varanasi 
from 1965 to 2018 shows that the reach has had a fairly 
stable planform morphology for the last ~50 years. The 
mapping was carried out using Corona images to con-
struct planform for 1965, and Landsat MSS for 1997 and 
1980, Landsat TM for 1990 and Landsat 7 and 8 for 
2000–2018. It is evident that the reach of VTS from 
Ramnagar fort to Malviya Bridge has been maintained for 
the past 50 years, as there is no significant variation in 
the morphology of the Ganga River. 
 Channel cross-sections measured using ADCP in the 
field accord with the planform mapping. The channels are 
incised and stable at all transects with a relatively small 
variation in depth near the Ganga Bridge and Ramnagar 
Bridge. The velocity gradient of the channel cross-
sections shows almost similar profile throughout the 
study reach. Flow velocity is highest in the middle of the 
channel below the water surface and vanishes as it  
approaches the riverbed and laterally towards the bank. In 
terms of morphology, a reach downstream of the Sanctu-
ary has been undergoing significant morphological 
changes. A large alluvial bar has merged with the flood-
plain on the northern bank. A stable morphology and  
hydrodynamics of the river channel provide a suitable 
habitat for turtles and other faunal species, and ensures 
their survival. As the Ganga is an alluvial river, it is sus-
ceptible to erosion. Any form of alteration in the existing 
physical habitat conditions, such as bank-side construc-

tion activities, sand mining and dredging and large-scale 
river traffic may not only affect the channel stability but 
in turn will also cause irreparable damage to the Sanctu-
ary as a habitat and also to the Varanasi ghats. 
 Although the scope of the present study is limited, our 
preliminary exploration and literature review suggest that 
there is ample scope to carry forward this research. There 
are several parameters that need to be taken into account 
and studied along with morphometric parameters to un-
derstand how the behaviours of turtles in the Sanctuary 
change with increasing human intervention and resulting 
habitat changes. A few of these may include the follow-
ing: 
 
(1) Assessment of the channel depth at temporal scale: 

It is important to record temporal variation in depth, 
if any, of zones where frequent sightings of a specific 
turtle species are recorded. This will provide a way 
to correlate and quantify the micro-habitat parame-
ters for niche partitioning. 

(2) Quantification of the bank erosion and increase in 
turbidity by the resuspension of sediments as a  
result of waves generated by boat movement at dif-
ferent depths and velocities is critical for assessment 
of the impact of the inland waterways project. 

 
The banks with fine grain size are highly susceptible to 
erosion and resuspension, and this may affect the beha-
viour and mobility of the turtles in the river. Further, an 
increase in suspended sediment concentration due to  
resuspension and transportation downstream will not only 
decrease the light-penetration ability by increasing tur-
bidity, and also mix the settled toxicants and contami-
nants in the channel bed. By documenting changes in the 
microhabitat parameters over time, we can infer the shift 
in microhabitat selection by the turtles and other aquatic 
fauna in VTS. 
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Erratum 
 
Carbon storage potential of  
mangroves – are we missing the boat? 
 
P. Ragavan, K. Sivakumar, R. S. C. Jayaraj,  
P. M. Mohan and T. S. Rana 
[Curr. Sci., 2019, 116(6), 889–891] 
 
Page 890, 2nd column, para 2, line 9 
 
The sentence should read as: They have estimated that 
the CH4 evasion rate (96.5–1049.8 μmol m–2 day–1)… 
 
Instead of 
 
They have estimated that the CH4 evasion rate (96.5–
1049.8 mmol m–2 day–1)…. 
 
We regret the error. 
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