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Abstract

The Ganga River is facing mounting environmental pressures due to rapidly increasing human
population, urbanisation, industrialisation and agricultural intensification, resulting in worsening
water quality, ecological status, and impacts on human health. A combined inorganic chemical, algal
and bacterial survey (using flow cytometry and 16S rRNA gene sequencing) along the upper and
middle Ganga (from the Himalayan foothills to Kanpur) was conducted under pre-monsoon
conditions. The upper Ganga had total phosphorus (TP) and total dissolved nitrogen concentrations of
less than 100 pg I'* and 1.0 mg I, but water quality declined at Kannauj (TP = 420 pg I'?) due to major
nutrient pollution inputs from human-impacted tributaries (principally the Ramganga and Kali Rivers).
The phosphorus and nitrogen loads in these two tributaries and the Yamuna were dominated by

soluble reactive phosphorus and ammonium, with high bacterial loads and large numbers of taxa



indicative of pathogen and faecal organisms, strongly suggesting sewage pollution sources. The high
nutrient concentrations, low flows, warm water and high solar radiation resulted in major algal blooms
in the Kali and Ramganga, which greatly impacted the Ganga. Microbial communities were dominated
by members of the Phylum Proteobacteria, Bacteriodetes and Cyanobacteria, with communities
showing a clear upstream to downstream transition in community composition. To improve the water
quality of the middle Ganga, and decrease ecological and human health risks, future mitigation must

reduce urban wastewater inputs in the urbanised tributaries of the Ramganga, Kali and Yamuna Rivers.

1 Introduction

The Ganga River in northern India (known internationally as the Ganges) is one of the world’s major
rivers, with 40% of the Indian population (approximately 540 million people) living within its basin.
India has experienced rapid economic development over recent decades, resulting in the Ganga River
facing mounting environmental pressures due to increasing human population, urbanisation,
industrialisation, water demand and agricultural intensification (Pandey et al., 2016; Yadav and
Pandey, 2017a; Misra, 2011). To combat these growing pressures, the Ganga Action Plan (GAP) was
introduced in 1985. The primary focus of the GAP was to intercept and treat raw effluent before
reaching the Ganga, targeting urban wastes from 59 cities and major towns along the Ganga River
(National River Conservation Directorate, 2009). To date, the building of environmental infrastructure
in India such as sewage treatment works (STW), and the establishment of pollution permit regulations,
regulatory monitoring and enforcement has not kept pace with the rate of urbanisation and
industrialisation, resulting in continuing major water quality problems that affect both environmental
and human health. Approximately 3000 million litres of urban wastewater still pour into the Ganga

each day, with only 25 % of this treated by STWs (Jin et al., 2015).

Regulatory water quality analysis in India is predominantly limited to pH, dissolved oxygen (DO),
biochemical oxygen demand (BOD) and faecal coliform counts, usually at monthly temporal resolution
or less, from 14 sites along the Ganga, available from the Central Pollution Control Board (Mariya et
al., 2019). These data provide a framework for classifying general levels of pollution across the Ganga
catchment but there are some problems associated with these determinands. BOD and faecal coliform
counts are time-consuming analytical techniques, and therefore costly. BOD only gives a general
indication of gross organic loadings within the river (Jouanneau et al., 2014), but little information
about the sources of this organic pollution. DO concentrations are known to vary greatly through the
diurnal cycle, particularly in rivers with excessive phytoplankton biomass (Halliday et al., 2015),
typically varying from oversaturated in the late afternoon to low DO concentrations in the early hours

of the morning. Therefore, a single DO measurement during the day does not indicate potential



problems of anoxia overnight and is not a particularly effective means of assessing water quality status

(Skeffington et al., 2015).

However, the fundamental data required to identify and quantify pollution sources have simply not
been generally available at the spatial and temporal coverage required by Indian catchment managers,
academics and legislators to allow them to manage and ultimately reduce this pollution loading in a
cost-effective manner (Khan et al., 2016b; Yadav and Pandey, 20173a; Jin et al., 2015). These vital water
quality parameters, routinely measured in more economically developed countries, such as
phosphorus and nitrogen species, dissolved organic carbon, metals, pesticides, chlorophyll and major
anion concentrations, are now beginning to be captured by recent Indian academic studies, but the
data is usually aggregated to mean and range data, either across the seasons or from all monitoring
sites along the river (Yadav and Pandey, 2017b; a; Khan et al., 2016b; Matta et al., 2017; Jin et al.,
2015; Mariya et al., 2019; Agarwal et al., 2015), thereby losing spatial and temporal resolution. The
presentation of water quality data from specific sampling dates are currently extremely rare in Indian
river research, but starting to be presented in recent papers (Sen et al., 2018; Khan et al., 2016a;
Pandey and Yadav, 2017). However, the situation in India is improving rapidly, with a wider range of
water quality parameters now been measured by the regulatory authorities, including sub-daily data
from in-situ water quality probes. Such data is vitally important for increasing system understanding,
knowledge of how pollution sources change under a range of flow regimes (Bowes et al., 2014; Tappin
et al., 2016), and how nutrients, water quality and ecology interact (Bowes et al., 2016; Hardenbicker

et al., 2014).

Faecal coliform data is perhaps the most important water quality parameter in the current Indian
context, as it has a direct link to human health, and Indian religious bathing customs (called Kumbh)
bring people into contact with river water like nowhere else on Earth (Matta and Bisht, 2018). This
routine regulatory data is now being augmented by the academic community in recent years, through
the utilisation of 16S rRNA gene sequencing (Jani et al., 2018b; Jani et al., 2018a; Dixit et al., 2017;
Zhang et al.,, 2018), but more of this in-depth bacterial research is urgently needed to better
understand the composition of microbes in the Ganga and its tributaries. Despite the large phosphorus
and nitrogen loadings to the Ganga River, from untreated urban wastewaters and agricultural
practises, studies of the effects of eutrophication, particularly algal and cyanobacterial blooms, are
also limited (Tare et al., 2003; Dixit et al., 2017; Yadav and Pandey, 2017b). Flow cytometry techniques
have been developed in recent years to rapidly characterise phytoplankton communities and provide
bacterial loadings in rivers (Read et al., 2014), and this could provide new insights into algal dynamics

and bacterial pollution sources in the Ganga basin.



The key objectives of this study are to produce a detailed snapshot survey of inorganic chemical and
microbial water quality along a >600 km stretch of this internationally important river and its major

tributaries.

(1) This research will simultaneously evaluate both the inorganic chemical and ecological status of the
rivers across this region, focussing on quantifying phosphorus and nitrogen species, and the
characterisation of the phytoplankton community using flow cytometry. This will identify sites where
excessive nutrient concentrations are resulting in ecological degradation associated with

eutrophication, such as algal blooms and low dissolved oxygen concentrations.

(2) Bacterioplankton concentrations will be quantified using flow cytometry, and the bacterial
community will be characterised using 16-S rRNA gene sequencing. This will establish whether flow
cytometry could be used as a rapid and cheap proxy for determining pathogen loadings in India in the

future.

(3) The survey will identify pollution hotspots across the catchment, indicating which river stretches
are most heavily impacted and which tributaries or cities result in deterioration in the water quality
of the Ganga. We will use the combined inorganic chemical, nutrient speciation and bacterial
concentrations and characterisation data to identify potential pollution sources during the low-flow,
pre-monsoon period when water quality is potentially at its worst. This knowledge should allow

resources to be targeted to maximise the improvements in the water quality of the Ganga River.

(4) The monitoring data from his study will be made freely available, to promote future collaboration

and data sharing within the Indian research community.

1.1 Study area

The Ganga basin covers an area of 1,086,000 km?, and extends 2,525 km from its source at the
Gangotri glacier in the western Himalayas, flowing south and then east through the Gangetic Plain to
Bangladesh, where it discharges into the Bay of Bengal. This survey consists of 23 monitoring sites,
and focusses on the stretch of the Ganga from Rishikesh to the city of Kanpur. The uppermost site
(Site 1: Ganga upstream of Rishikesh) (Figure 1; Supplementary Figure 1a) is ca. 50 km downstream of
the confluence of the Bhagirathi and Alaknanda rivers, from where the river is known as the Ganga.
This site is situated at an elevation of ca. 400 m, in the foothills of the Himalayas, within steep sided
valleys and gorges. Channel bed sediments are characterised by boulders, cobbles, pebbles and course
sand (Sinha et al., 2017). The section between Rishikesh and Haridwar (Sites 2 and 3; Figure 1)
represents the piedmont zone of the river, and is typified by the development of a narrow floodplain

within this partly confined reach. The bed materials are principally coarse sands and silts, and some



alluvial islands and bars have formed within this reach. Haridwar (Site 3; Figure 1) marks the point at
which the Ganga flows from the Himalayan foothills and onto the Gangetic plain (Sinha et al., 2017).
Downstream of Haridwar to Kanpur (Sites 4 to 9; Figure 1; Supplementary Figure 1a), the Ganga
occupies a wide active floodplain. Under the low flow conditions at the time of the survey, the channel
is highly braided due to high sediment supply from the Himalayan sections, reduced gradient and lack
of flow (mainly attributed to the diversion of much of the flow of the Ganga into the Upper Ganga
Canal at Haridwar and over-extraction of groundwaters). Bed sediments mainly consist of coarse to
fine sands. There are five major barrages along the upper and middle stretches of the Ganga, at

Rishikesh, Haridwar, Bijnor, Narora and just upstream of Kanpur.

This study also surveyed the major tributaries entering the Ganga within this stretch, plus the Yamuna
River and some of its tributaries, which join with the Ganga ca. 200 km downstream of Kanpur at
Prayagraj. The region is typified by a tropical monsoonal climate, with three distinct seasons; a cooler
winter (November to February), hot dry summer or pre-monsoon (March to June) and wet monsoon
period (July to October). The average annual rainfall for the Ganga basin is 1100 mm, of which 80 %

falls within the monsoon period (National River Conservation Directorate, 2009).

2 Materials and methods

2.1 Sampling survey

The entire sampling campaign took place between 25" March and 1° April 2018. Water samples were
taken for both inorganic chemical and microbial analyses at a total of 23 river monitoring sites. There
were nine sites along the upper and middle reaches of the Ganga River itself, extending from upstream
of Rishikesh (Uttarakhand) in the foothills of the Himalayas, to the city of Kanpur in the Gangetic plains
of Uttar Pradesh (Figure 1). The larger tributaries within this study section of the Ganga Basin (the
Song, Kali, Pandu, Rind and Garra Rivers) were also sampled. In addition, the two largest tributaries,
the Ramganga and the Yamuna River, were each sampled at three points along their course (Figure
1), plus the Hindon River, which is a tributary of the Yamuna, known to be heavily polluted through
sewage and industrial effluents (Jain et al., 2007). The Ganga Canal was also sampled at Roorkee (30
km from the point where it splits from the main Ganga) and in Kanpur (520 km downstream of

Roorkee). The dates that each monitoring site was sampled are given in Supplementary Table 1.

Samples of water were taken from the margin of each river, from a site with good flow velocity to
ensure mixing. A 2-litre polyethylene bottle was rinsed three times with river water, and then filled
from 5 cm below the surface, taking care not to disturb the bed sediment of the river. The bulk sample

was immediately subsampled into a 60 ml acid-washed (20 % hydrochloric acid) polyethylene bottle



for total phosphorus analysis. Other sub-samples were filtered immediately in the field through a 0.45
pum cellulose nitrate (Whatman WCN grade; Maidstone, UK) membrane filter into 60 ml acid-washed
bottles, for total dissolved phosphorus, soluble reactive phosphorus, nitrogen species (nitrate, nitrite,
ammonium, total dissolved nitrogen), dissolved organic carbon, dissolved reactive silicon, and major
anions analysis. All chemical samples were stored in the dark in an ice box during field sampling.
Subsamples of water were also collected for flow cytometry analysis of both bacterioplankton and
phytoplankton, by pipetting 2 ml of water into sterile 5 ml Nalgene screw-top tubes (Thermo-Fisher,
UK), and stored during transportation in an ice box in the dark. Bacterioplankton samples were
preserved on the day of sampling by adding 0.25 % glutaraldehyde and 0.01% Pluronic F68 surfactant
(Marie et al., 1997; Zubkov et al., 1998), and then freezing at -20 °C. Samples for DNA sequencing were
filtered into 0.22 um pore size Sterivex™ enclosed filters (Millipore, UK) manually, using sterile, single
use 60 ml syringes. River water from the 2-litre acid-washed bottle was pushed through the filter until
resistance caused by filter blockage meant that it was impractical to continue. The volume of water
filtered at each site was recorded. Biomass on the filter surface was preserved by adding 2 ml of Zymo
DNA/RNA shield™ (Zymo, UK) and storing at 4°C until DNA extraction. The water temperature of the
bulk river water sample was measured in the field using an ATP Multi-Thermo digital thermometer
(ATP Instrumentation Ltd. Ashby-de-la-Zouch, UK). Conductivity, pH and oxidation-reduction potential

were measured immediately using an Ultrameter (Myron L, Carlsbad, California, USA).

2.2 Laboratory analytical methods

All chemical samples were stored in the dark at 4°C, prior to analysis at the CEH Nutrient Laboratories,
UK. All analyses were carried out immediately on return to the UK on 3™ April, which was between
two and eight days after samples were taken. Total phosphorus (TP) and total dissolved phosphorus
(TDP) were determined by digesting an unfiltered and 0.45 um filtered water sample (respectively)
with acidified potassium persulphate in an autoclave at 121°C for 45 min. Acidified ammonium
molybdate reagent was then added to the digested samples to produce a molybdenum—phosphorus
complex. This intensely blue-coloured compound was then quantified spectrophotometrically at 880
nm (Eisenreich et al., 1975). Soluble reactive phosphorus (SRP) concentrations were determined on a
filtered (0.45 um WCN-grade cellulose nitrate membrane; Whatman, Maidstone, UK) sample, using
the phosphomolybdenum-blue colorimetry method of Murphy and Riley (1962) as modified by Neal
et al. (2000), using a Seal Auto Analyser 3 (Seal Analytical; Fareham, UK). Ammonium concentration
was determined using an indophenol-blue colorimetric method (Leeks et al., 1997) using a Seal Auto
Analyser 3. Dissolved organic carbon and total dissolved nitrogen were analysed by thermal oxidation
using an Elementar Vario Cube (Elementar Ananlysensysteme GmbH; Langenselbold, Germany). Major

dissolved anion (fluoride, chloride, nitrite, nitrate and sulphate) concentrations were determined by



ion chromatography (Dionex AS50, Thermo Fisher Scientific; Waltham, USA). All analyses were carried

out alongside Aquacheck quality control standards (LGC Standards, Teddington, UK).

The flow cytometry analytical protocol for phytoplankton is outlined in detail in Read et al. (2014).
The method was used to identify five broad groups of phytoplankton based on phenotypic
characteristics (size and pigmentation) using a Gallios flow cytometer (Beckman Coulter, High
Wycombe, UK) equipped with blue (488 nm) and red (638 nm) solid state diode lasers. These groups
were diatom / large chlorophytes, meso-chlorophytes, nano- and pico-chlorophytes, cryptophytes
and cyanobacteria. Samples were spiked with a set volume of FlowCount (Beckman Coulter)
counting beads, and run for five minutes per sample at a high flow rate. For bacterioplankton
analysis, an aliquot of 0.5 ml from each sample was stained with SYBR Green | (Sigma-Aldrich, UK) at
a final concentration of 1:1000 for 30 min at room temperature in the dark. An addition of 2.5 pl of 1
um diameter beads (Thermo-Fisher, UK) to each sample was used as a calibration and counting
standard. Each sample was run for 1 min at a low flow rate (5 pl per min) using excitation with a 488

nm laser. Data was processed using the software Kaluza Analysis v1.5a (Beckman Coulter, UK).

DNA was extracted from the filters using the Qiagen PowerWater™ kit (Qiagen, UK) following
manufacturer’s instructions. Amplification of the 16S rRNA gene was done using primers 515f
GTGYCAGCMGCCGCGGTAA and 806r GGACTACNVGGGTWTCTAAT (Walters et al., 2016). Amplicons
were generated using a high fidelity DNA polymerase (Q5 Tag, New England Biolabs). After an initial
denaturation at 95 °C for 2 minutes PCR conditions were: denaturation at 95 °C for 15 seconds;
annealing at temperature 55 °C for 30 seconds with extension at 72 °C for 30 seconds; repeated for
25 cycles. A final extension of 10 minutes at 72 °C was included. PCR products were cleaned using
Zymo ZR-96 DNA Clean-up Kit following manufacturer’s instructions. MiSeq adapters and 8nt dual-
indexing barcode sequences were added during a second step of PCR amplification. After an initial
denaturation 95 °C for 2 minutes PCR conditions were: denaturation at 95 °C for 15 seconds;
annealing at temperatures 55 °C; annealing times were 30 seconds with extension at 72 °C for 30
seconds; repeated for 8 cycles with a final extension of 10 minutes at 72 °C. Amplicon sizes were
determined using an Agilent 2200 TapeStation system. Libraries were normalized using SequalPrep
Normalization Plate Kit (Thermo Fisher, UK), quantified using Qubit dsDNA HS kit (Thermo Fisher,
UK) and pooled together at equal concentrations. The pooled library was diluted to achieve 400 pM
in a 20 pl volume after denaturation and neutralisation. Denaturation was achieved with 2 pl 2N
NaOH for 5 minutes followed by neutralisation with 2 ul 2N HCI. The library was then diluted to its
load concentration of 9pM with HT1 Buffer and 10% denatured PhiX control library. A final
denaturation was performed by heating to 96°C for 2 minutes followed by cooling in crushed ice.

Sequencing was performed on lllumina MiSeq using V2 500 cycle reagents.
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All analyses of the sequencing data were carried out in R (R Core Team, 2013). Raw data was processed
using the DADAZ2 pipeline (Callahan et al., 2016) on forward reads only to generate Amplicon Sequence
variants (ASVs). Filtering settings were maximum number of Ns (maxN) = 0, maximum number of
expected errors (maxEE) = (3,5), and amplicon primer sequences removed using trimLeft=c(20,20).
Sequences were dereplicated and the DADA2 core sequence variant inference algorithm applied. Only
forward reads were used for downstream analysis. ASV sequence tables were constructed and
chimeric sequences were removed using removeBimeraDenovo default settings. ASVs were subject
to taxonomic assignment using assignTaxonomy at default settings; training databases were
GreneGenes v13.8 (DeSantis et al., 2006). A Non-Metric Multidimentional Scaling (NMDS) ordination
plot was created using the package Vegan (Oksanen et al., 2017) to visually examine the relationship
of the bacterial community composition across sites. The function ‘envfit’ in Vegan was used to
statistically test the relationship between the measured physicochemical parameters and the bacterial

community ordination.

Peer reviewed, government and health organisation literature was reviewed to identify pathogenic
and faecal organisms that are known to be associated with freshwater. Taxa were selected to
represent two categories of bacterial contamination of water; potential bacterial pathogens with a
known association with water and commensal organisms associated with mammalian guts. The full
list of groups and their references are shown in Supplementary Table 1. The species-level phylotype
table was then searched for these taxa by name, and the relative abundance of these groups plotted

using R (R Core Team, 2013).

3 Results and discussion

3.1 Chemical water quality along the Ganga River transect
The changes in nutrient and anion concentrations along the Ganga River from upstream of Rishikesh
to Kanpur, alongside contributing tributaries within this study reach, are shown in Figure 2. Raw data

for all study sites are available in Supplementary Table 2.

3.1.1 Nutrients

3.1.1.1 Phosphorus
The total phosphorus concentrations in the upper Ganga were < 100 ug I* for the ca. 440 km stretch

from upstream of Rishikesh to Farrukhabad (Site 1-7; Figure 1), with SRP concentrations ranging from



2 to 46 pg P I'* (Figure 2). These concentrations of SRP are likely to be limiting for phytoplankton and
periphyton growth (Bowes et al., 2012; McCall et al., 2017; Dodds, 2006).

There was a change in phosphorus speciation as the Ganga left the Himalayas and entered the
Gangetic Plain. Approximately 20 % of the phosphorus load was in soluble reactive form at the upper
site, upstream of Rishikesh (Site 1), but this rapidly reduced to 3 % as the river flowed through the
towns of Rishikesh and Haridwar (Site 2-3). This could indicate that SRP was being rapidly sequestered
by the high load of suspended sediment that was observed to be entrained within the water column
within this fast-flowing reach. It could also indicate that SRP was being bio-accumulated by river
macrophytes and benthic algae along this river stretch (Jarvie et al., 2012; Bowes and House, 2001).
The proportion of TP in SRP form in the Ganga River increased to approximately 45 % along the 120
km reach from Balawali and Brajghat (Sites 4-5). This could be due to the inputs of sewage effluents
from Haridwar wastewater treatment works (5 km downstream of the Ganga at Haridwar, Site 3), and
other untreated sewage effluent inputs from the towns along this reach of the Ganga, which will be

predominantly in SRP form (Jarvie et al., 2006).

The phosphorus concentrations of the Ganga River increased markedly between the towns of
Farrukhabad and Kannauj (Sites 7 and 8, Figure 1). Total phosphorus concentration increased three-
fold, from 140 to 420 pg I'X. This was due to the significant inputs of nutrients from the three major
tributaries that enter this 70 km stretch of the Ganga between these two sampling sites. The Garra
River had a TP concentration of 196 pg I}, and the Ramganga and Kali Rivers had TP concentrations of
>300 pg I't which were twice as high as the TP concentration of the Ganga at Farrukhabad. These TP
concentrations are a little higher than high population density catchments in northern Europe, with
the Rivers Thames (UK), Elbe and Rhine (Germany) having annual average TP concentrations of 222
ug It (Bowes et al., 2018), 120 pug I and 180 pg It (Hardenbicker et al., 2014) respectively, despite
these European rivers having much higher levels of sewage treatment. The relative lack of impact of
the Ganga may be a product of the level of dilution that such a huge river provides, and also the length
of the river, giving time for particulate phosphorus to be deposited on the bed within this depositional

environment.

The proportion of the total P load in SRP form in the Ganga increased from 3 % to 25 % between
Farrukhabad and Kannauj. Again this was primarily due to the significant tributary inputs, principally
from the Kali and Garra Rivers (sites 15 and 16), with SRP concentrations of 87 and 133 pg I
respectively. The proportion of the TP load in SRP form for the Garra was particularly high (68 %) but

lower in the Kali (28 %) and the lower Ramganga River (Site 14) (3.7 %). These two tributaries, the



Ramganga and Kali, were very green in colour at the time of sampling and significant filamentous algal
biomass was visible along the margins of each river (see Supplementary Figure 1 (b) inset photograph).
This phytoplankton / periphyton bloom would result in SRP being bio-accumulated by the biota, and
the excessive phytoplankton growth resulting in SRP being transformed into particulate P which was

accounted for as TP.

3.1.1.2  Nitrogen

The nitrogen concentrations in the Ganga River were consistently <1 mg-N I'* along the upper Ganga
as far as Farrukhabad (Sites 1-7, Figure 1), but then significantly increased between Farrukhabad and
Kannauj (Site 8), with TDN concentrations increasing from 0.6 to 2.6 mg-N I (Figure 3). This was
predominantly due to the TDN inputs from the Kali River (2.1 mg-N I!) and to a lesser extent, the
Ramganga River (1.0 mg-N I'%). The nitrogen speciation also changed along the Ganga River continuum.
The proportion of the total dissolved nitrogen load in nitrate form increased from 30 to 40 % between
Rishikesh and Haridwar, probably due to the large input of nitrate from the Song River tributary (Site
10) (Figure 3a). The high nitrate concentration in the Song is probably due to the river’s groundwater
spring source (Joshi et al., 1995). Between Haridwar and Farrukhabad (Site 3-7), the nitrogen load
became dominated by dissolved organic nitrogen, indicating the high rates of biological processing
that were occurring within the reach at this time. There was a large input of nitrate to the Ganga from
the Kali River, which increased the proportion of nitrate from 8 % to 75 % of the total dissolved N load
(Figure 3) between the Ganga monitoring sites at Farrukhabad and Kannauj. This nitrate input was
rapidly consumed and biologically processed within the 20 km reach of the Ganga between Kannauj
and Nanamau Bridge, which was experiencing a major algal bloom at this time. These high rates of

microbial activity may result in high rates of denitrification within the stretch (Chen et al., 2012).

3.1.1.3 Dissolved organic carbon

DOC concentrations along the upper Ganga ranged from 0.7 to 3.0 mg-C I (Figure 2). As with
phosphorus and nitrogen, DOC concentration increased markedly downstream of Farrukhabad (Site
7), again due to the inputs from the tributaries within this stretch. Their inputs resulted in the Ganga
DOC concentrations increasing from 2.5 mg-C I'* to 6.0 mg-C I'* between Farrukhabad and Kannauj
(Site 8). All three tributaries had significantly higher DOC concentrations than the Ganga at
Farrukhabad, with the Ramganga, Garra and Kali Rivers having DOC concentrations of 9.5, 5.5 and 3.9

mg-C It respectively.

3.1.2 Anions and conductivity
The chloride, fluoride and sulphate concentrations were relatively low through the upper Ganga

stretch (upstream of Rishikesh to Brajghat) (Sites 1-6, Figure 1) (Figure 2). Chloride and fluoride
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concentrations increased along the reach by 240 % and 30 % respectively, and conductivity doubled

from 138 to 264 uS cm™.

The anion concentrations and conductivity of the Ganga greatly increased between Farrukhabad and
Kannauj (Sites 7 to 8). Again, concentrations in the three tributaries joining the Ganga within this
stretch were higher than the Ganga at Farrukhabad, resulting in an increase in concentration
downstream. Increases in fluoride and sulphate were relatively modest (54 and 68 % respectively),
but the chloride concentration in the Ganga increased five-fold from 6.0 to 31.5 mg-Cl I}, mainly due
to inputs from the Ramganga and Kali Rivers (Sites 14 and 15). The conductivity of the Ganga within
this reach also increased from 303 to 421 uS cm™, also due primarily to inputs from the Ramganga and
Garra. The large increase in chloride concentration, relative to fluoride (which will be primarily from
geological sources) (Misra and Mishra, 2007), and the increase in conductivity alongside the high
nutrient concentrations (especially high ammonium concentrations) suggests that there are significant
untreated sewage sources entering the Ganga from the Ramganga and Kali Rivers. Both these rivers
receive significant domestic and industrial wastewater effluents from the major cities of Bareilly,
Moradabad and Rampur (Ramganga) and Meerut and Hapur (Kali). Similar conclusions about the
urban sources of pollution in these tributaries have been made elsewhere (Indian Institutes of

Technology, 2010).

3.2 Inorganic water quality along the Ramganga River transect

Phosphorus concentrations were highest immediately downstream of the city of Bareilly (Site 12)
(population of approximately 1.3 million people), with a TP concentration of 778 pg P I'* and SRP
concentration of 445 pg P I}, equivalent to 57 % of the TP load in soluble reactive form (Figure 4). This
probably indicates that there is a large sewage pollution source from Bareilly and possibly from the
other upstream urban and industrial centres of Moradabad and Rampur (Pathak et al., 2018). The TP
concentration decreased to 310 pg P I'! at the downstream monitoring site near Farrukhabad (Site 14).
As there were no major tributary inputs within this section, this suggests that the phosphorus was
being naturally attenuated through deposition of suspended sediment and algal loads within the lower
Ramganga during this low-flow period, and SRP within the water column was also being sequestered
by the river bed sediments (Bowes and House, 2001). This is further supported by the observation that

the proportion of the TP load in SRP form reduced from 57 % to <4 % in the lower Ramganga.

Total dissolved nitrogen concentrations in the Ramganga River also decreased markedly, from 4.41
mg N I1t0 0.97 mg N It near the confluence with the Ganga near Farrukhabad (Figure 4). The dissolved
nitrogen speciation of the Ramganga River at Bareilly consisted of 34 % ammonium, 23 % nitrate and

13 % nitrite (Figure 3b), which suggests that the main source on nitrogen was raw sewage wastes from
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the city. The nitrogen concentrations at the two lower Ramganga sampling sites at Kunauli and near
Farrukhabad (Sites 13 and 14) were both dominated by the dissolved organic nitrogen fraction,
indicating extremely high organic processing rates, as supported by the observation of high algal
biomass within this stretch of the river, and the low concentrations of bioavailable phosphorus (SRP)

(Wetz et al., 2017).

The dissolved organic carbon concentrations were also highest immediately downstream of Bareilly
(13.39 mg C I'Y), again indicating a large organic input to the river at this point. Further downstream,
the DOC concentration of the Ramganga decreased to 9.55 mg C I'? at the monitoring site near

Farrukhabad (Figure 4).

There was relatively little change in the concentration of chloride, fluoride and sulphate along the
monitored reach of the Ramganga. These relatively conservative ions suggest that there are no
significant pollution sources or inputs along this stretch of river downstream of Bareilly, and that the
observed changes in the nutrient concentrations are predominantly due to within-channel chemical

and biological processing and dynamics.

3.3 Inorganic water quality along the Yamuna River transect

The two Yamuna River monitoring sites within Delhi (Central Delhi, Site 21 and Okhla Barrage, Site 22)
had by far the highest nutrient concentrations within the entire study. Phosphorus concentrations at
the central Delhi monitoring site were 4410 pg TP I and 3860 pg SRP I (Figure 4), (equivalent to 87
% of the TP load) which are similar concentrations and SRP proportion to sewage influents from towns
in the UK (Neal et al., 2005). The total dissolved N concentrations at these Delhi monitoring sites were
also extremely high (up to 33.4 mg N I'Y) and over 85 % of this nitrogen was in the form of ammonium
(Figure 3b). Again, these nitrogen concentrations and speciation are typical of raw domestic sewage.
The strong smell of raw sewage at these sites, plus the extensive layer of foam covering the majority
of the river surface at the Okhla Barrage monitoring site at the time of sampling (Supplementary Figure
1b, photo D), strongly suggests that the predominant source of pollution in this stretch of the Yamuna
is untreated domestic sewage and industrial inputs from the cities of New Delhi and Ghaziabad. Other
studies have calculated that this short stretch of river through New Delhi receives 2,871 Ml d? of

municipal wastes from 22 drains, including 218 MI d! of industrial effluents (Trisal et al., 2008).

The predominance of ammonium and virtual absence of nitrate (making up only 0.1 % of the TDN
load) resulted in extremely reducing conditions, with these sites having oxidation-reduction potential
(ORP) values of ca. -300 mV (Supplementary Table 2). It is likely that carbon load within the Yamuna
would be converted to methane under such reducing conditions, which may partially explain the 25

% reduction in DOC concentration between the two New Delhi monitoring sites.
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The Hindon River enters the Yamuna approximately 32 km downstream of the Okhla Barrage
monitoring site. At the monitoring site in Ghaziabad (Site 20, Figure 1), the Hindon was enriched with
nutrients, with 690 ug I of TP, and 7.8 mg N I'? of total dissolved nitrogen (Figure 4). The site had the
highest DOC concentration in the survey (20.3 mg C I), which could be due to the high density of

sugar factories and distilleries within the catchment (Jain et al., 2007).

The nutrient concentrations in the Yamuna River at Kalpi (approximately 650 km downstream of New
Delhi) (Site 23, Figure 1) were much lower than those observed upstream in New Delhi and the River
Hindon. Much of this reduction could be due to the major tributary inputs from the Chambal and Sind
Rivers (Figure 1), but unfortunately it was not possible to monitor these rivers during this particular
study. The major anion concentrations and conductivity at Kalpi were also greatly reduced (Figure 4),
which does imply that there was a dilution of the Delhi pollution load by these tributaries and
contributing groundwaters. However, the reductions in the relatively conservative chloride, fluoride,
sulphate and conductivity between Okhla Barrage and Kalpi (48 %, 57 %, 5 % and 39 % respectively)
were much less than the reductions in TP (85 %), SRP (90 %), TDN (96 %) and DOC (68 %). This strongly
suggests that the major reduction in nutrient concentrations along this reach of the Yamuna River was
primarily due to biological uptake and processing of P, N and C, and geochemical processes such as

sediment deposition and sorption of SRP to river bed sediments.

3.4 Inorganic water quality at the additional monitoring sites

The Pandu and Rind Rivers (Sites 18 and 19, Figure 1) were moderately enriched with TP (166 and 130
ug P It respectively), but SRP concentrations were at potentially limiting concentrations (40 and 41 pg
P IY) (O’Hare et al., 2018). TDN concentrations were also low (<1 mg N I), although there were
relatively high concentrations of ammonium of 0.14 mg N I* at both sites (approximately 20 % of the
total nitrogen load), which strongly suggests significant inputs of sewage, fertilisers or animal wastes.
Similar conclusions about P and N loadings from fertilisers and urban wastes have been reached in the

study of the Pandu River by Sen et al. (2018).

The Upper Ganga Canal at Roorkee (Site 11, Figure 1) had relatively good nutrient water quality, with
a TP and SRP concentration of 46 and 2 pg I respectively, and TDN concentration of 0.96 mg N |*
(Figure 4). Most of the total phosphorus is probably predominantly particulate-bound P associated
with the high sediment load within this fast moving waterbody. Water quality parameters were very
similar to the Ganga River at Haridwar, as the canal branches off the Ganga River at this monitoring
site (30 km upstream). The Ganga Canal at Kanpur (520 km downstream of Roorkee; Site 17) had
higher TP and SRP concentrations (138 and 20 pg P I respectively), but SRP concentrations were still

at potentially limiting concentrations, and the TDN concentration had halved to 0.43 mg N IX. Nitrate
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and ammonium concentrations were extremely low (0.03 and 0.01 mg N I'). This indicates that there
were no significant nutrient pollution sources entering the canal, and the increase in total P and
conductivity (from 160 to 250 uS cm™) are probably due to small diffuse-source inputs (i.e. possibly
from atmospheric dust deposits and agricultural inputs), in conjunction with an increase in solute
concentrations due to evaporation along the length of the canal. The nitrogen speciation changed
along the course of the canal (Figure 3b), with the proportion of TDN load in dissolved organic form
increasing from 53 % at Roorkee to 91 % at Kanpur, indicating biological processing of nutrients was

occurring.

3.5 Phytoplankton concentrations and community composition

3.5.1 Ganga transect

Phytoplankton densities were relatively low in the upper Ganga from upstream of Rishikesh to
Balawali (Sites 1-4) (<4,000 cells ml?), increasing to 30,584 cells ml? at the Ganga at Brajghat
monitoring site (Site 6) (Figure 5; Supplementary Table 3). These are much lower than the
phytoplankton densities observed in the middle River Thames in southern England, using the same
flow cytometry methodology, which consistently had >700,000 cells mI™ through the spring — autumn
growing period of 2011 (Read et al., 2014) and between 50,000 and 200,000 cells ml* in 2015
(Moorhouse et al., 2018).

The community composition was dominated by cyanobacteria (equivalent to between 45 to 70 % of
the total phytoplankton cell abundance) in the Ganga reach from upstream of Rishikesh to Haridwar
(Sites 1-3). The increase in phytoplankton cell density in the river reach from Balawali to Brajghat (Sites
4-6) was primarily due to an increase in the population of the smaller meso- and pico-chlorophytes.
By the time the Ganga reached Farrukhabad (Site 7), the phytoplankton community was again
dominated by cyanobacteria, which comprised ca. 80 % of the total cell numbers. Cyanobacteria
favour high nutrient concentrations and warm temperatures (Paerl and Huisman, 2008), and so this
shift in community structure could be related to increasing higher TP and TDN concentrations and
water temperatures along the Ganga transect, with a 1.2 °C increase between Balawali and

Farrukhabad (from 26.4 to 27.6 °C).

There were major inputs of phytoplankton to the Ganga between Site 6 and 7 from two of the
incoming tributaries (Figure 5a). The Kali and Ramganga Rivers had total phytoplankton
concentrations of 518,000 and 411,000 cells mlI™? respectively, confirming visual observations made at
the monitoring sites that these rivers were very green and experiencing a major algal bloom at the
time of sampling (Supplementary Figure 1b, photo B). The blooms in both rivers were dominated by

meso- and pico-chlorophytes with significant numbers of diatoms (28,770 diatom cells per ml,
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equivalent to 7 % of total phytoplankton population) in the Ramganga. These major phytoplankton
biomass inputs from the Ramganga and Kali Rivers caused a 26% increase in total phytoplankton cell
density in the Ganga at Kannauj (Site 8) (to 112,000 cells ml?), but the amount of increase was
mitigated due to the dilution effect of the third tributary joining the Ganga within this short stretch;
the Garra River (Site 16), which had a relatively low phytoplankton concentration of 46,000 cells ml™.
However, the major inputs of meso- and nano-chlorophytes from the Kali and Ramganga rivers caused
a major shift in phytoplankton community structure within the Ganga, reducing the cyanobacterial

composition from 80 % of the total phytoplankton cell count at Farrukhabad to 4 % at Kannauj.

The highest phytoplankton biomass in the Ganga occurred in the final 18 km stretch of the study reach,
between Kannauj and Nanamau Bridge (Sites 8-9) (Figure 5a). The phytoplankton cell densities
doubled to 247,000 cells mI?, primarily due to rapid growth of diatoms, meso- and nano-chlorophytes.
The large phytoplankton biomass in the lower Ramganga River was very likely to be severely nutrient
limited, with nitrate concentrations below detection limits (<0.1 mg NOs I'}) and SRP concentrations
of only 12 pg P I'Y. When this biomass entered the Ganga River, excess nutrients immediately became
available (with the Ganga at Kannauj having SRP and nitrate-N concentrations of 107 P pug It and 8.56
mg NOs-N I1), thereby eliminating the P and N limitation and resulting in the rapid growth rates

observed in this reach.

3.5.2 Tributaries

The highest phytoplankton concentrations were observed in the Ramganga (reaching a peak of
760,000 cells ml? at Kunauli) and Kali Rivers (518,000 cells ml). These populations predominantly
consisted of meso- and pico-chlorophytes. The longer tributaries (Pandu, Ganga Canal at Kanpur,
Yamuna at Kalpi) had between 80,000 to 100,000 cells per ml%, with the majority of the phytoplankton
communities of the Pandu and Ganga Canal consisting of cyanobacteria. The remaining tributaries

(Song, upper Yamuna, Rind and Hindon) had phytoplankton cell densities <25,000 cells mI™.

3.6 Bacterial concentrations by flow cytometry

The highest bacterial concentrations were observed in the Yamuna River at Central Delhi (Site 21) and
Okhla Bridge (Site 22) (59 million and 66 million bacterial cells mI?! respectively), followed by the
Hindon River (Site 20) (29 million cells mlI'?), and the Ramganga at Bareilly, Kali and Rind Rivers (Sites
12, 15 and 19), all with concentrations of ca. 20 million cells ml™ (Figure 6; Supplementary Table 3).
The sampling sites on these rivers are all downstream of major cities. This strongly suggests that the
primary source of bacterial loadings across the Ganga basin were influenced by wastewater from the
major cities and urbanised areas. A recent study of the Ganga and its tributaries using regulatory faecal

coliform most probable number counts (Milledge et al., 2018) also highlighted the close relationship
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between microbial pollution and upstream population density. The bacterial concentrations in these
tributaries are much higher than those typically found in UK rivers, which range between one million
to seven million cells ml™ across the highly-populated Thames basin (Read et al., 2015). This suggests
that the bacterial loadings are much higher in the Indian context, either due to a lack of sewage
treatment, or due to higher water temperatures and nutrient concentrations being able to maintain a

higher bacterial biomass.

There was a seven-fold increase in bacterial cell densities in the Ganga between Brajghat and
Farrukhabad (Site 6—7). The major increases in pollution and algal loadings consistently observed
within this study in the stretch downstream of Farrukhabad, due to inputs from the Kali and Ramganga
rivers, did not have an impact on bacterial numbers, as the concentrations of bacteria in these
tributaries was lower than in the Ganga River. Bacterial concentrations from upstream of Rishikesh to
Bijnor (Sites 1-5) were relatively low (<3 million cells mIt), suggesting that the bacterial inputs from
the cities of Rishikesh and Haridwar were diluted by the high flows in the upper Ganga. The extremely
high bacterial concentrations in the Yamuna within Delhi reduced by >80 % by the time it reached
Kalpi (Site 23). This will be partially due to dilution from the Chambal and Sind River tributaries (Figure
1), but is also likely to be due to natural attenuation and the rapid dying off of human gut microbes in
raw sewage inputs, once within the riverine environment. The spatial pattern of bacterial
concentrations in this study was similar to that of faecal coliform concentrations monitored between
2002 and 2012 (Milledge et al., 2018), which also showed a marked increase in microbial pollution in
the Ganga between the Ramganga and Kali confluences and Kanpur, with the highest concentrations

of faecal coliforms in the Yamuna River within Delhi.

3.7 Bacterial community composition

At the phylum level, the bacterial communities observed in the Ganga River and its tributaries were
similar to those reported from freshwater rivers worldwide, with Proteobacteria, Bacteroidetes,
Cyanobacteria and Actinobacteria making up >80% of the community in most samples (Figure 7A). At
the ASV level (identified to Genus), commonly occurring taxa were typical of those occurring in
freshwaters, including representatives of Polynucleobacter (Burkholderiaceae), Limnohabitans
(Burkholderiaceae), Flavobacterium (Flavobacteriaceae) and Rhodobacter (Rhodobacteraceae)
(Staley et al., 2013; Read et al., 2015; Simonin et al., 2019). The NMDS ordination plot shows that there
were distinct changes in microbial community composition along the river transect (Figure 7B), with
samples collected from the oligotrophic upstream sites (Sites 1-3) clustered at the top (e.g. Rishikesh,
Haridwar and Treveni Ghat) and the communities from the eutrophic downstream sites and tributaries
clustered in the lower half of the ordination (e.g. The Ganga at Nanamau Bridge and Kannauj (Sites 8

and 9), as well as the Ramganga and Garra rivers). An envfit analysis (Supplementary Table 4 and
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Supplementary Figure 2) showed that the sites clustered in the lower NMDS ordination were
associated with higher levels of total phosphorus, dissolved organic carbon, temperature, chloride,
fluoride and conductivity, as well as higher counts of bacterioplankton, phytoplankton and
chlorophyte algae. An additional envfit analysis of the phyla level table against the NMDS ordination
(Supplementary Figure 3) showed that the phyla Fusobacteria and Nitrospirae were associated with
the more oligotrophic upstream sites, whereas the phyla Cyanobacteria, Verrucomicrobia and
Chloroflexi were associated with the eutrophic downstream sites. Both Fusobacteria and Nitrospirae
have previously been identified in high abundance in groundwater, (Hershey et al., 2018) whereas
planktonic Cyanobacteria are generally associated eutrophic rivers with long residence times (Paerl
and Paul, 2012), and Verrucomicrobia have previously been identified as increasing downstream in a
UK river (Read et al., 2015). The sample collected from the Song River (Site 10) was an outlier in terms
of microbial community composition, forming a distinct point on the NMDS ordination. This site was
associated with elevated levels of total dissolved nitrogen, sulphate and conductivity (Figure 2),
indicating that sewage pollution from the nearby urban areas and historic mining activity (Joshi et al.,
1995) may influence water chemistry. Supporting this observation was the fact that the bacterial
community from the Song River was moderately enriched in bacteria taxa that are commonly
associated with faecal or sewage contamination, including faecally-associated bacterial families,
Enterobacteriaceae and Prevotellaceae (Figure 7C and D). The Ramganga River had by far the highest
concentration of both pathogen- and faecal-indicating bacteria, with the Kali and Garra rivers also
contributing significant inputs that contaminated the downstream sites along the transect, indicating
again that it is these highly urbanised tributary inputs that are having major impacts on chemical and

microbiological water quality.

The pathogen- and faecal-indicating bacterial abundances determined by 16-s sequencing (Figure 7)
produced a similar pattern to the flow cytometry total bacterial numbers (Figure 6) along the Ganga,
with low levels in the upper section and the highest concentrations found at Farrukhabad and Kannauj.
However, the flow cytometry technique did not detect the particularly high total bacterioplankton
concentrations in the Ramganga, and so the technique may be better suited as an initial and rapid

screening tool for estimating pathogen loadings in the Ganga basin.

4 Conclusions

This study has shown that the water quality of the Ganga River is relatively good in the upper stretches
(Sites 1 to 6), with TP concentrations below 100 pg I, SRP at potentially-limiting concentrations, and
TDN <1 mg I}, despite the quantities of untreated sewage, industrial effluents and fertiliser use within

the catchment. This indicates that the huge volumetric flow of the Ganga is able to dilute these inputs
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sufficiently to prevent them getting to hazardous concentrations, and also that the long length and
residence time of the river allows nutrient pollution to be removed by sedimentation and biological

uptake.

The decline in water quality of the middle sections of the Ganga River upstream of Kanpur during the
pre-monsoon season is mainly due to major pollution inputs from human-impacted tributaries
(principally the Ramganga and Kali Rivers). The high nutrient concentrations and P and N speciation in
these tributaries and the Yamuna River, plus high chloride concentrations strongly suggest that these
excessive nutrient loads are principally derived from urban wastewaters. Similar conclusions have
been made in previous studies (Jin et al., 2015; Trivedi, 2010). This is further supported by the
bacterioplankton community composition from these tributaries, which had large concentrations of
pathogens and faecal-indicating bacterial families. The impact of these polluted tributary inputs is
compounded by a reduction in flow within the Ganga in the March to April pre-monsoon period, due
to the diversion of a large proportion of its water to support agriculture via the irrigation canals. At
the time of sampling, the high nutrient concentrations, low flows, warm water conditions and high
solar radiation resulted in algal blooms in the Kali and Ramganga, which greatly impacted the Ganga
below Farrukhabad. This observation highlights the importance of conducting simultaneous chemical
and biological surveying, and shows the potential for using flow cytometry as a means of rapidly and
cheaply monitoring the concentrations of algae, cyanobacteria and bacteria in the future. However,
total bacterioplankton concentration by flow cytometry was not a good proxy for pathogens and
faecal-indicating bacteria at some study sites, but could still be a useful rapid-screening tool for

identifying potentially-contaminated water bodies.
To protect and improve the water quality and ecology of the Ganga upstream of Kanpur; -

e The major domestic and industrial effluents from the cities along the Kali, Ramganga, Garra
and Yamuna Rivers need to be targeted, by intercepting and treating these effluents to the
standards adopted by more-developed industrial countries, thereby reducing nutrient,
pollution and bacterial loadings to the Ganga itself.

e This effluent treatment should be supported by regular, quality-controlled analytical testing
of effluents and the receiving rivers. Regulation of wastewater treatment plants and industry
by imposing consents would help to ensure that pollution loads were controlled and
ultimately reduced.

e Augmentation of the flow in the Ganga during this dry, pre-monsoon period could be
potentially achieved by diverting less water through the irrigation canals and moving away

from crops with high water demand, such as sugar cane (Sapkota et al., 2013). Releasing water
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from the barrages along the Ganga / Ramganga would also help to dilute wastewater inputs
and provide ecological flows that could help to support key aquatic species, such as river

dolphins, gharials and mahseer (O'Keefe et al., 2012; Shah et al., 2018).

Future chemical and biological surveys at different times of the year may capture greater agricultural
diffuse inputs of nutrients from the catchment and particularly the inundated floodplains of the larger
rivers, such as the Ganga and Yamuna, which are intensively farmed during the dry period. These
surveys will start to build up an understanding of how nutrient and pollution sources to the Ganga
change seasonally, and how these impact on the aquatic ecology. Ultimately, there must be a
programme of water quality testing at regular intervals across this region by the Indian Regulators,
which covers both rivers and sewage / industrial point sources. The samples must be analysed for a
wide range of chemical and biological indicators, so that accurate and reliable source apportionment
can be carried out and pollution incidents can be fully investigated. These intensive, multidisciplinary
data sets are vital for determining the most effective mitigation measures for halting and ultimately
reversing the degradation of water quality of the Ganga and its tributaries, which would potentially

transform ecological status and human health within this internationally-important catchment.
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Figure 1. Map of the upper Ganga River catchment, indicating location of sampling sites

Figure 2. Physicochemcial data along Ganga River transect (blue bars), including contributing
tributaries to the Ganga River (orange bars), including total phosphorus (ug 1), soluble reactive
phosphorus (pg I%), total dissolved nitrogen (mg I?), dissolved organic carbon (mg I), chloride (mg I

1), fluoride (mg I'Y), sulphate (mg SO4 I') and conductivity (1S cm™).

Figure 3. Nitrogen speciation, including dissolved organic N, Nitrite-N, Ammonium-N and Nitrate-N (a)
along the Ganga River transect, including contributing tributaries to the Ganga transect (marked with

*) and (b) at all monitored tributary sites.
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Figure 4. Water quality data from tributary study sites, including total phosphorus (ug 1), soluble
reactive phosphorus (ug I'), total dissolved nitrogen (mg I%), dissolved organic carbon (mg 1), chloride
(mg I'Y), fluoride (mg 1), sulphate (mg SO4 I'!) and conductivity (uS cm™). (ND = No data due to missing

sample).

Figure 5. Phytoplankton abundances and community composition along (a) the Ganga River transect
and (b) major tributaries, measured by flow cytometry. The * symbols indicate contributing tributaries

to the Ganga River transect.

Figure 6. Bacterial cell densities measured by flow cytometry (a) along the Ganga River transect and

(b) in the tributary sites.

Figure 7. Changes in bacterial community composition along the River Ganga transect and contributing
tributaries. (A) Changes in phyla. (B) NMDS ordination plot of sites in relation to bacterial community

structure. (C) Pathogenic bacteria abundances. (D) Faecally-associated bacteria abundances.
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(b} Mitrogen spedation. Tributaries.
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