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Globally, the river ecosystems are threatened due to human-driven exploitation and indiscriminate resource use.
The rate of species loss is a magnitude higher in these ecosystems, hence, identifying conservation priority areas
as refugia, using the flagship-cum-indicator species approach can aid in long-term conservation of multiple
species and ensure uninterrupted functioning of ecological processes. For effective conservation planning, we
derived the site occupancy and abundance of Gangetic dolphin (Platanista gangetica) as a flagship species in the
Ganga River Basin, and modelled their distribution vis-a-vis river conditions for identifying Conservation Priority
Stretches (CPS). The study incorporates the first-ever basin-wide (4635 km river) Gangetic dolphin (GD) sight-
ings to estimate range decline, abundance, and identify CPS of select rivers in the Basin. A total of 2151 sightings
of surfacing dolphins with mean encounter rate of 0.55 + 0.09 sightings/km of the river was observed from the
surveyed stretch. The GD encounter rate varied significantly across the surveyed rivers (Analysis of Variance, F
= 3.08, p < 0.001). We estimated 24.37 % decline in the dolphin distribution range in the basin since 19th
Century. The estimated population size of the dolphin in the Basin was 3330 individuals + 620 individuals
(Confidence Interval 95 % = 2304-4668; Coefficient of Variance = 18.61) which varied across the river. The site
occupancy and abundance were best predicted by channel depth (p = 0.82 + 0.46), meanders (p = 02.56 + 0.87)
and individual rivers, whereas channel width ( = 0.11 + 0.08) and survey efforts influenced detection prob-
abilities. Further, we identified 610 km (12.2 %) of river stretches as high CPS in the Basin based on the pre-
diction probability (>0.70) of GD. Protection of these stretches is likely to ensure sustained reproduction of GD
and provide refugia for other threatened species of the Ganga River and its tributaries, which is under increasing
anthropogenic pressure.

(Balian et al., 2007; Strayer and Dudgeon, 2010). These vital ecosystems
are threatened by several human-induced factors, such as rapid infra-

1. Introduction

Freshwater ecosystems such as rivers, streams and associated wet-
lands are an integral component of the global water cycle, flow regu-
lation, and effective functioning of associated ecosystems (Matthews,
2016; Grantham et al., 2019). The freshwater ecosystem comprises less
than 1 % of the Earth’s surface yet has the most diverse habitats, species,
and biodiversity (Dudgeon et al., 2006). Besides, the freshwater eco-
systems represent 9.5 % of all faunal species and harbour approximately
6 % of all described species and a third of all vertebrate species globally

* Corresponding author.

structure development, widespread habitat degradation, pollution, and
hydrological alteration due to dams and barrages (Alizadeh et al., 2018;
Alvarado et al., 2021; Kouadri et al., 2021). The upsurge in river
infrastructure developments has disrupted longitudinal connectivity
causing fragmentation leading to biodiversity loss and threatening
ecosystem functioning (Dudgeon, 2000; Guo et al., 2019). Furthermore,
the unprecedented impacts of these factors have potentially affected
migration, breeding biology, habitat use pattern and has resulted in
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population isolation of many freshwater species (Strayer and Dudgeon,
2010; Boscari et al., 2022). Additionally, rivers are vulnerable to global
climate change associated uncertainties of precipitation and tempera-
ture patterns, which would worsen rivers’ hydrological conditions
(Schneider et al., 2013). The impact of climate change is likely to have
an irreversible cascading impact on thousands of freshwater species that
are currently on the verge of extinction (Vorosmarty et al., 2010).
Consequently climate change impacts have drastically modified trophic
interactions and altered prey species distribution, limiting the top
predators’ physiological and biological requirements (Learmonth et al.,
2006; Wynn et al., 2007).

River systems in Asia are considered among the most dynamic and
threatened ecosystems (Dudgeon, 2000, 2002), as more than half of the
global human population resides in 13 % of the world’s land mass
(Hannah et al., 1994). The rate of biodiversity loss is a magnitude higher
in tropical rivers of Asia due to escalating human demands on the river
ecosystems (Guo et al., 2019). The Ganga Basin (henceforth, GB) is the
largest river basin in India, which supports ~650 million people and rich
aquatic biodiversity, is experiencing increased human footfall leading to
population declines and range reduction of riverine biota inhibiting vital
ecological processes (Nautiyal, 2010). In a nutshell, despite the high
ecological significance of the GB, socio-political demands, development
and religious activities, and economic feasibility have become major
obstacles in developing a comprehensive and systematic conservation
plan for the basin. In the current epoch of Anthropocene, biodiversity
conservation has become the world’s most essential shared re-
sponsibility (Sun et al., 2022). The flagship species approach can be
instrumental in invoking this shared responsibility. In recent years, the
flagship species approach has gained much support and acceptance as a
management tool for starting point to monitor biodiversity changes and
developing conservation plans (Kim et al., 2021). The flagship species
are relatively large, top predators, charismatic vertebrates that can
significantly promote environmental awareness (Barua et al., 2011).
Consequently, flagship species are explicitly perceived as 'umbrella’
species in identifying protected areas, assuming their conservation will
confer appropriate protection to other species (Piatt et al., 2007; Sergio
et al., 2008).

The Gangetic dolphin (Platanista gangetica), (henceforth, GD) was
first scientifically documented in the year 1801 by Heinrich Julius
Lebeck (Lebeck, 1801; Kinze, 2000). Earlier the GD was considered a
sub-species of the South Asian River dolphin. However, a recent
phylogenetic study revealed GD as a distinct species from the Indus
River dolphin (Platanista minor) (Braulik et al., 2021). The GD is a top
predator that influences the food chain structure, thereby plays a critical
role in maintaining the vital ecological processes of the river ecosystems
and serve as a potential indicator for monitoring status of river health
(Gomez-Salazar et al., 2012; Turvey et al., 2012; Sinha and Kannan,
2014). Its extirpation from river systems serves as a tool to measure the
extent of human footprints exploiting riverine resources (Sinha et al.,
2010; Sinha and Kannan, 2014; Behera et al., 2014). Once commonly
distributed in major river systems between longitudes 77° E and 89° E in
India, Nepal and Bangladesh (Anderson 1879, Smith, 1993; Mohan
et al., 1997), the species is now restricted to disjunct stretches of the
Ganga-Brahmaputra-Barak river system in India (Wakid, 2009; Behera
et al., 2014; Sinha and Kannan, 2014; Choudhury et al., 2019), Karnali,
Sapta Koshi and Narayani river systems in Nepal (Shrestha, 1989; Pau-
del et al., 2015) and Meghna, Karnaphuli and Sangu river systems in
Bangladesh (Reeves et al. 2000; Smith et al. 2006). The GD is now iso-
lated into small groups and is under severe threat due to a wide array of
factors such as flow modification, habitat degradation, prey depletion,
noise pollution, poaching and net entanglement (Dey et al., 2019;
Paudel and Koprowski, 2020: Kolipakam et al., 2022). Owing to these
threats, the GD experienced a ~30 % decline in its population (Paudel
and Koprowski, 2020) and a range reduction between the late 19th and
early 21st century (Mohan, 1989; Shostell and Ruiz-Garcia, 2010; Sinha
and Kannan, 2014).

(FRORJLFDO ,QGLFDWRUV

The species in the past has attracted multiple conservation efforts;
the Government of India has accorded utmost protection to the species
by including it in Schedule I of the Wild Life (Protection) Act, 1972,
since its inception in 1972 (Sinha and Kannan, 2014). The species has
been listed in the Endangered category in the International Union for
Conservation of Nature Red List of Threatened Species since 1996
(Kelkar et al., 2022). To prohibit international trade, the species was
enlisted in Appendix I of the Convention on International Trade in En-
dangered Species (CITES) and in Appendix II of the Convention on
Migratory Species (CMS). To further strengthen its conservation, the
Government of India has declared GD as the National Aquatic Animal of
India with a clear mandate of spreading awareness among local com-
munities to protect and conserve GD and its habitats.

Despite these efforts, the information on current distribution,
abundance and factors affecting GD is limited, and information on their
distribution from previous studies are from specific short stretches and
in different time scales (Behera et al., 2014; Sinha and Kannan, 2014;
Chowdhury et al., 2016). Hence, there is little comprehensive infor-
mation on the status of the GD from its range, which is crucial for the
long-term conservation of this species. Moreover, information on the
extent of suitable habitats for the GD in many parts of its range in India is
lacking, which hinders conservation planning. Additionally, it is para-
mount to configure the impacts of climate change on the distribution of
the GD (Paudel and Koprowski, 2020).

In the present study, we aimed to assess the occurrence, population
status, and habitat suitability of GD in GB, India, to address the
following research questions (a) what is the current distribution range of
GD in the basin? (b) What is the current population status of the GD in
the riverscape of the GB? (c) What is the extent of occupancy of the GD in
the basin? (d) What factors influence site occupancy and abundance of
GD across the basin? and (e) What is the extent of best suitable areas
available in the basin for the conservation of GD as an indicator species,
which ultimately may improve overall river conservation in GB.

The GD and other large vertebrates such as crocodiles are the large
predators found in the GB and are potential flagship species. However,
the basin wide distribution of GD and its greater hydrological re-
quirements compared to other predators in the basin makes it an ideal
choice as a flagship species. It provides ample data points required for
increased efficacy and to draw reliable inferences. Large-scale visual
encounter survey data was employed to assess the status of GD and their
site use across riverscape in the GB. We used an occupancy framework to
delineate the proportion of the riverscape used by GD and evaluate how
suites of environmental and anthropogenic predictors influence their
site use. We then derived the abundance of GD using N-mixture models
and evaluated factors influencing the abundance. We also administered
a flagship-cum-indicator species based systematic conservation planning
approach to identify priority stretches for effective GD conservation. The
identification of conservation priority stretches of the Ganga River and
its tributaries is likely to enable the policymakers and managers to
develop basin-wide conservation and restoration plans. This will be in
line with India’s international commitment to the United Nations
Decade on Ecosystem Restoration.

2. Materials and methods
2.1. Study area

The present study was conducted in the Ganga River and its major
tributaries viz. Yamuna, Chambal, Ghaghra, Son, Gandak, Kosi and
Rupnarayan to record the sightings of the GD (Fig. 1). The GB alone
drains an area of 8,61,404 sq. km (>26 %) of India’s geographical area
(Dwivedi et al., 2018). The GB is surrounded by the great Himalayas in
the north, the Chota Nagpur plateau and Vindhyas in the south, Aravalli
range in the west, and the Brahmaputra Ridge in the east, which has
given rise to climatic, topographical and hydrological variations (CWC,
2014). The hydrological regime also varies across seasons, with reduced
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Fig. 1. Map of surveyed rivers for Gangetic dolphin in the Ganga Basin, India.

flow occuring between winter and summer and the highest river dis-
charges recorded during the monsoon. The wide range of geomorpho-
logical and hydrological variations provides a mosaic habitat suitable
for diverse flora and fauna (Hussain et al., 2020; Sonkar and Gaurav,
2020). The GB is one of the most densely populated regions of the world
(>1400 individual/km?). The high human density results in higher de-
mand of water for agriculture, industry, electricity generation and
navigation. Sand mining, unplanned developmental activities and point
and non-point source discharge have further degraded the river habitat
including water quality (Hussain et al., 2020; Dagar et al., 2021).

The GB is spread across 11 Indian states and lies within five distinct
biogeographic zones, viz. Himalaya (North-West Himalaya 2A and West
Himalaya 2B), Semi-Arid (Punjab Plains 4A and Gujarat Rajputana 4B),
Deccan Peninsula (Central Highlands 6A and Chota Nagpur Plateau 6B),
Gangetic Plain (Upper Gangetic Plain 7A and Lower Gangetic Plain 7B)
and Coasts (East Coast 8B) (Rodgers and Panwar, 1988; CWC, 2014).
The climate of the GB varies from alpine, temperate, to sub-tropical and
tropical. The annual mean precipitation ranges from 500 mm to 2500
mm, and ~80 % of the precipitation occurs between June and
September (Nandargi and Shelar, 2018).

In the GB, we studied eight major rivers through literature survey
and field sampling (Supplementary Fig. S1). Of these, Ganga, Yamuna,
Ghaghra, Gandak and Kosi are snow fed, whereas the Chambal, Son and
Rupnarayan are rain fed. The smaller tributaries such as Girwa, Sharda,
Rapti and Mahananda were not surveyed due to logistical constraints
even though GD were reported from these rivers. Brief description of
studied rivers has been provided in the supplementary information
(Supplementary Table S1).

2.2. Data collection

We surveyed 4635 km of the rivers, viz. Ganga (2070 km), Yamuna
(435 km), Ghaghra (615 km), Gandak (295 km), Kosi (235 km),
Chambal (405 km), Son (500 km), and Rupnarayan (80 km) for their
ecological condition vis-a-vis occurrence of GD using boat based visual

encounter survey between 2020 and 2021 (Smith and Reeves, 2000;
Sinha and Sharma, 2003a) (Fig. 1).

Each of the surveyed rivers were divided into 5 km segments referred
to as Biodiversity Evaluation Unit (BEU) in ArcGIS 10.2 (ESRI, Redlands,
USA). We collected information on five hydro-morphological and four
anthropogenic variables at 1 km intervals, which were averaged for each
BEU (Supplementary Table S2). The surveys were conducted during
post-monsoon (November to February) season in daylight between 8:00
hrs to 12:00 hrs and 15:00 to 17:00 hrs using an inflatable rubber (25
hp)/country boat following thalweg (deeper part of the river) (Oliveira
et al., 2017). The speed of the boatin was kept constant at 6-8 km/hr to
avoid missing any sightings of surfacing GD. A team of four trained
observers equipped with binoculars (NIKON 8 x 42), GPS (GARMIN e-
Trex 30), depth sounder (HONDEX PS7), and range finder (HAWKE
Endurance LRF-1000), were stationed at the front of the boat to obtain
concurrent least counts of GD sightings and associated habitat variables
following Smith et al., (2006). In each team, three observers were
responsible for looking for surfacing GD, and the fourth observer for
recording associated habitat variables at each sighting.

Habitat parameters such as channel width (m), efforts (duration of
time spent in each BEU), time (time of the day), channel depth (m),
water flow (m3/sec.), river slope (degree), number of meanders (me-
anders/BEU), fishing intensity (active nets and boats/BEU), sand mining
intensity (mining boats/BEU) as well as anthropogenic factors were
recorded within each BEU (Supplementary Table S§2).

2.3. Data analysis

2.3.1. Distribution and range decline

The decline in species’ historical range and understanding the
associated causes is central to species conservation and management.
The decline is often measured through distribution or abundance
changes (Gaston et al., 2000, Uzqueda et al., 2020). The use of reduction
in distributional area is useful when there is no abundance data avail-
able but sufficient historical occurrence records exist (Shaffer et al.,
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1998). To estimate the range decline in the GB, dolphin sighting records
from recent surveys (2020 and 2021) and previous records of GD oc-
currences were obtained from the literature (Behera et al., 2014, Sinha
and Kannan, 2014) and compared. Further, the local extinction was
confirmed when it was not encountered/reported in a particular river
for more than ten years’ time frame (Mitra and Chowdhury, 2018).
Potential hydro-morphological variables and encounter rate of GD
(sightings/ km linear stretch), were evaluated for inter-river variation
using Analysis of Variance (ANOVA) test (Supplementary Text S1).

2.3.2. Site occupancy and abundance

In ecological modelling, regression-based approaches such as
Generalized Linear Model (Rushton et al., 2004) and Generalized Ad-
ditive Models (Leathwick and Whitehead, 2001) are frequently used to
evaluate species association with environmental and/or habitat vari-
ables (Guisan and Zimmermann, 2000; Rushton et al., 2004). However,
these approaches do not estimate site-specific species occurrences. Un-
like these approaches, models based on occupancy frameworks can
produce unbiased estimates of occupancy (¥) and provide insights into
the habitat use of a species simultaneously considering detection prob-
abilities (p) (Mackenzie et al., 2002). The occupancy model also allows
the inclusion of covariates to explain heterogeneity in both occupancy
and detection probability (Mackenzie et al., 2006).

Selecting an appropriate method for population estimation is chal-
lenging, particularly for species having low detection probability, such
as the GD. The occupancy models take into account detection and non-
detection over multiple surveys of a sampling site to estimate detection
probabilities (p) to derive unbiased estimates of occupancy (¥) (Mack-
enzie et al., 2002). Here, we used site occupancy models in maximum-
likelihood frameworks to determine the probability of site use (MacK-
enzie et al., 2002), and the N-mixture model (Royle, 2004; Kéry and
Royle, 2015) to estimate abundance () of the GD in GB using spatial
replicate counts while accounting for imperfect detection. Platanista
gangetica and Platanista minor being identical in their external appear-
ance, have similar physiological requirements (Smith and Braulik,
2009), and thus mean home range of the Platanista minor was used as a
surrogate for designing the length of the sampling sites for the present
study (Toosy et al., 2009). The GD is assumed to have a maximum daily
movement of ~25 km given the river stretches are characterized by
intermittent shallow and deep pools. Secondly, a linear river stretch of
25 km can be easily surveyed for GD detection within a day without any
logistical constraints with a vessel speed of 6-8 km/ hrs. The surveyed
stretch of 4635 km was split into 927 BEUs that were considered as
spatial sub-units to assess the extent of site use of the GD. Five adjacent
BEUs (sampling sites of 25 km) were considered as spatial replicates to
accommodate it in site-occupancy and N-mixture framework (MacK-
enzie et al., 2002; Charbonnel et al., 2014; Searle et al., 2020). We chose
a length of 25 km as the best compromise between the need to detect the
presence of a species and that of having more than three spatial repli-
cates, as recommended by Hines et al. (2010). Double counting of GD
due to overnight movement from surveyed to non-surveyed segments
was considered, assuming an equal probability of GD being missed due
to opposite-direction movement (Braulik, 2006).

We used 156 sampling sites out of 185 as we did not record GD
sightings in the surveyed stretch of the Son River, 180 km stretch of the
Chambal River between Pali and Dang Basai and 70 km stretch of the
Ganga River between Bhimgoda and Bijnor barrages. For deriving
siteoccupancy, the dolphin presence/absence at each spatial unit and
the covariates that may influence occupancy and detection probability
were included in the analysis (MacKenzie et al., 2006). The covariates
were selected based on a priori understanding and literature search that
may influence the occurrences of GDs (Kelkar et al., 2010; Choudhary
et al., 2012; Paudel et al., 2015). The detection covariates are presumed
to influence the likelihood of detecting a species, given its presence at a
site (p). We considered channel width, effort, and time of the surveyed
day as detection covariates for both site occupancy and N-mixture
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modelling, assuming these variables would influence the detection of a
GD given its presence at a site. Site covariates are factors that are
hypothesised to influence the probability of a species’ site occupancy
(y). The same suite of variables were selected for estimating abundance
(M) using N-mixture models (Supplementary Table S2). Each of the
continuous covariates were z-standardized before analysis and cate-
gorical variables were dummy coded following Sunarto et al. (2012),
Searle et al. (2020). Variables were checked for multicollinearity using
Pearson’s correlation test, and variables having Pearson’s correlation
coefficient > 0.70 were excluded from the analysis following Graham
(2003). Additionally, the GD count, along with covariates influencing
the abundance, was included in the N-mixture modelling.

In this study, site occupancy models (MacKenzie et al., 2002) were
used with detection and non-detection data using the “unmarked”
package’s 1.2.5 occu () function (Fiske and Chandler, 2011). A multi-
stage modelling approach was adopted, in which covariates influ-
encing detection probability p were run first, keeping the occupancy
probability ¥ constant. Then, using multivariate occupancy models, we
investigated whether environmental covariates influenced detectability
(Supplementary Text S2).

The N-mixture model was performed using the pcount () function in
“unmarked” package in R version 4.1.3 (Fiske and Chandler 2011; R
Development Core Team 2022), using R Studio version 2022.02.3
(RStudio Team 2022). We fitted the N-mixture models, combining all
the spatial counts data with Negative Binomial distributions (Joseph
etal., 2009; Knape et al., 2018) as it allows for modelling over dispersion
data with significantly fewer true zeros in the dataset (Wenger and
Freeman, 2008; Barao-Nobrega et al., 2022). We used a numeric upper
bound value for K for abundance estimates following multiple trials
without affecting the model outcome (Fiske and Chandler, 2011; Kéry
and Royle, 2015; Barao-Nobrega et al., 2022). Models were ranked
based on their Akaike Information Criterion (AIC) scores (Akaike, 1974;
Burnham and Anderson, 2004) (Supplementary Text S3). The predictor
variables associated with top-ranked univariate model were evaluated
to determine GD habitat use (¥). We then modelled covariates
hypothesised to affect detection (p), channel width, effort and time
using a global model considering remaining habitat use covariates
constant. A final model set was generated for all possible additive
combinations of detection and site use covariates with AAICc < 2,
representing models with substantial empirical support. The goodness of
fit for the most parameterized and highest-ranked models were assessed
following Mackenzie and Bailey’s goodness of fit test (MacKenzie and
Bailey, 2004).

The AICc weights of all models in the final model set, in which the
covariate appeared, were summed to assess the overall importance of
the covariates (Burnham and Anderson, 2004). The sign of the cova-
riate’s beta coefficient estimates represented the direction of impact,
and only if the beta coefficient’s 95 % confidence interval (f + 1.96 x
SE) did not overlap zero, the effect of covariates was deemed significant.
The predicted probability of site occupancy for each site was obtained
via model averaging the final model set using the package MuMin
(Barton, 2013). The sum of squared errors, chi-square, and freeman-
tukey tests were used to evaluate the goodness of fit for the top-
ranked model and the model with the most parameters in the final
model set.

2.3.3. Abundance estimation using correction factor (D)

GD rely upon their surfacing, however, there is a chance of missing
few individuals during the survey. Correction factor for missing/un-
marked individuals is an essential precursor to estimate population
figure precisely (Vu et al., 2018). Thus, correction factor (D) was
derived using detection probability extracted from published work
conducted in the rivers in the Indian subcontinent and was used as an
index to verify the outcome of our model-based results. The mean
correction factor for GDs was derived from various studies (Supple-
mentary Table S3). D¢f account for missed individuals while conducting
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visual encounter surveys (Smith et al., 2006; Richman et al., 2014). The
D¢ for GD was derived by dividing 1 by detection (p) and the corrected
population estimates of GD were calculated by multiplying D ¢ by the
total number of GD sightings obtained during the visual encounter
survey.

Dy =1/ (b), where (D) is the correction factor for GD estimates
and p is the detection probability.

2.3.4. Conservation priority stretches (CPS)

Scholars have identified conservation priority areas using either
species or habitat, or both (Asaad et al., 2017; Maire et al., 2017). The
species-based criteria include species of conservation significance,
restricted-range species, biological diversity, and areas important for life
history stages (e.g. Stewart et al., 2022; Banerjee et al., 2022), and
habitat criteria includes unique and rare habitats, fragile and sensitive
habitats, ecological integrity, and representativeness (e.g. He et al.,
2018). These criteria were further categorized as five factors (habitat
cover, species attribute, species richness, geographic range, and species
abundance) for identification of priority areas (Assad et al., 2017). We
have used flagship-cum-indicator species based approach for identifi-
cation of conservation priority stretches, which essentially includes
species of conservation significance, and ecological integrity criteria.
These two criteria represent the four factors suggested by Assad et al.
(2017), which makes our approach robust.

We used Maximum entropy (MaxEnt, version 3.4.4) models to pre-
dict the potential distribution and to identify conservation priority areas
in the GB (Phillips et al., 2017). MaxEnt models are based on the prin-
ciple of maximum entropy that accounts for presence-only data of rare
or threatened species with environmental variables (Elith et al., 2006;
Phillips et al., 2017; Clements et al., 2012; Kramer-Schadt et al., 2013) to
project future distributions under global climate change impacts (Hu
and Jiang, 2011) and considered as one of the efficient models for
predicting species distribution models. There are many other well
established species distribution modelling approaches such as General-
ised Additive Models, Genetic Algorithm for Rule-set Prediction (GARP)
and BIOCLIM that uses presence only data. MaxEnt has an advantage
over them, as it has a higher predictive accuracy (Elith et al. 2006, Wisz
et al. 2008). MaxEnt is suitable for simple as well as complex models
with wide array of predictor variables. However, it can produce biases
due to over-fitting of the models and influence the predictive perfor-
mance when using large set of predictor variables (Phillips and Dudik,
2008).

A total of 758 presence locations of GD were used for distribution
modelling. We selected 28 variables (Bioclimatic = 19, hydro-morpho-
logical = 5, and anthropologic = 4) based on a priori understanding of
the species ecology and literature search for species distribution
modelling using MaxEnt (e.g. Kelkar et al.,, 2010; Choudhary et al.,
2012; Paudel et al., 2015). The bioclimatic layers were downloaded
from WorldClim version 2 at a spatial resolution of 2.5 arc minutes
(~4.5 km?) (Fick and Hijmans, 2017) and resampled at 5 km? to have a
uniform spatial resolution. Each of these variables were checked for
multicollinearity, and highly correlated (Pearson correlation > 0.70)
variables with low ecological influences were removed from the
modelling (Zuur et al., 2010).

Finally, presence location of GD, along with 16 uncorrelated
ecologically meaningful variables (Bioclimatic = 7, hydro-morpholog-
ical = 5, and anthropologic = 4) were used to predict the suitable habitat
of the species using MaxEnt (Supplementary Table S2). Two key user-
modifiable parameters influence the predictive performance of the
MaxEnt, viz. feature classes and regularisation multipliers (Elith et al.,
2010). These parameters were optimized to prevent model over-
complexity and/or overfitting. We experimented with multiple combi-
nations of feature classes (L. = Linear, Q = Quadratic, P = Product, T =
Threshold and H = Hinge) and regularization parameters (0.5, 1.0, 1.5
and 2.0). The models were ranked based on AIC to obtain the best-fit
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model. The ASCII file of prediction probability was projected to Arc-
GIS 10.6 and reclassified to generate a probability distribution map.
Potential dolphin distribution stretches (probability distribution score
> 0.50) were categorised into three major conservation priority
stretches, >0.70 High Conservation Priority Stretches (CPS1), 0.61-0.70
Moderate Conservation Priority Stretches (CPS2) and 0.51-0.60 Low
Conservation Priority Stretches (CPS3).

3. Results
3.1. River characterization

The mean depth of the eight surveyed rivers was 3.49 m (+£0.42,n =
927) and among these the Ganga River was the deepest (5.78 m + 0.27
m). Significant variation in mean depth was found between the rivers
(ANOVA, F = 59.88, p < 0.001). The mean river width was 531.69 m +
86.65 m, which was more than the mean width of Chambal, Son,
Yamuna, Ghaghra and Gandak rivers. The mean channel width shows
significant variation across studied rivers (ANOVA, F = 74.9, p < 0.001).
The mean channel flow across the rivers was 531.43 + 86.65 m®/s and
ranged between 80.31 m>/s + 102.37 m>/s (Rupnarayan River) and
762.36 m3/s + 490.45 m>/s (Ghaghra River). We observed significant
difference in the mean flow between rivers (ANOVA, F = 19.76, p <
0.001). The mean number of meanders (1.34 4+ 1.06 meanders/BEU)
showed significant variation between rivers (ANOVA, F = 18.72, p <
0.001). The number of meanders was found to be highest in the Chambal
River (1.34 + 1.06 meanders/BEU). The mean slope (0.75 + 0.38 de-
gree) across the basin showed significant variation between the studied
rivers (ANOVA, F =9.75, p < 0.001). The Yamuna River was the steepest
among the eight surveyed rivers (1.38 + 2.4 degree) (Supplementary
Table S4).

Our assessment suggests that in comparison to other rivers, the
Chambal River is relatively disturbance free due to its protected nature.
The mean fishing intensity (22.67 £+ 25.70 nets/ BEU) indicated sig-
nificant variation between the rivers (ANOVA, F = 9.75, p < 0.001). The
fishing intensity was highest for the Rupnarayan River (72.19 + 61.25
nets/ BEU) and lowest for the Chambal River (0.05 + 0.21 nets/BEU).
The sand mining intensity in the basin was 4.23 + 3.24 activities (boats,
tractor and earthmovers) with highest for the Yamuna River (9.64 +
28.68) and lowest for the Chambal River (0.59 activities + 1.47 activ-
ities). We found significant differences in the mining activities across
studied rivers in the basin (ANOVA, F = 6.038, p < 0.001). The mean
water extraction pumps in the GB was 0.76 + 0.20 (pumps/ BEU) with
highest in the Rupnarayan River (7.5 + 8.37) and lowest in the Chambal
River (0.05 + 0.21) due to above stated reasons. The occurrences of
water extraction pumps within rivers showed a significant variation
(ANOVA, F = 18.57, p < 0.001).

3.2. Distribution and range decline

First ever description of GD range was given by Anderson (1879). In
the basin, the GD used to occur between Haridwar and Ganga Sagar
prior to the initiation of water resource development projects in the
mainstem of the Ganga River during the 19th Century (Supplementary
Fig. S2). In the present study, the occurrence of GD in the mainstem
Ganga was found to be confined in two disjunct stretches (Fig. 2). The
first between Bijnor barrage and Kanpur barrage, and the second one
between Fatehpur and Ganga Sagar. The current occurrence of GD in the
Ganga, indicates 6.51 % decline in its range, which contributes to 2.74 %
decline in the GB. In the Yamuna River, the historical range was between
Delhi and Prayagraj (Yamuna - Ganga confluence). During present study
GD sightings were recorded downstream of Bareh (Chambal - Yamuna
Confluence) up to Prayagraj, indicating 58.57 % decline in the Yamuna,
which contributes to 12.04 % decline in its entire distribution range. In
the past, the GD sightings in Chambal River were recorded between
Batesura and Bareh. However, in present survey the GD distribution was
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Fig. 2. Current distribution range of Gangetic dolphin in the Ganga Basin, India.

restricted between Basai Dang and Bareh, which suggests range decline
of 17.54 % in Chambal, and 0.98 % of its entire distribution range. The
GD range decline in the Kosi River was 4.26 % and 0.20 % in its dis-
tribution range. The GD distribution was found to be intact in the other
northern snow fed tributaries such as Ghaghra, and Gandak. In the
present study we recorded no dolphin occurrences from Son River, and is

the first report of GD extirpation from entire Son River. The GD is now
believed to be extirpated from Ken, Betwa, and middle stretch of Sharda
rivers mainly due to reduced depth caused by water abstraction. How-
ever, in the Rupnarayan River, we observed increase in GD range, which
accounted for 40 % increase from its earlier records, and 0.01 % increase
in its entire range. Overall, our estimate suggest that the current

Fig. 3. (A) Encounter rate of dolphin sightings per km in eight major rivers of Ganga Basin, India, (B) Model averaged estimates of Gangetic dolphin site occupancy
(), and (C) abundance estimate of Gangetic dolphin using N-mixture and correction factor (D).
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distribution range of the GD has been reduced by almost 24.37 % (1245
km) in the GB since 1878 and 7.44 % over the last two decades (Sup-
plementary Table S5).

3.3. Encounter rate

In total, 2151 sightings of surfacing GDs were recorded in 4635 km
survey stretch of eight rivers. Maximum of 1303 (60.57 %) sightings
were recorded from the Ganga River followed by Ghaghra, Kosi, Gan-
dak, Chambal, and Rupnarayan rivers, and least from the Yamuna River
(Supplementary Table S6). The overall mean encounter rate was 0.51 +
0.11 sightings/km that indicated significant variation across the sur-
veyed rivers (ANOVA, F = 3.08, p < 0.001). We recorded the highest
dolphin encounter rate in the Kosi (0.76 + 0.13 sightings/km), followed
by Ganga, Rupnarayan, Ghaghra, Chambal, Gandak and Yamuna Rivers
(0.12 £ 0.06) (Fig. 3A). No dolphins were recorded from the Son River.

3.4. Factors affecting dolphin site occupancy and abundance

GD was detected in 132 out of 156 sampling units of 25 km linear
stretch, accounting for a naive occupancy of 0.85. The estimated mean
detection probability was (p) 0.60 + 0.03, and the mean probability of
site occupancy was '=0.85 + 0.04.

In total, 35 models, including univariate and multivariate, were
generated to infer the influence of predictor variables on the detection
probability (p) and site occupancy (¥) of the GD. The best fit model
(AICc = 0.0) for site occupancy (¥) includes channel depth, meander
and river, and for detection probability (p) includes channel width as the
best predictor variable (Table 1A). Model averaged estimates revealed
high GD site occupancy across the study area (Fig. 3B). The variables
defining the site occupancy, viz. depth summed model weight (Zw =
1.00), meanders (Ew = 1.00), and individual rivers (Zw = 1.00) were
found to be positively associated with GD occurrence (Table 1B). In
contrast, channel width (2w = 1.00) defining the detection probability
showed a negative but insignificant association as beta coefficient yield
overlapping zero (f + SE = 0.11 + 0.08) (Supplementary Fig. S3).

A total of 31 N-mixture models considering all possible combinations
of covariates (univariate and multivariate) were generated under
Negative Binomial distribution. The best fit model for abundance (1)
includes channel depth, meanders and individual rivers, and for

Table 1

Results of site occupancy model selection (A) Best model for Gangetic dolphin
site occupancy (B) Parameter estimates (SE) of the final model set (AAICc < 2)
for models estimating Gangetic dolphin site occupancy.

(A) Best models for Gangetic dolphin site occupancy (¥)

Model nPars  —2*LogLike  AICc A AICc AICwt
1 (cd + me + 11 467.81 957.62 0 0.66
river), p(cw)
2 (cd + me + 12 467.81 959.63 2 0.24
river), p(cw +
effort)
(B) Parameter estimates (SE) of the final model set
Model B (cd) p (me) i p (cw)
(Yamuna)
1 ¥(cd + me + river), p 0.82 (0.46) 2.56 -3.34 0.11
(cw + effort) (0.87) (1.50) (0.08)
2 Y(cd + me + river), p 0.82 (0.46) 1.04 —3.37 0.11
(cw + effort + time) (0.10) (1.51) (0.08)

A AIC is the relative difference in AIC values compared with the top ranked
model; where AIC is Akaike’ s information criterion; AICwt is the Akaike weight
of the model; nPars is the number of parameters; -LogLike is the negative log
likelihood value; ¥ is estimated site occupancy; p is the estimated detection
probability; Lambda (1) is the abundance estimates. Cd = channel depth; me =
meanders; river = individual river; cw = channel width.

(FRORJLFDO ,QGLFDWRUV

detection probability (p) include channel width and effort (Table 2A).
Based on model-averaged parameter estimates, channel depth (Ew =
1.00), meanders (Ew = 1.00) and river (Xw = 1.00) were the best pre-
dictors of the dolphin abundance (Table 2B). As seen in the site occu-
pancy modelling, we observed a positive influence of channel depth, and
meanders on GD abundance. Although parameters like individual river
appeared in the final model set, the influence of it varied from river to
river. Ganga, Ghaghra and Kosi had a significant positive influence on
abundance, whilst the remaining had no influence (Table 2B). Channel
width significantly negatively impacted detection probability (Zw =
1.00), while effort was positively associated with the detection proba-
bility of GD in the GB (Ew = 1.00) (Supplementary Figs. S4 and S5).

3.5. Population estimation

3.5.1. Population estimation based on N-mixture model

The overall abundance estimate of GD across the GB was 3330 + 620
individuals (Confidence Interval (CI) = 2304-4668; Coefficient of
Variance (CV) = 18.61) (Fig. 3C), the abundance was highest in Ganga
River (60.36 %) with estimated 2010 + 332 individuals (CI =
1455-2718; CV = 16.52). Of all tributaries, the Ghaghra River holds the
second largest population of GD (16.01 %) with an abundance estimate
of 533 + 108 individuals (CI = 350-766; CV = 20.34) followed by the
Kosi River (9.34 %) with an estimate of 311 4+ 59 individuals (CI =
209-434; CV = 18.81) and Gandak River accounted for 169 + 45 in-
dividuals (CI = 95-268; CV = 26.53). The abundance estimate for
Chambal River was 111 + 27 individuals (CI = 70-172; CV = 24.54)
followed by Rupnarayan River with an estimate of 99 + 21 individuals
(CI = 64-146; CV = 20.85). The abundance estimates were least in the
Yamuna River at 97 4 28 individuals (CI = 61-164; CV = 29.33), which
accounted for 2.91 % of the total estimated population in the basin
(Table 3A).

3.5.2. Population estimation based on correction factors (D) derived from
other studies

The estimates of GD abundance were obtained by multiplying the
mean correction factor (Ds = 1.52) by the number of GD sightings in
each river. The estimated population of GD in the GB was thus 3270 +
229 individuals (CI = 2821-3718). The highest estimated number of GD
for the Ganga River was 1981 +138 individuals (CI = 1709-2252).
Similar to the estimate obtained using N-mixture, the Ghaghra River was
estimated to have the second largest population of GD at 509 + 36 in-
dividuals (CI = 439-579) followed by Kosi River with an estimate of 272
+ 19 individuals (CI = 235-309) and Gandak River accounted for 231 +
16 individuals (CI = 199-263). The abundance estimate of Chambal
River was 114 + 8 individuals (CI = 98-130) followed by Rupnarayan
River with an estimate of 82 + 6 individuals (CI = 71-93). The esti-
mated population of GD was least 