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Abstract

Small urban rivers are crucial to global freshwater ecosystems, yet they are disproportion-
ately impacted by human-induced modifications. Existing restoration approaches have
primarily focused on large river systems. This study aims to provide a comprehensive,
high-resolution assessment of the urban stretch of the Assi River (~7 km) in Varanasi, India,
to inform restoration strategies as a representative case study of the challenges faced by
small rivers. We used high-resolution unmanned aerial vehicle (UAV) imagery to map
the river and collected water quality data from seven sampling sites in October 2022. Our
findings reveal a severe loss of multidimensional connectivity. Geospatial analysis revealed
extensive encroachment, with built-up areas occupying 137,580 m? along a 100 m length
within the 30 m buffer zone, and channel widths constricted to as narrow as 1 m in some
sections. Water quality is severely impaired, with dissolved oxygen (DO) levels dropping to
a minimum of 0.2 mg/L and faecal coliform levels reaching up to 2.1 x 108 MPN /100 mL.
We propose a UAV-based restoration framework that integrates geospatial data with policy
recommendations to reconnect the river. However, a limitation of this work is that it is
based on single-season sampling and temporal variations; multi-seasonal campaigns will
likely improve the framework. The proposed model for urban river management directly
addresses SDG 6.3 and 6.6, which target the reduction of water pollution and protecting
water-related ecosystems, respectively, and SDG 11.7, which aims to provide access to
green spaces.

Keywords: small river; connectivity loss; UAV mapping; paleochannel reconnection;
riparian buffer

1. Introduction

Rivers are not mere bodies of water; they are the lifeblood of ecosystems, shaping land-
scapes, providing habitats for diverse flora and fauna, and sustaining human civilisation
for centuries [1]. Small rivers constitute a substantial portion of river networks, comprising
70% to 80% of the total channel length [2]. Small rivers are disproportionately affected by
land use and river engineering due to their unique characteristics and their critical role in
larger river networks [3]. These small rivers, comprising first and second-order channels,
make up a significant portion of the total channel length of larger river networks [4]. De-
spite their small size, these rivers play a crucial role in transmitting sediment and nutrients,
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providing habitat for diverse aquatic and riparian organisms, creating migration corridors,
and governing connectivity at the watershed scale [5].

Small rivers are particularly vulnerable to human-induced disturbances [6]. Activities
such as upland mining, urban and agricultural development, channelisation, groundwa-
ter withdrawal, and the construction of small structures like culverts and grade controls
disrupt the connectivity of the small rivers [7], leading to significant alterations or com-
plete loss of the ecosystems [2]. Additionally, dams, removal or alteration of riparian
ecosystems, increased nutrient and sediment yields, and the introduction of exotic species
also disproportionately affect small rivers [8,9]. Furthermore, small rivers commonly lack
legal protection under legislation protecting water quality and stream flow, making them
particularly susceptible to alteration and loss due to human activities [10]. The cumulative
effects of these disturbances, combined with the lack of legal protection, contribute to
the disproportionate impact of land use and river engineering, making these small rivers
among the most endangered river ecosystems.

As our global population continues to migrate towards urban areas, more than 55% of
the world’s population already resides in cities, with an additional 2.5 billion projected to
do so by 2050, according to the United Nations. Consequently, an ever-increasing number
of people will depend on urban rivers marred by the consequences of urban expansion [11].
The adverse impact of urbanisation on river hydrology has long been observed, which in-
cludes increased flooding [12], depleted biodiversity [13], compromised water quality [14],
and, in some cases, eroded the very essence that once drew communities to their banks. Ur-
banisation, whether directly or indirectly, impacts all components of river ecosystems [15].
Therefore, successfully restoring urban waterways requires a profound understanding
of these disturbances and their consequences [11,16]. Urbanisation’s well-documented
effects on river ecosystem structure and function include changes in hydrology, sediment
dynamics, groundwater recharge, aquatic and riparian biodiversity, and the emergence of
the “urban river syndrome’” marked by consistent ecological degradation [17,18].

Due to increasing urbanisation, the connectivity of smaller rivers, particularly those
flowing through urban areas (Figure 1), is gradually disrupted or lost [2]. Connectivity in
river ecosystems refers to the water-mediated transfer of matter, energy, and organisms
across spatial and temporal scales within a river network [2]. Connectivity can be mul-
tidimensional, referring to the water-mediated transfer of matter, energy, and organisms
across spatial and temporal scales within a river network. This includes (i) longitudinal
connectivity, i.e., the uninterrupted flow of water, sediment, and organisms along the river’s
main channel; (ii) lateral connectivity involving exchange between the river channel and its
adjacent areas (e.g., floodplain, riparian zones, and other water bodies) and (iii) vertical
connectivity presents interactions that occur between surface water and the groundwater
and hyporheic zones. Finally, temporal connectivity comprises variations in hydrological
and ecological processes that happen seasonally or episodically [19].

63% of the world’s very long rivers (>1000 km) are no longer free-flowing over their
entire length, with connectivity loss representing one of the most critical challenges for
aquatic ecosystem functioning [20]. Researchers have developed the Connectivity Status
Index (CSI) for the quantitative assessment of river connectivity at multiple scales [21]. CSI
has been successfully applied globally to track connectivity across 12 million kilometres of
rivers and provide baselines for restoration planning and monitoring [22]. These large-scale
assessments typically utilise 500 m to 1 km resolution data, and, therefore, are not suitable
for detecting connectivity patterns in small urban rivers [23].
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Figure 1. Comparison of subsurface flow conditions in natural and urbanised watersheds.

The advent of UAVs, coupled with Structure-from-Motion (SfM) photogrammetry, has
transformed small river assessment capabilities [24]. Recent studies have demonstrated
that UAVs can achieve sub-centimetre-level spatial resolution for the comprehensive as-
sessment of small rivers [24]. The precise mapping of channel widths as narrow as 1 m, the
identification of individual encroachments, and a detailed characterisation of riparian zones
are thus possible. The Sakri River study in Central India used UAV surveys to identify
0.5 million m® of accumulated sediments across 50 km of river length [25]. Studies of the
Bellamy River demonstrate that UAV-based approaches provide 83-100% classification
accuracy for vegetation mapping and can detect geomorphic changes that conventional
ground-based methods miss entirely [26].

The degradation of urban rivers under anthropogenic pressures represents a global
phenomenon that has been extensively documented across diverse geographical contexts.
However, the literature reveals that existing restoration approaches have primarily focused
on large river systems. Global restoration approaches increasingly emphasise process-based
understanding over form-focused interventions [27]. The Panke River restoration in Berlin
exemplifies successful urban river restoration, where staged interventions between 1985
and 1995 improved water quality from Class IV to Class II [28,29].

This study undertakes the degradation of the Assi River, a small tributary of the River
Ganga. The Ganga is considered the holiest of all rivers in India, where people take a holy
bath. The degradation of the Assi River is not an isolated case, but rather representative
of the crisis facing small urban rivers across South Asia. Severe pollution from domestic
sewage and physical constriction due to urban encroachment mirror the challenges faced
by waterways in rapidly urbanising regions across the subcontinent. For instance, similar
patterns of degradation are seen in the Mithi River in Mumbai [30,31], Cooum River in
Chennai [32], Buriganga River in Dhaka [33-35], Bagmati River in Kathmandu [36-38], all
of which have been reduced to little more than open drains carrying untreated waste.

The study aims to contribute to the broader understanding of urban river management
and restoration. The research undertakes the first high-resolution UAV-based connectivity
analysis for the Assi River, establishing both methodological innovations and quantita-
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tive baselines essential for evidence-based restoration planning in urbanising regions. In
this context the objectives of this study are to: (1) assess the condition of connectivity
using high-resolution UAV imagery; (2) identify critical stretches requiring intervention;
(3) propose targeted restoration strategies to improve the connectivity of the river system,
and (4) analyse quality parameters to evaluate the bathing quality of water and ecological
state of the river.

2. Materials and Methods
2.1. The Study Area

The Assi River, a minor tributary of the Ganga River, due to urban expansion, has
been transformed into a sewage drainage channel within Varanasi City (Figure 2) and is

facing a threat to its existence [39]. The total length of the studied river stretch is ~7 km,
located between latitudes 25.25° and 25.31° E and longitudes 82.95° and 83.01° N.
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Figure 2. Study Area Map.
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2.2. Data Collection

The data collection process was divided into three key components for environmental
assessment and analysis (Figure 3): UAV-based mapping, groundwater table (GWT) moni-
toring across the catchment area, and water quality sampling along the Assi River. Existing
open wells within the catchment were identified and geolocated using Differential Global
Positioning System (DGPS) for spatial accuracy. The depth to the water table was measured
manually using an electric water level indicator, with measurements taken directly from the
ground. Observations were conducted during pre-monsoon (May 2024) and post-monsoon
(August 2024) periods to capture seasonal variations. The bottom elevation of the river
channel was also collected using DGPS. GWT elevations were interpolated using kriging in
QGIS 3.36. UAV data collection involves capturing high-resolution aerial imagery. Water
quality data collection focuses on sampling and analysing the river’s various physico-
chemical, nutrient and biological parameters to assess pollution levels and monitor overall
aquatic health., Water table data are measured through field surveys and well monitoring,
which track groundwater levels.

Study Area Selection

(Urban Stretch of River Assi)
Image — l
- Bundle 3D-model/ g 5
UAV Flight Adiustment Ontho-images Stretch Delineation
Parameter I
-
Point Cloud —
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Figure 3. Flowchart of the study and methodology related to UAV and GIS.

2.2.1. UAV Data Collection

A UAV flight campaign was designed to cover various sections of the area of interest,
requiring visibility and a continuous connection to the controller. The UAV selected was
the DJI Phantom 4 Pro (SZ DJI Technology Co., Ltd., Shenzhen, China), due to its sturdy
magnesium alloy structure, which ensures stability and minimal vibration, along with an
integrated 3-axis gimbal.

The UAV could fly for up to 28 min within a 5 km range and capture high-resolution
photos at 12.4 megapixels. Different flight altitudes were tested to strike a balance between
image quality and survey speed. Finally, an altitude of 90 m was found to be optimal
for achieving a ground resolution of 0.025 m per pixel. Flight planning aimed for high
image overlap, which was achieved by controlling forward speed (frontal overlap) and
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flight transect width (lateral overlap). A total of 2385 images were captured. The first
step involved fine-tuning the UAV system by comparing field measurements with re-
mote sensing data. Occasionally, there were disconnections between the drone and the
controller, requiring reconnection. Flight planning was conducted using Pix4D Capture
(version 4.11.0) software installed on an Android 11 (Redmi 10 Prime) mobile phone. The
raw imagery was processed using Pix4D Mapper 4.1.2, employing a Structure-from-Motion
(SfM) photogrammetric workflow to generate orthomosaics and digital surface models
(DSMs). Field-collected DGPS points were used to georeference the UAV data, ensuring
geospatial accuracy.

The initial processing used the “3D Maps” template with a custom key point image to
efficiently handle the large number of images (2385 total). Challenges such as occlusion
were addressed by flying with high image overlap (85% longitudinal, 75% lateral) and
using oblique camera angles where necessary, for reconstructing narrow corridors. The
impact of shadows was minimised by conducting flights under clear sky conditions to
eliminate the effects of shadows. Reflective water surfaces presented the most significant
challenge, and their effects were mitigated by relying on stable surrounding land features
and conducting manual inspections to ensure the integrity of the generated model.

36 DGPS points data were collected; 28 were utilised as Ground Control Points (GCPs)
for georeferencing. and the 7 data points were used as independent Check Points (CPs) to
validate the horizontal accuracy, leading to a root mean square error (RMSE) of <6 cm. The
vertical accuracy of the DSM was cross verified against field elevation profiles, yielding an
RMSE of <10 cm. All geospatial analyses, including land use classification and river width
extraction, were performed in QGIS 3.28 using validated orthophotos and elevation datasets.
To quantify the physical constriction of the Assi River, bank-line detection and vectorisation
were performed manually using a digitisation process, while the centerline was created
using a medial axis transformation of the vectorised river polygon. Perpendicular transects
were then generated at regular intervals (10 m) along the entire centreline to measure the
river’s width.

The buffer zones (both banks) of 3 m, 5 m, 10 m, 15 m, 20 m, and 30 m were selected for
two primary reasons. First, the 15 m buffer serves as a critical, policy-relevant benchmark,
aligning with a common standard for riparian buffers in the Urban River Management
Plan [40], such as those recommended for the Ganga River basin. Second, the series of
smaller, incremental buffers (3 m to 10 m) was chosen to provide a granular, multi-scale
analysis of urban encroachment. This approach enables us to quantify precisely how the
degree of encroachment intensifies at different distances from the river channel, providing
high-resolution insight into the progressive loss of lateral connectivity.

2.2.2. Water Sampling and Testing

Sampling sites (based on land use patterns, accessibility considerations, and key pollu-
tion sources) were selected along the river’s stretch to assess water quality. These samples
were collected in the post-monsoon season (October 2022), a period typically characterised
by reduced river flow and elevated pollutant concentrations due to limited dilution capacity.
Future multi-seasonal sampling campaigns will be crucial for understanding temporal
variability in water quality, providing a more comprehensive long-term ecological profile of
the river and informing adaptive management strategies. Sampling, preserving, and trans-
porting the water samples to the laboratory were performed using standard methods [41].
All instruments were calibrated using standard solutions before each use, in accordance
with the manufacturer’s instructions. Composite Sampling was performed at each site.
Samples were qualitatively analysed for different physicochemical and microbiological
parameters. The pH, temperature, electrical conductivity (EC), Total Dissolved Solid (TDS),
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Ammoniacal Nitrogen (NH4-N) and Nitrate Nitrogen (NO3-N) and dissolved oxygen (DO)
were determined immediately at the collection site by a portable multi-parameter sonde
(EXO 2), to minimise errors with time due to biological and chemical reactions between the
atmosphere and the sample. Laboratory analyses were conducted for other parameters,
including turbidity, biochemical oxygen demand (BOD), chemical oxygen demand (COD),
total coliforms, faecal coliforms, and total phosphorus, following the guidelines of [40].
Heavy metals, including cadmium (Cd), mercury (Hg), nickel (Ni), chromium (Cr), lead
(Pb), and arsenic (As), were determined using a flame atomic absorption spectrometer
(AAS4141, ECIL, Hyderabad, India), following standard procedures [42]. QA/QC pro-
cedures and acceptance criteria, as well as all corrective actions and documentation of
deviations, are to be followed as outlined in [41]. Potential biases in our methods include
limitations of UAV imagery (e.g., lighting affecting land use classification near nallas,
with an RMSE of <6 cm), risks of GIS misclassification, and constraints on water quality
sampling due to accessibility and the single-season (October 2022) data.

Although the surface-water data (2022) and groundwater observations (2024) were
collected in different years, we have still performed our analyses with their integration
because the Assi River functions as a highly urbanised channel whose pollutant loads are
controlled by persistent anthropogenic sources rather than natural variability [43-45]. The
Assi River lies within an alluvial aquifer system, where groundwater levels typically exhibit
limited interannual fluctuation [46-48]. This stability makes the groundwater table (2024)
representative for assessing vertical hydraulic gradients, even when paired with surface-
water quality data from 2022. We acknowledge this temporal mismatch and recommend
future synchronised multi-season monitoring.

3. Results

The journey of the Assi River through Varanasi has undergone significant changes
over time. While historical texts describe it as a substantial river, its origin has been
identified today as Khandwa, a pond located near Kardmeshwar Mahadev Inter College
in Kandwa (Figure 4). Upstream from this point, the river ceases to exist and becomes
untraceable in areas near Kandwa Road in the Awleshpur area. From its origin at Khandwa
Pokhri, the river flows through Kanchanpur Pokhra and enters Indira Nagar after crossing
Chunar Road. An open drain from the BLW (Banaras Locomotive Works) area joins the
river, bringing wastewater from Indira Nagar Colony and Newada. The river continues
through the area surrounding Dhirendra Mahila PG College and Indira Nagar. Moving
downstream, it crosses Sundarpur Chauraha and winds through densely populated areas,
including Naria Road, Tagore Road, Tilak Road, and Gandhi Nagar Road, until it reaches
Saket Nagar. This 1.4 km stretch receives additional wastewater from another significant
drain, located near Sundarpur Sabzimandi, at DLW. From Saket Nagar, the river flows
through Durgakund Road near Sankat Mochan Crossing, then under the Ravindra Puri
Road bridge. The river then continues toward Nagwa Road through the Sahoday Veer
Bridge on the Assi-Lanka Road. In its final stretch, the river is diverted through Nagwa
ward, also known as Nagwa Drain near Sant Ravidas Park. Finally, it meets the Ganges
behind Ravidas Ghat Park, approximately 770 m upstream from its original confluence
point at Assi Ghat. [49] reported the average daily flow of 62.07-65.19 MLD through the
channel of the river Assi near Nagwa and the highest flow rate varying from 1.26 m3/s
(108.86 MLD) to 1.42 m3/s (122.86 MLD) during January 2010. The temperature in the
region varies significantly, ranging from a minimum of 1.7 °C to a maximum of 47.2 °C. The
area receives an average annual rainfall of 1113 mm, mainly during the monsoon months
from July to September.
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Figure 4. Built-up area along the Assi River and sampling locations.

3.1. Spatial Distribution of Encroachment

Table 1 shows the land use patterns along the river, showing encroachment within the
immediate 5 m buffer zone on both sides of the river. Built-up areas account for 5566 m?.
This encroachment increases significantly as the buffer zone expands, with built-up areas
increasing to 25,240 m? at 10 m, 82,303 m? at 20 m, and 137,580 m? at the 30 m buffer zone.
The progression illustrates the severe urbanisation pressure on the river corridor, drastically
reducing permeable surfaces and affecting the river’s connectivity (Figure 4).

Table 1. Different Land Use in different buffer widths in the river Assi.

Area in Buffer Width on Both Sides of the River (in m?)

Land-Use Type

5m 10 m 20 m 30 m

Agriculture Land 306 1988 4381 8197
Built Up 5566 25,240 82,303 137,580
Vacant Plot 5161 17,136 38,454 53,990

3.2. Stretch-Specific Encroachment Analysis

The ortho-photo and DSM have a horizontal accuracy of <6 cm. The degree of encroach-
ment varies significantly across the seven defined stretches of the Assi River (Figure 5).
Stretch 2 exhibits the most severe encroachment, with 71.02 m? per 100 m within the 3 m
buffer, increasing dramatically to 2866.82 m? per 100 m at the 30 m buffer (Table 2). This
represents the highest encroachment density among all stretches and correlates with the
narrowest river width (1-18 m) observed in this stretch (Table 3).
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Table 2. Built-up area in different buffer widths in different stretches.
Encroached Area (m?/100 m) Length in Buffer Width on both Sides of the River
Stretch Length (m)
3m 5m 10 m 15m 20 m 30 m
a 1049.00 6.01 31.46 188.66 474.55 813.54 1542.14
b 816.00 2.21 11.40 185.05 514.83 870.22 1670.22
c 1459.00 23.24 121.93 533.04 1061.27 1631.87 2733.17
d 411.00 1.70 44.77 345.01 766.67 1226.52 2349.64
1518.00 17.79 76.61 318.91 611.53 892.42 1489.99
f 666.00 71.02 174.77 621.62 1205.41 1739.34 2866.82
g 1014.00 15.48 84.12 352.56 954.34 1251.18 1630.08
Table 3. Range of width in different stretches of the river Assi.
Stretch No. Stretch Name Average Width (m)

Stretch 1 Karmadeshwar Temple to Kanchanpur Pokhra 3-27

Stretch 2 Kanchanpur Pokhra to Indira Nagar Drain 1-18

Stretch 3 Indira Nagar Drain to Dhirendra Mahila College 1-13

Stretch 4 Dhirendra Mahila College to Sunderpur 4-21

Stretch 5 Sunderpur to Saket Nagar 5-21

Stretch 6 Saket Nagar to Sankat Mochan Bridge 6-42

Stretch 7 Sankat Mochan Bridge to Confluence of Assi-Ganga 7-25

Stretch 5 shows the second-highest encroachment density with 2733.17 m? per 100 m
at the 30 m buffer. Interestingly, stretches 6 and 7, closer to the confluence with the Ganges,
show relatively lower encroachment within the immediate riverside zones (3 m and 5 m
buffers) (Table 2). Stretches 2 and 3 exhibit the narrowest widths (as low as 1 m in places)
and show some of the highest encroachment pressures (Table 3). This pattern suggests that
encroachment has physically constrained the river channel, reduced its natural width and
impacted flow dynamics and self-purification capacity.

3.3. Physicochemical Parameters Analysis

Table 4 shows the water quality data across all stretches of the Assi River. The
Central Pollution Control Board (CPCB) specifies the primary water quality criteria for
bathing in India and sets limits for faecal coliform (<2500 MPN /100 mL), pH (6.5-8.5),
dissolved oxygen (>5 mg/L), and Biochemical Oxygen Demand (BOD) (<3 mg/L). It
can be observed that values for these parameters far exceed the safety standards. The
headwaters at Kardmeshwer pond show marginally better quality than the downstream
stretches, but still fail to meet bathing standards.

DO, a critical indicator of river health, shows alarming depletion throughout the river
system. The highest recorded value in the river proper is merely 1.0 mg/L in Stretch 1,
declining further to just 0.2 mg/L at Stretch 7 near the Ganges confluence. These values are
significantly lower than the 5 mg/L minimum required for meeting bathing standards. This
hypoxic condition indicates a severely stressed aquatic ecosystem incapable of supporting
diverse aquatic life.

BOD values range from 48 mg/L to 126 mg/L across the stretches, exponentially
higher than the <3 mg/L standard for bathing waters. Stretch 7 exhibits the highest BOD
(126 mg/L), indicating extreme organic pollution near the confluence with the Ganges. This
suggests that the Assi River contributes significantly to the pollution load of the Ganges at
Varanasi, undermining broader Ganga rejuvenation efforts.
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Table 4. Water Quality in the River Assi (October 2022).

Puameter  Uniis  Kimebwer  KhamdwaPond  SpOURY mndimNagr  Sundepur  SaketNagw gl aGaae
(Stretch 2) (Stretch 6) (Stretch 7)
Temperature °C 283428 32.5+3.8 32.7 +4.3 33.1+53 315445 312 446 31.5+3.9 32.6 +4.1
DO mg/L 49408 1.0+ 0.5 0.35+0.15 0.75 £ 0.05 0.6 +£0.1 04+0.1 03+0.1 02+0.1
Conductivity uS/cm 635+ 45 940 + 185 938 + 153 1063 + 187 960 + 159 934 + 122 1090 + 173 1117 4 241
TDS mg/L 443 + 58 618 + 67 632 + 89 657 + 63 729 + 123 623 + 133 719 + 153 738 + 95
pH - 7.8+05 71402 73+03 71+01 71402 72404 72403 72404
NHy-N mg/L 0.65+0.3 63+£22 8.0+14 78 +1.6 10.8 + 4.4 141435 6.4+2.7 119 £33
NO3-N mg/L 243463 343+ 45 485+ 6.3 446425 50.4 & 2.0 425+18 59 +2.8 63 + 6.7
Turbidity NTU 92+ 16 58.5 + 15.5 36.5 + 15.5 395+ 11.6 55.5 4 10.5 545+ 22.5 64.0 + 16.3 71.5 +20.5
BOD mg/L 21+ 56 57 £5.5 48 +11.3 56 + 8.7 104 + 15.6 92+9.1 97 +16.7 126 + 27
COD mg/L 894 22 144 + 15 192 + 35 228 + 24 397 + 57 322 4+ 76 307 + 84 344 + 60
Total Coliform 11\615 E{ (BO0+£12)x10® (22+11)x107 (47+23)x107 (B4+03)x108 (23+£11)x108 (1.7£04) x 108 (1.9+06) x 108 (3.6 £0.6) x 108
ci?&gin 11\6[5) E{ (11405 x 102 (B5+16)x10° (1.1+£07)x107 @1+13)x107 (3+17)x107 (@6+21)x107 (B1+£15) x107 (21+14) x 108
phozgﬁ‘(l)ms mg/L 0.5+0.2 243412 22407 24409 25+1.1 6.1+25 34415 25408
Cadmium mg/L BDL BDL BDL BDL BDL BDL BDL BDL
Mercury mg/L BDL BDL BDL BDL BDL BDL BDL BDL
Nickel mg/L BDL BDL BDL BDL BDL BDL BDL BDL
Chromium mg/L BDL BDL BDL BDL BDL BDL BDL BDL
Lead mg/L BDL BDL BDL BDL BDL BDL BDL BDL
Arsenic mg/L BDL BDL BDL BDL BDL BDL BDL BDL
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The conductivity measurements (934 to 1117 pS/cm) and Total Dissolved Solid (TDS)
values (618-738 mg/L) further confirm the high concentration of dissolved substances, likely
from sewage and urban runoff. Turbidity values (36.5-71.5 NTU) indicate substantial sus-
pended particulate matter throughout the river system, with the highest values observed in
the lower stretches. The water quality results presented in this study were obtained during the
post-monsoon season (October 2022), a period typically characterised by reduced river flow
and elevated pollutant concentrations due to limited dilution capacity. This season also fol-
lows peak rainfall months (July-September), during which surface runoff may transport large
loads of nutrients and organic matter into the river, influencing downstream accumulation.

3.4. Nutrient, Bacterial & Heavy Metal Contamination

Table 4 shows the contamination level of all pollutants. Nutrient parameters reveal
excessive inputs of nitrogen and phosphorus compounds. NHy-N ranges from 6.3 to
14.1 mg/L, while NO3-N ranges from 34.3 to 63 mg/L, with consistently increasing trends
moving downstream. Total phosphorus (TP) ranges from 2.2 to 6.1 mg/L. These elevated
nutrient levels indicate significant sewage inputs and likely contribute to eutrophication
processes within the river system [50,51].

The most alarming indicators are the bacterial contamination parameters. Total coliform
counts range from 2.2 x 107 to 3.6 x 108 MPN/100 mL, while faecal coliform counts range
from 3.5 x 10° to 2.1 x 108 MPN/100 mL. These values exceed the CPCB bathing standards
(desirable: 500 MPN /100 mL; maximum permissible: 2500 MPN /100 mL) by four to five
orders of magnitude. Stretch 7 shows the highest bacterial contamination, indicating the
cumulative effects of pollution as the river approaches its confluence with the Ganges.

The UAV imagery reveals no prominent agricultural or industrial sources within the
studied buffer zone along the river stretch. Heavy metals (Cd, Hg, Ni, Cr, Pb and As) were
below detection limits (BDL) across all stretches. The high faecal coliform counts, in the
absence of heavy metals, indicate the most probable cause of pollution is the domestic sewage
along this urbanised stretch. These findings are consistent with the observations reported in
earlier studies performed on the Assi River [44,45]. Assi River exhibits stable inter-annual
water-quality patterns due to its flow being dominated by continuous anthropogenic discharge
rather than natural hydrological variation [44,45]. No new STPs, drain diversions, or pollution
control measures were introduced at the confluence during the study period.

Study of Ponds in and Around the Catchment Area of the Assi River

Table 5 provides a detailed overview of the ponds and key parameters. These are criti-
cal for understanding the hydrological behaviour of the ponds and their role in improving
the groundwater recharge in the area. The most extensive ponds include Kardhmeshwar
Pond (13,828 m?) and Nagawa Pond 2 (13,466 m?) are two large ponds in terms of surface
area. Amara Pond P2 is the smallest, with a surface area of only 561 m? and has the
smallest storage capacity, 505 m3. Whereas Pushkar Talab and Kurukshetra Pond have the
highest water storage capacity at 47,601 m® and 36,155 m?, respectively. These large storage
capacities offer significant opportunities for water retention and flow regulation.

The difference between the pond bottom elevation and the GWT is a critical measure of
the pond’s potential for groundwater recharge and its ability to retain water. Kardhmeshwar
Pond (—0.54 m), Bhikharipur Pond 1 (—1.44 m), Nagawa Pond 1 (—2.06 m), Nagawa Pond 2
(—2.13 m), Durga Kund (—4.96 m), Kurukshetra Pond (—2.87 m), and Pushkar Talab (—4.73 m)
show negative differences (Pongalpur Village Pond (3.62 m), Nevada Pond (3.43 m), and
Amara Pond P5 (2.18 m) show a positive difference, indicating a gap between the GWT
and the pond bottom. These ponds may require artificial recharge, and dredging could be
performed in them to store more water and recharge the groundwater in the catchment area.
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Table 5. Details of ponds in the catchment area of the Assi River.

‘ . . Top Elevation Bottom Elevation Avg. Depth Area Volume Ground Water Difference in GWT
S.N. Latitude Longitude Location of(Pond of the Pond (m) (m2) (%) Table (GWT) and Ponfi Bottom
m) (m) (m) Elevation (m)

pl 25.25615 82.953264 Amara Pond 1 79.59 74.12 34 3763 12,794 73.21 091

p2 25.25781 82.952468 Amara Pond 2 77.60 76.58 0.9 561 505 75.42 1.16

p3 25.2575 82.953098 Amara Pond 3 77.66 75.42 1.3 3186 4141 73.56 1.86

p4 25.25747 82.954421 Amara Pond 4 78.04 75.63 0.9 5616 5054 74.37 1.26

p5 25.25829 82.953692 Amara Pond 5 78.55 75.64 1.1 9019 9921 73.46 2.18

Awaleshwar
p6 25.26014 82.957186 Mahadev Mandir 79.42 75.56 23 2838 6528 73.52 2.04
Pond

p7 25.26831 82.958699 Kardklfg‘rf:lhwar 79.72 73.22 14 13,828 19,359 73.76 —0.54

p8 25.26981 82.959887 Kandwa Pond 78.10 75.66 15 7500 11,250 73.76 1.9

p9 25.27377 82.966059 Kanchanpur 77.90 74.11 2.7 9011 24,331 72.13 1.98

pll 25.28193 82965439  Bhikharipur Pond 1 77.13 74.65 1.6 6216 10,154 76.09 —1.44
pl12 25.28143 82968213  Bhikharipur Pond 1 78.86 73.89 33 3450 11,314 77.26 —35

pl3 25.26749 82.970084 Pongallf;ﬁ dvmage 78.28 75.78 1.7 11,288 18,626 71.22 3.62

pl4 25.27329 82.974808 Newada Pond 1 79.95 75.45 2.9 4631 13,753 71.44 3.43

pl5 25.29046 82.985239 Nagawa Pond 2 77.82 75.76 14 4878 6638 75.47 —2.06
pl6 25.2881 82.990932 Nagawa Pond 3 76.39 73.89 1.6 13,466 22,218 76.37 —2.13
pl7 25.28908 82.999411 Durga Kund 75.25 69.01 41 4946 20,351 72.39 —4.96
pl8 25.28992 83.002225 Kurukshetra Pond 74.45 67.62 45 8028 36,155 70.49 —2.87

p19 25.28599 83.004469 Pushkar Talab 76.41 64.13 49 9691 47,601 68.86 —4.73
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The bottom elevation of the river varies from 67.49 m (at the confluence with the
River Ganga) to 77.89 m (effluent of Kandwa pond), with a mean of approximately
74.01 m (Figure 6). The water table across these points varies from 69.23 m to 73.69 m,
with an average of 71.65 m above mean sea level in May and August 2024. In the upstream
area near Kandwa Pond, the GWT is above the riverbed elevation, indicating a positive
potential for establishing vertical connectivity between the river and the underlying aquifer.

Bottom Elevation of River and Groundwater Table (GWT)

Legend
= RBottom Elevation

Groundwater Table

2000 4000 6000
Chainage (m)

Figure 6. Line graph showing the Bottom Elevation of the River and the Groundwater Table (GWT).

3.5. Longitudinal and Lateral Disconnection

Buffer zone analysis in the study area shows a catastrophic loss of lateral connectiv-
ity. Table 1 shows that built-up areas of 5 m and 30 m in the buffer zone result in the
elimination of natural riparian zones of 5566 m? and 137,580 m?, respectively. Intact flood-
plains, as emphasised by [2] retain 50-60% of sediment and nutrients through overbank
flows. Due to channelised stretches, the Assi River has lost its self-cleansing and sediment
retention capacity.

Figure 7A illustrates where the Assi River meets the Ganga River. Figure 7B depicts the
state of the Assi River near the Ravindrapuri Bridge. Figure 7C shows a heavily modified
area in Saket Nagar, heavily influenced by human activities. Figure 7D illustrates the
condition of the Assi River near Sundarpur. Figure 7E reveals a highly modified area,
showing that Assi is almost invisible near Indra Nagar. The Assi River exhibits severe
longitudinal fragmentation due to urban encroachment at two critical points: Kardmeshwer
Kund, the river’s origin (Figure 7G), and downstream of Kanchanpur Pokhra (Figure 7H).
Kardmeshwer Kund serves as a consistent water source with proper groundwater linkage.
UAV mapping revealed channel narrowing to widths of 1-18 m in stretch 2. In the upstream
area, GWT lies 0.54-4.96 m above the riverbed (e.g., Kardhmeshwar Pond). GWT is
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1.74-5.78 m below the riverbed, showing the vertical disconnection and affecting hyporheic

exchange in the downstream portion of the river.

82°5§'0"E

82°5?'0"E

8300110"E

25°1 6|'23“N

Condition of River Assi
A: Confluence with the River Ganga
B: Ravindrapuri Bridge

C: Saket Nagar

D: Sundarpur

E: Dhirendra Mahila PG College

F: Indira Nagar

G: Near Kanchanpur Pokhara

H: Near Kardmeshwar Pond
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Figure 7. Condition of the River Assi at Some Important Locations.

4. Discussion

4.1. Restoration Strategies: Reconnecting the River

River width is a critical factor in maintaining longitudinal connectivity. When a river

becomes too narrow, its capacity to carry water and sediment is reduced. An increase in the
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Outer Zone
(~7.5 meters)

flow velocity causes erosion. The physical fragmentation and channel constriction obstruct
the movement of aquatic organisms, such as fish and macroinvertebrates [52,53]. The
elimination of the riparian zone disconnects the river from its natural flood plain, which is
essential for fish spawning, feeding, and refuge [53,54]. In the case of the Assi River, urban
encroachment and sedimentation have significantly reduced the width of many sections,
contributing to disconnection issues. Evidence suggests the historical Assi originated near
Durvasha Rishi Ashram in Allahabad and traversed approximately 120 km before joining
the Ganga in Varanasi [46]. Reconnecting the paleochannel of the Assi River represents
a fundamental step in restoring its longitudinal connectivity. The Assi can be revitalised
through systematic paleochannel reconnection, targeted interventions at disconnection
points, and restoration of adequate river width.

The results underscore the critical need for the restoration of riparian zones. The
riparian zone, the transitional area between terrestrial and aquatic ecosystems, emerges
as a critical component of riverine environments [55]. It serves as a buffer, a corridor
of biodiversity, and a guardian of water quality [56]. The delicate balance of this zone
has come under immense pressure in recent times, especially in the context of small
rivers [57]. Riparian buffers are indispensable for mitigating urban impacts, stabilising
stream banks, and enhancing water quality [58]. Implementing vegetation-based buffers
along the riverbanks could provide multiple ecosystem services [59], including pollutant
filtration [56], erosion control [57], and biodiversity conservation [60]. Case studies from
similar urban river restoration efforts globally suggest that creating multi-zonal riparian
buffers could effectively balance urban development with ecological integrity.

The US EPA suggests a straightforward approach for developing riparian zones,
which has been successfully adopted in various parts of the world. This method involves
dividing the buffer width (approximately 15 m) into two equal zones: a streamside zone
(immediately adjacent to the river) and an outer zone (bordering the urban area) (Figure 8).
It can restore natural interactions between rivers and adjacent landscapes by improving the

lateral connectivity.

Streamside Zone Outer Zone
(~7.5 meters) (~7.5 meters)

Streamside Zone | \
(~7.5 meters)

Figure 8. Voluntary management guidelines recommended for the area adjacent to the riparian buffer,
streamside zone and an outer zone (adopted from [40]).

Ponds serve several essential functions in this restoration effort. They function as tem-
porary storage areas during heavy rainfall, effectively regulating water flow. By capturing
and retaining excess water, they mitigate the risk of downstream flooding and erosion. They
operate as natural filters, trapping sediments and nutrients that would otherwise enter
the river, thereby improving water quality downstream. Figure 9 illustrates that the water
bodies in the catchment area of the Assi River are under threat from these modifications.
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Figure 9. Encroachment in the Pond in the Catchment Area of the River Assi (Imageries from Google
Earth Pro).

However, using remote Sensing and on-site verification, it is evident that there are
still 19 ponds and small waterbodies in the catchment area of the Assi River (Figure 10).
Constructing 12 groundwater recharge shafts in areas with positive GWT differentials
(e.g., Nevada Pond) could reactivate hyporheic exchange, improving water quality and
baseflow sustainability.

4.2. Policy Integration and Future Directions

The Assi River exemplifies the connectivity crisis facing small urban rivers globally.
The Assi restoration model offers a replicable template by addressing multidimensional
disconnection through geospatial planning, policy reform, and community engagement.
As ref. [19] asserts, “connectivity is not merely a structural attribute but a dynamic process
governing river resilience.” Restoring it is pivotal to achieving SDG 6 (Clean Water) and
11 (Sustainable Cities).
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Figure 10. Ponds in the Catchment Area of the River Assi.

Despite the technical feasibility of the proposed restoration strategies for the Assi
River, several critical barriers may hinder their effective implementation. Institutional
fragmentation often results in overlapping mandates and a lack of coordinated action.
Encroachment by informal settlements and formal constructions along the Assi Riverbanks
poses a significant challenge; efforts to enforce buffer zones or relocate residents will
likely face legal, social, and political hurdles. The situation is further complicated by
low community awareness and engagement; many residents perceive the river as a drain
rather than a living ecosystem, reducing public support for restoration, especially when
conservation efforts conflict with short-term livelihood needs. Data limitations, including
the lack of continuous hydrological, ecological, and groundwater monitoring, impede
evidence-based decision-making and adaptive management.

Overcoming these challenges will require a shift toward integrated governance and
inclusive stakeholder participation (including local communities and academic institutions).
There are examples of restoration of urban waterways accomplished through a strong polit-
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ical commitment and generating a broad public consensus by highlighting the economic
and social benefits. The restoration of the Cheonggyecheon Stream in Seoul, South Korea,
involved the politically challenging removal of an elevated highway [61,62]. Similarly,
the ongoing Thames River cleanup in London demonstrates how long-term success can
be achieved through coordinated, multi-agency governance and sustained community
engagement, shifting public perception of the river from a polluted industrial site to a
valued recreational space [63].

To address the physical degradation observed in this study, it is crucial to restore the
immediate buffer zone, thereby restoring the channel width. Longitudinal connectivity
requires a pilot paleochannel reconnection project at Kardmeshwar pond, which is the
current origin of the river. Groundwater recharge shafts can be installed at the sites of
available ponds in the current catchment area to enhance vertical connectivity. A program
for institutionalised regular UAV monitoring may be established, and a multi-season UAV
survey is also required. For long-term sustainability and adaptive management, a task
force comprising all relevant stakeholders can ensure coordinated efforts. Engaging the
public in information sharing, mutual responsibility, and ownership for managing natural
resources is crucial.

5. Conclusions

The degradation of the Assi River represents a microcosm of the challenges faced by
small urban rivers globally, particularly in rapidly urbanising regions. This study assesses
the river’s multidimensional connectivity loss—longitudinal, lateral, and vertical—due to
urban encroachment, untreated sewage discharge, and disconnection from groundwater
and floodplain systems. These findings are directly aligned with SDG 6.3 (reducing water
pollution and improving water quality), SDG 6.6 (protecting water-related ecosystems), and
SDG 11.3 and 11.7 (inclusive urbanisation and access to green spaces). On a national scale,
the results complement key policy frameworks such as the Namami Gange Programme, the
Urban River Management Plan [40], and the National Mission for Clean Ganga (NMCG),
which focuses on river rejuvenation and urban water management. Varanasi city received
the India Smart City Award, 2020, which also included the eco-restoration of the Assi
River through wastewater treatment and removal of contaminants from the river. Despite
these efforts, the Assi River continues to face a slow and dire decline, necessitating urgent
administrative intervention and support.

The study recommends restoring riparian buffers, restoring paleochannels, leveraging
ponds for groundwater recharge, and institutionalising UAV-based monitoring. However,
implementation faces challenges such as fragmented governance, resistance to encroach-
ment, and low public awareness. Enablers include supportive, innovative city policies,
emerging geospatial technologies, and growing academic-community partnerships. The
study suggests a framework to reconnect the Assi River, which includes recovering riparian
buffers, restoring paleochannels, and revitalising groundwater connections. The successful
implementation of the framework can serve as a replicable blueprint for sustainable urban
river management.

The accuracy of determining the extent of urban encroachment relies on high-
resolution geospatial data and sophisticated GIS analysis. However, a restoration plan may
be implemented in any situation, provided the realistic estimates of encroachment are made
available. Implementing the plan requires political will, as enforcing the required riparian
buffer zone in urban areas may be challenging and is highly dependent on a stable political
climate and robust legal frameworks. On a positive note, even the most degraded urban
waterways can be restored through the implementation of strategic scientific solutions,
informed by decisive policies and empowered communities.
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APHA American Public Health Association
BDL Below Detection Limit

BOD Biochemical Oxygen Demand
COD Chemical Oxygen Demand

CcpP Check Point

CPCB Central Pollution Control Board
DGPS Differential Global Positioning System
DO Dissolved Oxygen

DSM Digital Surface Model

EC Electrical Conductivity

GCP Ground Control Point

GWT Groundwater Table

MPN Most Probable Number

NH,-N Ammoniacal Nitrogen

NMCG National Mission for Clean Ganga
NO3-N Nitrate Nitrogen

NTU Nephelometric Turbidity Unit

pH Potential of Hydrogen

RMSE Root Mean Square Error

SDG Sustainable Development Goals
SIM Structure-from-Motion

TDS Total Dissolved Solids

TP Total Phosphorus

UAV Unmanned Aerial Vehicle

URMP Urban River Management Plan
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