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a b s t r a c t
A study was performed on a 32 Km stretch of the River Hooghly as part of a project under the
Airborne Visible Infrared Imaging Spectrometer - Next Generation (AVIRIS-NG) scheme between Indian
Space Research Organization (ISRO) and National Aeronautics and Space Administration (NASA). It was
governed by 33 water quality variables comprising physical, chemical, biological and ecological ones.
The selected stations were within the tidal realm of the estuary, constituting the lower-middle stretch
of the river that was severely affected by anthropogenic perturbations. Chief biotic components studied
were phytoplankton population density, primary and auxiliary phytopigments, and productivity in
addition to chromophoric dissolved organic matter (CDOM). Majority of the study sites were observed
with very low concentrations of dissolved oxygen along with significant shifts in primary production.
Overall prevalence of Cyanophyceae and Bacillariophyceae was indicative of significant eutrophication.
Reverse phase high performance liquid chromatography (HPLC) and radiometry revealed the presence
of a large array of algal taxonomic groups through the detection of various primary and auxiliary
phytopigments. The data and the study itself is of paramount importance being part of the ground
truth verification initiative which will be used to render remote sensing techniques more precise in
the future to better monitor the estuarine system.
© 2020 Elsevier B.V. All rights reserved.

1. Introduction
Freshwater is one of the quintessential resources in the sustenance of life on Earth and yet, combining all the polar ice caps, ice
sheets, glaciers, rivers, lakes, rainfall and aquifers it amounts only
roughly to about 2.5% of the hydrosphere of which about 68.9%
is trapped within ice (the polar ice caps and sheets, glaciers, and
permafrosts), 30.8% comprise the aquifers, and only 0.3% is easily
accessible in the form of ponds, lakes, and rivers (Shiklomanov,
2000). The migration and dynamicity of water across various
phases and checkpoints within the hydrological cycle constitutes
the largest mass movement of any raw material on our planet
(Chahine, 1992; Jackson et al., 2000). The atmospheric reservoir
of freshwater influences most of the climates by controlling precipitation and because of its comparatively faster turnover rate, it
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is of significance to ecology and seasonality of the hydrogen cycle
(Shiklomanov, 1989). Water vapour is the most prevalent and
potent global warming agent and ironically it is ‘water vapour’
that helps prevent the global surface water temperature from
plummeting below freezing (Ramanathan, 1988; Mitchell, 1989).
The freshwater sources most conveniently accessed by almost
all terrestrial life forms are the lentic and lotic systems, i.e., the
lakes and rivers, and it is no wonder that the oldest, largest and
most advanced civilizations all sprouted on the banks of lakes
and rivers (Yevjevich, 1992) and even today the most populous
areas of the world are thriving on the floodplains of large river
systems (Abshirini and Koch, 2016). Among such rivers, one of
the most geographically, culturally, ecologically, and economically significant is the Ganges (or River Ganga, as historically and
endonymously known). The Ganges with her tributaries and distributaries hydrate and fertilize an area of roughly 1.08 million sq
km (Subedi, 2005), including the delta but excluding the Meghna
River, Brahmaputra River and Padma River (the Ganges changes
name to Padma after it crosses over to Bangladesh from India)
basins, which combine to form one of the largest river basins
(1.69 million sq km) in Asia and the World (Arnold, 2000).
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The present study was conducted as part of a project concerned with the three year pilot survey under the AVIRIS-NG
collaborative programme between NASA and ISRO to establish
ground truthing in comparison to the remotely sensed surface
data of the Indian river estuaries of chief importance. Among
many riverine estuaries of India, the Hooghly (also spelt Hugli)
estuary (or Hooghly-Matla estuary) is perhaps the most significant as its confluence with the Bay of Bengal is marked by
the World famous trans-boundary mangrove ecoregion known
as the ‘Sunderbans’ or ‘Sundarban’ (UNESCO, 2018), a deltaic
region which spreads across the river strewn southern parts of
the Indian state of West Bengal (Sundarban National Park and
Biosphere Reserve) and Bangladesh (Sundarban Wildlife Sanctuary) with the latter comprising more than 70% of the defined
area comprising the sanctuaries, parks and reserves. The Hooghly
River borders the western extreme of Sundarban and is the most
significant distributary of the river Ganges in this part of India.
The 260 km River traverses some of the most diverse terrains
of West Bengal, India and is densely populated on its banks due
to its perennial nature and fertile alluvial deposits (Kelly, 1981).
It transects the historically and culturally important twin cities
of Kolkata (formerly Calcutta) and Howrah (also spelt Haora)
and their southern suburbs where most of the anthropogenic
perturbances take place and the river gets adversely affected as
evidenced by the steady decrease in biodiversity (Venkataraman
and Wafar, 2005; Jha et al., 2008; Nath and Patra, 2015; Mukherjee et al., 2016; Roshith et al., 2018) and productivity (Akhand
et al., 2013; Mukherjee et al., 2014; Samanta and Dalai, 2018).
The study was performed with the functional hypothesis (and
also based on the pre-selection for the AVIRIS-NG study) that
the middle stretch of River Hooghly is being adversely affected
by the unchecked urbanization and industrialization practises
(thus more prone to be stressed under incessant eutrophication)
while its estuary mouth appeared to be eutrophic to oligotrophic
with moderate productivity and microphytoplankton diversity
(Nath and Banerjee, 2009; Mukherjee et al., 2013, 2015a,b; De
et al., 2015). Many recent studies have described the middle
stretch to be severely polluted by sewage and metal pollutants
from industrial effluents among other contaminants (Basu and
Ghosh, 1970; Tripathi et al., 1991; Chakraborty et al., 2014; Sarkar
et al., 2017; Samanta and Dalai, 2018) and have expressed their
concerns over the declining conditions of Hooghly River and the
estuary based on their respective studies that reflect the true state
of the ecosystem.
The present study pivoted on the following objectives – 1.
Development of relationships between water quality parameters
(WQPs) and AVIRIS-NG datasets to elucidate the spatial variation
in Chlorophyll a concentrations and other environmental variables in different sectors along the Hooghly Estuary; 2. To utilize
satellite imagery for Chlorophyll a and other phytopigments’
data with precision and accuracy for more exigent evaluation
of water quality in relation to eutrophication, and resultant algal blooms in order to outline policies and solutions to water
resource management problems in this part of India.

Fig. 1. The map points out the sites at which the samplings for the concerned
study were performed during April of 2018, on the Hooghly River. The map
was generated using QGIS software. About 32 km of the river stretch was
traversed. The sites were selected on the basis of the co-ordinates provided
by the AVIRIS-NG study scheme.

silt load, but appears almost clear; hence, the overall hue of the
river has to do mostly with the scattering effects caused by the
clastic and non-clastic load.
The selected study area is a section of Hooghly River (Fig. 1),
lying between roughly 22◦ 33′ N, 88◦ 20′ E and 22◦ 28′ N, 88◦ 21′ E,
forming the upper-middle reach of the mesotidal Hooghly estuary; in situ water samplings and relevant measurements were
carried out at selected stations with respect to the GPS coordinates provided by the AVIRIS-NG data acquisition scheme of
ISRO-NASA.
Data collection for the survey was carried out in April of
2018 primarily focusing on flood tides. The sampling stations
were designated as Stn. 1 (22◦ 33′ 1.46′′ N, 88◦ 20′ 1.10′′ E), Stn.
2 (22◦ 33′ 3.59′′ N, 88◦ 16′ 3.28′′ E), Stn. 3 (22◦ 33′ 8.33′′ N, 88◦ 15′
9.73′′ E), Stn. 4 (22◦ 31′ 1.76′′ N, 88◦ 13′ 2.92′′ E), Stn. 5 (22◦ 30′
4.07′′ N, 88◦ 11′ 9.44′′ E), Stn. 6 (22◦ 28′ 7.30′′ N, 88◦ 09′ 7.69′′ E) and
Stn. 7 (22◦ 28′ 8.33′′ N, 88◦ 14′ 9.73′′ E). The AVIRIS-NG coordinates
were specified for this particular stretch of the Hooghly River to
monitor the water quality.

2. Material and methods
2.1. Study area
According to Chugh (1961), the Hooghly River is a tidal river
with the effects of tides observed almost along the entirety of
its length, reaching up to Nabadwip where rivers Bhagirathi and
Jalangi discharge their monsoonal or freshet loads into it. Both the
aforementioned rivers are of a non-perennial nature (Sinha et al.,
2012) in contrast to the Hooghly River proper. The water of River
Hooghly is muddy and murky with a considerable mud, clay and

2.2. Sample collection and variables studied
The surface to near surface water samples were collected
in using Niskin water sampler from each of the pre-selected
stations. The euphotic depth at the sites of the collection was
determined by the Secchi disc.
2
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of ‘RMA ’ changes drastically if ‘species density’ is used instead of
number of individuals; ‘J’ is rather limited in its use in ecology
due to its dependence on the species count relative to the total
species diversity; ‘S′ ’ or ‘a’ is useful for testing whether the species
abundance in a population follows the log series distribution; and
‘d’ is among the most widely used dominance indices, expresses
the proportionality of the most abundant species within the
population, by considering the number of individuals of the most
abundant species.

The chosen ecological variables for the study were — Air
Temperature or aT (◦ C); Water Temperature or wT (◦ C); pH;
Electrical conductivity or Cond (mS); Salinity or Sal (psu); Transparency or Trans using Secchi disc depth (cm); Turbidity or Turb
(NTU); Dissolved Oxygen or D.O. (mg/L); Gross and Net Primary Productivity or G.P.P and N.P.P (mgC/m3 /hr), Community
Respiration or R (mgC/m3 /hr); Dissolved macronutrients such
as Nitrite-Nitrogen or NO2 –N (µM), Nitrate-Nitrogen or NO3 –
N (µM), Ammonia/Ammonium-Nitrogen or (NH3 +NH4 )–N (µM),
and Total Nitrogen or TN (µM); dissolved Phosphate-Phosphorus
or PO4 -P (µM) and Total Phosphate or TP (µM); dissolved SilicateSilicon or SiO4 –Si (µM); compounds such as dissolved SulphateSulphur or SO4 –S (µM) and dissolved Hydrogen Sulphide-Sulphur
or H2 S–S (mg/L); Chlorophyll a or Chl a (mg/m3 ); Phytoplankton Density or Phyto.Den (Cells L−1 ) and Relative Abundance
or R.A. (%); Chromophoric Dissolved Organic Material or CDOM
expressed as Absorption Coefficient (m−1 ); Other phytopigments
(µg/m3 ) viz. Alloxanthin (Allo), Beta (β ) Carotene (Caro), Chlorophyll b (Chl b), Diadinoxanthin (Diad), Diatoxanthin (Diat), Dinoxanthin (Dino), Lutein (Lut), Pheophytin a (Pheo a), Fucoxanthin
(Fuco), and Zeaxanthin (Zea); as well as Ecological Indices such
∑ N ( ni ) 2
as Index of Dominance (D) =
(Zumpe and Michael,
i=1 N

2.3. Measurements and analyses
The near surface aT and surface to near surface wT were
measured at each station using an on-board weather station. The
transparency was measured using a metal Secchi disc of 20 cm
diameter. The mean of three secchi disc depths was considered
as the transparency of water at each station (Preisendorfer, 1986;
Lee et al., 2015). The water samples were stored in triplicates
in acid cleaned TARSONSTM inert HDP narrow mouth containers
of 1 L capacities; phytoplankton samples were collected in wide
mouth containers and were preserved using a combination of
2% (v/v) buffered formalin and 2.5% (v/v) acidic Lugol’s iodine
solution (Mukherjee et al., 2014). No chemical preservatives were
used for the water samples intended to be used in physicochemical and hydrological variable analyses. The water samples
were transferred to ice boxes immediately following collection
and brought to the laboratory on the same day. Electrical conductivity, turbidity, pH and salinity were monitored with the help of
a radiometer (Courtesy to ISRO & NASA-AVIRIS NG programme).
Salinity and pH were both measured in situ with portable HannaR
Salinometer and pH metre, as well as by argentometric titration
following the Mohr–Knudsen method by Grasshoff et al. (1983,
1999) and using a bench top pH metre [model-HI2222] by HannaR
instruments (respectively), upon returning to the laboratory.
The water samples upon reaching the laboratory were brought
to room temperature by placing them inside an incubator set at
25 ◦ C. Once acclimatized, the samples were subjected to vacuum
filtration through 0.7 µm GF/F inert filters. All the analyses involving the dissolved variables were performed with the filtered
samples. Dissolved oxygen was measured using a very high precision portable D.O. metre [model-HI2004] by HannaR instruments
as well as using the chemical analytic method using manganese
sulphate and potassium iodide (Strickland and Parsons, 1972).
The oxygen percent saturation was calculated using the following
conversion formulae (Boyer et al., 1999):

1986); Simpson’s Index of diversity (DS ) = 1- Dominance index
Shannon–Weiner’s Diversity Index (Ĥ) =
)
( ) (1949);
∑(Simpson,
− Ni=1 nNi ln nNi (Shannon, 1948); Buzas and Gibson’s Evenness Index (E) =
′

Index (J ) =

Ĥ
Ĥ max

eĤ
S

(Buzas and Gibson, 1969), Pielou’s Evenness

(Pielou, 1966); Effective Number of species or

Hill number
(ENS) = exp (Ĥ) (Hill, 1973); Brillouin Index (HB) =
∑
(ln N !− ln ni !)
(Brillouin, 1956); Menhinick’s Richness index (DM or
N
RME ) = √SN (Whittaker, 1977); Margalef’s Richness index (RMA )
(S −1)

(Margalef, 1958); Equitability Index (J) = lnĤS (Sheldon,
ln N
1969); Fisher’s Alpha Index of diversity (S′ or a) = a ln(1 + na )
(Fisher et al., 1943), ‘a’ being Fisher’s Alpha, and Berger–Parker
(Berger and Parker, 1970); with
Dominance Index (d) = N max
N
‘S’ being the number of taxa; ‘n’ (or ni ) is the total number of
individuals belonging to a particular species and ‘N’ is the total
number of individuals in a population and Nmax is the number
of individuals of the most abundant species. The selection of the
biodiversity indices was influenced mainly by the review articles
by Tucker et al. (2017) and Daly et al. (2018).
The abbreviations of the variables shall be used henceforth in
the rest of the manuscript whenever and wherever applicable. ‘D’
is normally associated with the species or a group of species with
greater abundance, in terms of their representativeness within
the population at a given moment; ‘DS ’ is a diversity measure considering the number of species as well their relative abundances;
unlike DS which is mostly a similarity index, ‘Ĥ’ is a diversity
index in truest sense since the value increases with the increase
in richness; ‘E’ measures the evenness among the distribution
of the species within a well censused (sampled) population; ‘J′ ’
takes into account both species diversity as well as richness,
hence is better suited to explain even very large data sets; ENS
is the most specified diversity measure (Cao and Hawkins, 2019)
as it is not a measure of entropy or evenness or superficial
similarities but it quantifies the species based on the similarity
of their distribution within the population or how diverse they
are; ‘HB’ is useful but not usually highly recommended, however
due to the small census span of the data other more widely used
indices were not used as they would have introduced artefacts
as they are only accurate using large data sets; ‘RME ’ and ‘RMA ’
both can be used interchangeably as they both represent the
number of individuals or the population size and the number
of taxa in a given uniformly measured space, however the value

=

100% Sat .O2 Conc . = 14.59 − 0.3955 T + 0.0072 T 2

− 0.0000619 T 3 ,

(1)

and
% = ([O2 ]/[Osat ]) × 100,

(2)
◦

where T = ambient temperature of water in C; % = oxygen percent saturation; [O2 ] = observed oxygen concentration at specific
temperature; and [Osat ] = saturated concentration of oxygen at
the local temperature. Value of Osat derived from Eq. (1) was used
in Eq. (2).
The primary productivity (gross and net) and respiration (community) were calculated using the light and dark bottle method
(Strickland and Parsons, 1972) measured using the following
formulae:
GPP = [12 × (LB − DB) × 1000]/32 × PQ × t ,
NPP = [12 × (LB − IB) × 1000]/32 × PQ × t ,

(3)
(4)

and
R = [12 × (IB − DB) × 1000]/32 × RQ × t ,
3

(5)
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where IB = Dissolved oxygen in the initial bottle in mg/L, DB
= Dissolved oxygen in the dark bottle in mg/L, LB = Dissolved
oxygen in the light bottle in mg/L, PQ = Photosynthetic quotient
(1.2), RQ = Respiration quotient (1.0) and t = Time span of incubation in hours (Mukherjee and De, 2017). The bottle incubated
for gross and primary productivity rate measurements were filled
with water filtered through a piece of 60 µm mesh sized zooplankton net to minimize the grazing and oxygen consumption.
All the dissolved micronutrients treated as variables of the
study were estimated or measured following protocols laid down
by Grasshoff et al. (1983, 1999) and APHA (1998).
Dissolved inorganic nitrogen species such as NO2 –N and NO3 –
N were estimated spectrophotometrically after diazotization using n-ethylene diamine dihydrochloride and sulphanilamide. In
case of the latter, it was first reduced by passing the filtered
water samples through a copperised-cadmium (Cu2+ –Cd2+ ) column where NO3 –N was converted to NO2 -N. Reduced nitrogen as
(NH3 +NH4 )–N was estimated spectrophotometrically using the
phenol-hypochlorite reaction method [measuring the absorbance
of the indophenol (OC6 H4 NC6 H4 OH) complex] in presence of a
citrate buffer. To estimate the concentration of TN and TP, the
respective samples were first autoclaved in presence of an oxidizing agent such as potassium persulphate (K2 S2 O8 ). This method
simultaneously converts ammonia and inorganic nitrogen (except
dinitrogen) to nitrates and organic forms of phosphorus to orthophosphates. Dissolved PO4 -P was estimated spectrophotometrically following the formation of molybdenum blue (H2 MoO2 −2 )
complex. Dissolved SiO4 –Si was determined in the water samples
using ammonium molybdate [(NH4 )6 Mo7 O24 ] to form molybdosilicic complex which is then measured spectrophotometrically. Dissolved SO4 –S was estimated using barium chloride in
accordance with the proposed method by Tabatabai (1974). Dissolved H2 S–S was measured using a modified version of the iodometric titration method (APHA, 1998; Konovalov and Romanov,
2000).
In order to obtain Chl a data from each of the seven preselected stations, seven centrifuge tubes were used containing 95%
analytical grade acetone and in them the filtered residues from
the sampling station were placed and following a steeping period
of 24 h at 0–4 ◦ C, were sonicated (five pulses of 90 Hz at intervals
of 30 s) followed by centrifugation at 10,000 rpm for 10 min.
The verdant supernatant was used for spectrophotometrically
determining Chl a (Yentsch and Menzel, 1963; Strickland and
Parsons, 1972; Hiscox and Israelstam, 1979). For the estimation
of Chl a, the filter paper and the residues were treated with
aliquot of magnesium carbonate (mg CO3 ) to prevent degradation
of chlorophyll into pheophytin.
The sampling and estimation of CDOM was performed according to Nelson and Siegel (2002), Mannino et al. (2008) and
Dall’Olmo et al. (2012). Surface water samples for the measurement of CDOM concentrations were stored in acid-washed, precombusted amber-coloured borosilicate glass bottles. The bottles
were rinsed thrice with the sample water before the final collection and placed into liquid nitrogen. Samples were transferred to
the laboratory, brought to room temperature and filtered through
47 mm cellulose acetate filters of pore size 0.2 µm under low
vacuum to remove particulate and suspended sediment materials
from the water samples. The filtered samples were allowed to
reach the ambient room temperature to avoid the temperature
differences between samples and the blank.
Millipore filtration manifold units along with MillivacTM
pumps were used to filter the triplicate samples from each station in large batches to reduce and minimize delay-induced and
transitory changes in the samples for the proper estimation of
the more malleable variables. Prior to filtration the manifold unit
was thoroughly cleansed with double distilled water and further

rinsed with 10% HCl followed by copious rinses with double distilled water. The absorbance of the filtrate was measured in 10 cm
wide cuvettes on a Shimadzu UV–Vis 1800 spectrophotometer
against blank Milli-Q water. The sample cuvettes and reference
cuvettes were rinsed with 10% HCl, Milli-Q water and sample
water prior to employment. UV-oxidized Milli-Q water was used
as reference sample.
CDOM estimations involved the understanding that the calculated results were directly proportional to the sample optical
density relative to the pure water reference after correction for
the pure water blank and specification of a null absorption; and
the formula used (Jerlov, 1968; Bricaud et al., 1981; Stedmon
et al., 2000) is as follows:
ag (λ) = 2.303 ∗ [(ODs (λ) − ODbs (λ)) − ODnull ]/L,

(6)

where 2.303 is the conversion factor in converting a natural log
to a base-10 log; ‘ag ’ is the absorption coefficient at specific
wavelength, ‘L’ is the distance between the walls of the cuvette or
the light travel path length, ‘ODs (λ)’ is the optical density of the
filtrate sample relative to extensively purified water at a specific
wavelength, ‘ODbs (λ)’ is optical density of a purified water blank
treated like a sample relative to purified water, and ODnull is
the apparent residual optical density at a long visible or near
infrared wavelength where absorption (attenuation) by dissolved
materials is assumed to be zero. As long as the null wavelength
region is the same for sample and blank, the sample and blank
spectra can be set to zero at the null wavelength independently
or after they are subtracted from each other. The absorption was
measured at 380, 412, 440, 490 and 555 nm.
Pigment samples were filtered onto 25 mm GF/F filters, immediately frozen in liquid nitrogen, and stored frozen (−80 ◦ C) until
analysis. The phytopigments were measured by using a Reverse
Phase High Performance (formerly pressure) Liquid Chromatography technique or RPHPLC following the protocols mentioned
in Mantoura and Llewellyn (1983), Zapata et al. (2000), and van
Leeuwe et al. (2006). The HPLC instrument was equipped with a
reverse phase column (ThermoScientificR AccucoreTM C8, 150 ×
3 mm, with 2.6 µm particle size) and a photodiode array detector.
The extraction was performed under very subdued light to
prevent phtooxidation of the pigments. Extractants were either
cold acetone (90%) or buffered Methanol (98%, with 2% ammonium acetate, 0.5M, pH 7.1), whichever served the purpose best
but the former was preferred. The filters, in acetone extraction
process, were steeped for 24 h at 4 ◦ C in darkness and then
vortexed throughout the next 24 h at −20 ◦ C. Filters of the
methanol extracts were placed in chilled methanol and sonicated
at 10 W for 30 s, using two episodes. The extraction protocol
closely adhered to the modified guidelines of extraction of phytopigments after Zapata et al. (2000) and van Leeuwe et al. (2006).
The concentration of the phytopigment was obtained by using the
following formula (Wright et al., 1991):
CP = [(AreaP /KP )/(VolSW ∗ (VolExt /VolInj ))],

(7)
3

where CP is the concentration of pigments in µg/m ; AreaP is
the peak area of respective pigments; KP is the conversion factor;
VolSW is the volume of the seawater sample collected; VolExt is
the volume of the extractant used, and VolInj is the actual volume
injected per HPLC run.
2.4. Statistical analyses
The statistical analyses and data interpretations were performed using the Data-Analysis tool pack extension of Microsoft
ExcelTM , PastTM 3.14 statistical software packages. Pearson correlation matrix, polynomial 5th degree regression and Principal
Component Analysis (PCA) were used to interpret and explain the
data.
4
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Fig. 2. Comparison between aT and wT (◦ C) recorded at the sampling sites. The aT remained at or within 35 ◦ C (95 ◦ F) while the mean wT hovered around
30 ◦ C (86 ◦ F). Although individual stations were influenced by the anthropogenic activities such as navigation and industrial effluents, all at higher than ambient
temperatures, the major influence on wT was that of the ambient aT, a function of cloud cover and solar intensity.

Fig. 3. The pH of the water samples collected from the seven sampling stations was below 8 and higher than 7.7. Across all the stations, the mean Cond (mS)
value was 4.33 ± 0.59. Although the mean Turb (NTU) was 2.64 ± 0.22, the value increased wherever there were increased navigational activities in spite of the
fact that the samples were collected during flood tide when increased turbulence normally churned up sediments. Highest Cond was recorded in samples collected
from Stn. 6 which incidentally registered the lower than mean turbidity. Mean D.O. value (mg/L) was 3.51 ± 1.65 and although apparently D.O. gets influenced
by the sediment load in suspension, no such strict relationships were observed during the period of the survey. Relatively higher values were recorded at the first
three sampling sites. The oxygen saturation (%) closely followed the turbidity curve as in addition to biological activities, sediment load or the load of colloids also
contribute to the reduction in saturation of the oxygen in water.

As expected, PO4 -P and TP concentration curves followed each
other in their variation patterns throughout the length of the
river. Orthophosphate is theoretically very significant as it is the
limiting nutrient in freshwater systems; however, this is hardly
discernible in large river systems. The mean values observed
across the study were 2.83 ± 0.77 µM and 7.05 ± 0.32 µM for
PO4 -P and TP, respectively (Fig. 7).
The SiO4 –Si values ranged within 53–76 µM (Fig. 8) with
the downstream sites registering relatively high concentrations
owing to the more prevalent high tidal influence, with the overall
mean being 62.26 ± 10.85 µM across the selected stations.
The SO4 –S and H2 S–S values were both moderately high;
abundance of sulphur compounds was evidenced by a mean
28.53 ± 3.61 mg/L of SO4 –S and 3.02 ± 0.85 mg/L of H2 S–S,
with the two demonstrating a more or less inversely proportional
relationship. The former was relatively more abundant under
higher D.O. than the latter and vice versa (Fig. 9).
The Phyto.Den and Chl a closely reflected the variations of
the dissolved inorganic nutrients as well as Cond curve. The
mean Chl a and Phyto.Den values observed throughout the concerned stretch of the Hooghly River were 1.54 ± 0.82 mg/m3 and
2.89 × 104 Cells/L, respectively (Fig. 10). Species belonging to
the Class Cyanophyceae (54.95 ± 20.15%) and Bacillariophyceae
(38.62 ± 4.54%) were relatively more abundant than the rest
(Chlorophyceae and other taxa) in the samples collected using
20µ plankton net (Fig. 11). A closer look at the net microphytoplankton assemblages recorded from each sampling station

3. Results
Mean aT recorded at the sampling sites (Fig. 2) revealed that
it stayed near or below 35 ◦ C, at 34.28 ± 1.06 ◦ C while the mean
surface or near surface wT stayed in the neighbourhood of 30 ◦ C,
at 30.71 ± 0.95 ◦ C.
The mean pH of the water samples across seven sampling
stations was 7.78 ± 0.15. The mean Cond was 4.33 ± 0.59 mS,
with mean Turb being 2.64 ± 0.22 NTU. The mean D.O. value
was 3.51 ± 1.65 mg/L along the selected sampling sites with
the first three sampling sites registering relatively high values.
The mean 100% oxygen saturation concentration at the respective sites would have been 7.44 ± 0.54 mg/L and the mean O2
saturation was 47.05 ± 4.87%, taking into account all the seven
sites and the samples taken in triplicates (Fig. 3).
The study was centred predominantly on freshwater realms, as
suggested by the estimated Sal (Fig. 4) values ranging from 0.3 to
0.5 psu, with the mean being 0.45 ± 0.09 psu across the selected
water sampling sites.
Mean NO2 –N and NO3 –N concentrations were 0.75 ± 0.43 µM
and 53.64 ± 12.55 µM (respectively) with a steady rise in nitrates with increasing salinity. The (NH3 +NH4 )–N concentration
curve closely followed NO2 –N with the mean concentration being
6.09 ± 1.22 µM (Fig. 5); TN fluctuation (Fig. 6) curve was more
similar to the pattern observed in dissolved NO3 –N than in other
parameters, and the mean TN concentration across the stretch of
the river surveyed was 634.79 ± 58.99 µM.
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Fig. 4. As the stations selected were positioned from the middle stretch of the Hooghly River or the upper reaches of the Hooghly estuary towards downstream and
as the samples were collected during the high tide period the salinity was gradually observed to increase from Stn. 1 to Stn. 7, with the mean Sal (psu) recorded
being 0.44 ± 0.06.

Fig. 5. Apparently the stretch of river Hooghly associated with the selected station was moderately eutrophic in nature based on NO2 –N and NO3 –N concentrations
(µg atm L−1 or µmoles L−1 or µM). This was expected as the span of the river receives all sorts of anthropogenic influences and nutrient pollution prevalent.
The mean values of NO2 –N and NO3 –N were 53.64 ± 12.55 µM and 0.75 ± 0.43 µM, respectively, with a steady rise in the latter with the increase of Sal. The
(NH4 +NH3 )–N concentration curve closely followed NO2 –N in its variations, as both are products of each other in the nitrogen cycle. The mean concentration was
6.09 ± 1.22 µM with the lower stream stations registering comparatively higher values.

Fig. 6. The TN is the combination of the organically bound nitrogen, dissolved ammonia/ammonium nitrogen [together known as Kjeldahl nitrogen] and the dissolved
nitrogenous oxides, barring the colloidal nitrogenous contents. The fluctuation pattern was more or less similar to the one observed in case of NO3 -N, as among its
components NO3 –N indicated relatively higher concentration, followed by (NH4 +NH3 )–N and NO2 –N. The mean TN value ranged between 634.79 ± 58.99 µM across
the study sites.

revealed that the numerical dominance was attained by the members of Bacillariophyceae, or diatoms (Table 1). This was proven
by the ecological indices since in spite of the higher blue green
algal cell density in the net collected samples from each station,
the dominance index was quite low (Table 2).

The selected phytophysiological variables closely dependent
on the aforementioned variables were GPP, NPP and R. The
mean GPP, NPP, and R values recorded across all the sites were
99.81 ± 22.53 mgC/m3 /h, 2.77 ± 1.08 mgC/m3 /h, and
121.14 ± 13.05 mgC/m3 /h, respectively (Fig. 12).
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Fig. 7. The dissolved PO4 -P and the TP loosely followed each other throughout the span of the river selected for the concerned study. Speculation can be made
about the prevalence of colloidal phosphorus, no assessed here, as the curves do not always adhere to each other. The mean values observed across the study sector
were 2.83 ± 0.77 µM and 7.05 ± 0.32 µM for PO4 -P and TP, respectively.

Fig. 8. As the samples were collected from the middle stretch of the river Hooghly with high degree of soil erosion, excess navigation, biogenic silica and its ph
dependent decomposition, industrial egress, clastic particle enrichment from rocks as well as tide influenced periodic resuspension of sediments contribute to the
increase in SiO4 –Si in the water column. The downstream sites registered relatively higher values, based on ambient pH and intensity of high tidal activity, with the
overall mean being 62.26 ± 10.85 µM across the stations selected for the study.

Fig. 9. Judging from the D.O. concentrations and the percentage saturation of oxygen recorded from the water samples off the study sites it was imperative to
check the both SO4 -S and sulphide-sulphur (S− –S) as H2 S–S; as expected the values of sulphur compounds were moderately high. Due to the proximity of the sites
to urbanized part of the Kolkata Metropolitan Area as well as the general dearth in dissolved oxygen concentration due to higher ambient temperature imposed
lowering of oxygen saturation, sulphur compounds were abound which is evidenced by a mean 28.53 ± 3.61 mg/L of SO4 -S and 3.02 ± 0.85 mg/L of H2 S–S. The
sulphide value was observed to rise with increased tidal activities, introducing the more anaerobic section of the sediment laden water into the surface to subsurface
layers.

understanding of the prevailing ecosystem within the selected
section of River Hooghly; the nano- and picoplankton groups
were best suited to be indirectly studied based on the presence
of specific phytopigments.

Although the Chl a concentration was estimated spectrophotometrically, it was essential to investigate some of the other
phytopigments as well, using HPLC, as not all the taxonomic
groups were included in the net collection and the detection
of their presence was crucial for a more elaborate and precise
7
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Fig. 10. The net phytoplankton collected from all the seven study sites were dominated (mostly influenced by the mesh assize of net used, thereby restricting the
size class and the assemblage itself) by members belonging to the families Cyanophyceae (in density), Bacillariophyceae (in diversity) and Chlorophyceae and what
they all have in common is the presence of Chl a in their thylakoids or similar invaginated structures. Although the two variables appeared to be correlated but
localized variation did occur. Both phytoplankton density (Cells/L) and Chl a (mg/m3 ) followed closely the dissolved nutrient curves as well as the conductivity
curves. The mean Chl a concentration and phytoplankton density recorded throughout the sites of water sampling were 1.54 ± 0.82 mg/m3 and 2.89 × 104 Cells/L,
respectively.

Fig. 11. Station wise comparison of the relative abundance or R.A. (%) of the most commonly observed algal families within the net phytoplankton fraction viz.
Cyanophyceae, Bacillariophyceae, and Chlorophyceae, with the former leading the chart at every station in terms of abundance which is a function of cell density
and as cyanophycean (blue–green algae or cyanobacteria) algae observed were mostly colonial, the cellular assemblages were far denser (mean 54.95 ± 20.15%)
compared to the mostly solitary bacillariophycean (diatoms) or chlorophycean (green algae) members however, they were observed in greater diversity.

Fig. 12. GPP, NPP and R were calculated at three stations of the selected study area of river Hooghly. The light and dark bottle method was used for the study.
Uniform six hours of incubation was provided to each samples. The respective bottles containing the samples were incubated under ambient conditions by submerging
them in individual large transparent buckets. The Tran was determined by the mean secchi disc depth (euphotic depth). The wT in the bucket was very closely
monitored and a person was assigned to maintain the temperature to as close as possible to the recorded value. The mean GPP (mgC/m3 /h), NPP (mgC/m3 /h), and
R (mgC/m3 /h) values recorded across all the sites were 99.81 ± 22.53, 2.77 ± 1.08, and 121.14 ± 13.05, respectively.
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Actinocyclus
normanii

7.1895

Actinocyclus
normanii

3.6765

Actinocyclus
normanii

8.4746

Actinocyclus
normanii

2.3077

Actinocyclus
normanii
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Actinocyclus
normanii

6.3694

Actinocyclus
normanii

5.9406

Actinocyclus
octonarius

5.2288

Aulacoseira cf.
granulata
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Aulacoseira
ambigua

8.4746

Actinocyclus
octonarius

2.3077

Actinocyclus
octonarius

3.6952

Anabaena cf.
azollae

3.8217

Aulacoseira
granulata

2.9703

Aulacoseira cf.
granulata

2.6144

Bacillaria
paradoxa

2.9412

Bacillaria
paxillifer

2.5424

Aulacoseira
granulata

4.6154

Aulacoseira
ambigua

2.7714

Aulacoseira
ambigua

6.3694

Aulosira cf.
terrestre

2.9703

Bacillaria
paradoxa

3.9216

Chroococcus
sp.

3.6765

Cocconeis
sp.

0.8475

Chroococcus sp.

3.0769

Aulacoseira
granulata

1.8476

Aulosira cf.
terrestre

3.1847

Chroococcus sp.

4.9505

Chroococcus sp.

1.9608

Coscinodiscus
excentricus

4.4118

Coscinodiscus
excentricus

5.0847

Coscinodiscus
excentricus

1.5385

Aulosira cf.
terrestre

2.3095

Bacillaria
paxillifer

1.9108

Coscinodiscus
lineatus

0.9901

Coscinodiscus
excentricus

1.9608

Coscinodiscus
lineatus

2.2059

Coscinodiscus
lineatus

4.2373

Coscinodiscus
lineatus

1.5385

Bacillaria
paradoxa

2.7714

Cocconeis
sp.
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Coscinodiscus
radiatus

5.9406

Coscinodiscus
lineatus

3.2680

Coscinodiscus
marginatus

2.2059

Coscinodiscus
radiatus

2.5424

Coscinodiscus
radiatus

2.3077

Chroococcus
sp.

1.3857

Coscinodiscus
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Cyclotella
striata

3.9604

Coscinodiscus
marginatus

1.3072

Coscinodiscus
radiatus

2.9412

Cyclotella
stylorum

2.5424

Cyclotella striata

0.7692

Chroococcus
sp.

2.3095

Coscinodiscus
excentricus

3.8217

Diploneis cf.
weissflogii

1.9802

Coscinodiscus
radiatus

2.6144

Cyclotella striata

2.2059

Gloeocapsa
granosa

1.6949

Cyclotella
stylorum

3.8462

Coscinodiscus
excentricus

2.7714

Coscinodiscus
lineatus

3.1847

Ditylum
brightwellii

0.9901

Cyclotella striata

0.6536

Cyclotella
stylorum

1.4706

Hydrodictyon
reticulatum

2.5424

Fragilaria
sp.

2.3077

Coscinodiscus
lineatus

2.3095

Coscinodiscus
lineatus

1.9108

Microcystis cf.
aeruginosa

14.8515

Cyclotella
stylorum

1.9608

Ditylum
brightwellii

0.7353

Merismopedia
tenuissima

3.3898

Leptocylindrus
danicus

3.0769

Coscinodiscus
marginatus

1.3857

Coscinodiscus
radiatus

1.9108

Microcystis
flos-aquae

29.7030

Ditylum
brightwellii

0.6536

Hydrodictyon
reticulatum

3.6765

Microcystis
aeruginosa

42.3729

Licmophora
flabellata

1.5385

Coscinodiscus
radiatus

4.1570

Cyclotella
striata

4.4586

Monactinus
simplex

3.9604

Fragilaria
sp.

0.9804

Leptocylindrus
danicus

2.9412

Nitzschia obtusa

0.8475

Microcystis
flos-aquae

53.8462

Cyclotella striata

0.4619

Cyclotella
stylorum

3.8217

Pediastrum
duplex

5.9406

Hydrodictyon
reticulatum

3.9216

Licmophora
flabellata

0.7353

Pandorina
sp.

3.3898

Monactinus
simplex

3.0769

Cyclotella
stylorum

1.3857

Ditylum
brightwellii

1.2739

Phormidium sp.

4.9505

Leptocylindrus
danicus

7.8431

Lyngbya
magnifica

5.1471

Thalassiothrix
longissima

5.0847

Pandorina
sp.

3.0769

Ditylum
brightwellii

0.4619

Gloeocapsa
granosa

1.2739

Thalassionema
frauenfeldii

9.9010

Licmophora
flabellata

0.9804

Microcystis
flos-aquae

44.1176

Thalassiothrix
longissima

5.0847

Phormidium
sp.

4.6154

Fragilaria
sp.

0.6928

Hydrodictyon
reticulatum

1.9108

Total = 20 200

100

Lyngbya
magnifica

3.9216

Monactinus
simplex

3.6765

Total = 23 600

100

Pinnularia
viridis

0.7692

Hydrodictyon
reticulatum

2.7714

Microcystis
aeruginosa

38.2166

Merismopedia
tenuissima

3.2680

Oscillatoria
sp.

5.1471

Thalassiothrix
longissima

5.3846

Leptocylindrus
danicus

6.4665

Nitzschia
obtusa

0.6369

Microcystis
flos-aquae

32.6797

Phormidium
sp.

4.4118

Total = 26 000

100

Licmophora
flabellata

1.3857

Nostoc
punctiforme

3.8217

(continued on next page)
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Stn 1

T.K. De, M. Raman, S.K. Sarkar et al.

Table 1
A numerical account of phytoplanktonic species assemblages recorded from the selected study sites [Stn. 1 – Stn. 7]. The microplankton size range (>20 µm <200 µm) was considered, determined chiefly by the
plankton net used which had average mesh sizes of 35 µm and the net collection appeared to contain almost entirely the species of Classes Bacillariophyceae, Cyanophyceae and Chlorophyceae with the former two
taxa comprising the majority. The predominance might have also to some extent be due to the fact that the enumerations were performed on preserved samples and many more sensitive species could have been
incorrigibly changed morphometrically to be accurately discerned under microscope, however, this accounts for a very small fraction of the population.
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Table 1 (continued).
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Stn 1

R.A. (%)

Stn 2

R.A. (%)

Monactinus simplex

1.3072

Pinnularia viridis

0.7353

Nostoc punctiforme

2.6144
3.2680
4.5752

Total = 27 200

100

Oscillatoria sp.
Phormidium sp.
Pinnularia viridis
Total = 30 600

Stn 3

R.A. (%)

Stn 4

R.A. (%)

Stn 5

R.A. (%)

Stn 6

R.A. (%)

Lyngbya magnifica

2.7714

Pandorina sp.

2.5478

Microcystis flos-aquae

36.9515

Pleurosigma angulatum

1.2739

Monactinus simplex
Nitzschia obtusa

1.3857
1.3857

Thalassionema frauenfeldii
Thalassiothrix longissima

2.5478
4.4586

1.3072

Nostoc punctiforme

1.8476

Oscillatoria sp.

2.7714

Total = 31 400

100

100

Pediastrum duplex
Phormidium sp.
Pinnularia viridis
Pleurosigma angulatum
Thalassiothrix longissima

1.8476
3.2333
0.9238
0.4619
2.3095

Total = 43 300

100

Stn 7

R.A. (%)
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Table 2
Summary of the ecological indices obtained from the data on species assemblage and population density of the net collected phytoplankton samples. The
ecological indices were considered based on the number of species, similarity in relative abundances, frequency of occurrences etc. The values (mean ± SD)
were rounded off to their nearest integer values as it dealt with number of taxa and individuals in a population which can never be decimal numbers.
Ecological indices

Stn. 1

Stn. 2

Stn. 3

Stn. 4

Stn. 5

Stn. 6

Stn. 7

Total number of taxa (S)
Total number of individuals (N)

24 ± 3
30 600
±1420

20 ± 3
27 200
±1200

16 ± 5
23 600
±800

18 ± 2
26 000
±640

30 ± 1
43 300
±1800

23 ± 2
31 400
±900

15 ± 4
20 200
±600

Dominancea
Simpson
Shannon
Evenness
ENS
Brillouin
Menhinick
Margalef
Equitability
Fisher’s alpha
Berger–Parker

0.1347
0.8653
2.61
0.5663
13.5991
2.607
0.1372
2.227
0.8211
2.556
0.3268

0.2145
0.7855
2.265
0.4815
9.6311
2.262
0.1213
1.861
0.756
2.114
0.4412

0.2097
0.7903
2.139
0.5308
8.4909
2.137
0.1042
1.49
0.7715
1.675
0.4237

0.3053
0.6947
1.943
0.3879
6.9797
1.941
0.1116
1.672
0.6724
1.889
0.5385

0.1547
0.8453
2.683
0.4874
14.6289
2.68
0.1442
2.716
0.7887
3.148
0.3695

0.1694
0.8306
2.467
0.5124
11.7870
2.464
0.1298
2.125
0.7867
2.429
0.3822

0.141
0.859
2.307
0.6695
10.0442
2.304
0.1055
1.412
0.8519
1.587
0.297

a

Index of Dominance, Simpson’s Evenness Index, Shannon-Weiner’s Diversity Index, Buzas and Gibson’s Evenness Index, Pielou’s Evenness Index, Effective
Number of species or Hill number, Brillouin Index, Menhinick’s Richness index, Margalef’s Richness index, Equitability Index, Fisher’s Alpha Index, and
Berger–Parker Dominance Index.

The selected phytopigments were estimated using Reverse
Phase HPLC and the peak areas generated from the sample extracts were extrapolated using peaks areas of known concentrations of reference pigments. The reference standards of the pigments were purchased from Sigma-AldrichTM . The plot (Fig. 13)
represents the comparison between the mean concentrations of
the various phytopigmnents selected for the study. Allo exhibited an average concentration of 8.67 ± 1.79 µg/m3 in water
samples collected from Stn 1 to Stn 7, the original machine
generated unit (µg/L) was converted to µg/m3 to maintain parity
with Chl a (1.54 ± 0.82 mg/m3 ); a mean 16.78 ± 4.028 µg/m3
of Caro was recorded across all the sampling sites; an average
37.69 ± 13.56 µg/m3 of Chl b was recorded from the study
sites; mean Diad concentration was 16.06 ± 0.93 µg/m3 along
the stretch of the river studied; 1.85 ± 0.25 µg/m3 of Diat was
observed within the selected sampling stations in addition to
6.19 ± 0.88 µg/m3 of mean Lut; relatively low Pheo a concentration (0.51 ± 0.05 µg/m3 ) was observed in the water samples;
and 70.67 ± 23.55 µg/m3 Fuco was recorded in the water samples
along with 8.01 ± 2.89 µg/m3 of Zea. Of all the phytopigments
analysed, Fuco showed the highest overall mean concentration(s)
and the first three stations maintained a relatively high concentration of all the pigments, except Diat which was observed to
increase downstream.
The mean values of CDOM absorption coefficients at 380, 412,
440, 490 and 555 nm were 1.102 ± 0.083 m−1 , 0.649 ± 0.069
m−1 , 0.406 ± 0.059 m−1 , 0.194 ± 0.043 m−1 , and 0.085 ± 0.026
m−1 , respectively, across the sampling sites (Fig. 14). The overall mean CDOM absorption coefficient across the stations was
0.5060 ± 0.019 m−1 , with the upstream sites registering comparatively higher values.
The interrelationship among the selected physico-chemical
and biological variables was highlighted through the Pearson’s
matrix (Table 3). A PCA was performed taking into account all the
variables and the biplot curve (Fig. 15) delineated that pigments
and dissolved nitrate-nitrogen, along with the rest of the physicochemical variables as well as phytoplankton density had almost
equal loadings on vertical and horizontal components of the
plot and indicates higher interdependencies. The dependency of
CDOM (as the response variable) on the rest of the concerned
variables was ascertained with the help of a 5th degree polynomial regression (at r2 = 0.4703, although for polynomials it

becomes rather invalid) equation which is as follows:
Y = −3.2559 + 3.9959x − 0.6262x2 + 0.0393x3 − 0.0011x4

+ 0.00001x5 ,

(8)

where ‘Y’ is the response variable, CDOM; with ‘x’ being all the
relevant (barring the biological variables such as productivity and
respiration) predictor variables considered.
4. Discussion
The temperature values (Fig. 2) observed at the selected sampling sites were well within the historically observed aT and wT
ranges during the Premonsoon season (Sadhuram et al., 2005;
Jaswal et al., 2015). The recorded marginal rise in aT and wT in
some of the selected sites was due to their distance from Stn 1;
thus the time taken (time past) to reach the said sites implied the
increase in angle of solar incidence as well, thereby raising both
aT and wT. The tidal influence however was felt more in these
downstream stations (Chugh, 1961; Chatterjee et al., 2013) owing
to their proximities to the estuary mouth. The commencement of
sample collection was synchronized with the setting of the high
tide at Stn 1after consulting with Haldia Port (West Bengal) as the
study was aimed at the flood tidal conditions.
The pH (Fig. 3) of the collected water samples revealed a
marginal increase in the downstream stations thereby indicating greater oncoming high tidal or estuarine influence, causing
the mean value to rise (Mukhopadhyay et al., 2002; Sengupta
et al., 2014) as the intertidal injection introducing acidic solutions
(lower pH) got interrupted and its effect diluted. Greater tidal
activity also ensured higher availability of dissolved salts in the
water, a fact corroborated directly by increased Cond (Fig. 3)
and Sal (Fig. 4) values (Oyem et al., 2014; Taylor et al., 2018).
Apparently, the recorded D.O. values (Fig. 3) appear to be quite
low for a large well mixed system such as the Hooghly River but
the Turb values (Fig. 3) shed light on the issue as an increase in
the latter was observed to bring down the D.O. in water. It is a
well accepted fact that increased colloidal particulate load in the
aquatic ecosystem reduces dissolved oxygen content (Mitchell
et al., 1999; Muigai et al., 2010).
The dissolved inorganic nitrogen species (DIN) analysed during
the study revealed a rather highly eutrophicated state of the
selected stretch of Hooghly River (Fig. 5). The TN value (Fig. 6) underlined a comparatively greater influence of NO3 –N as its chief
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Fig. 13. Although Chl a concentration was estimated spectrophotometrically, it became essential to investigate upon the other phytopigments as well using reverse
phase HPLC as not all the taxonomic groups were included in the net collection; the nano- and picoplankton groups were best suited to be indirectly studied
based on the presence of specific phytopigments. The selected pigments were Allo, β Caro, Chl b, Diad, Diat, Dino, Lut, Pheo a, Fuco, Zea. The plot shows the mean
concentrations (µg/m3 ) of the various phytopigments selected for the study. Comparatively higher Fuco underlined the relative prevalence of Bacillariophyceae.

Fig. 14. Comparative account of CDOM absorbance observed in the water samples off the selected study sites. The greatest absorption was between 450 and
650 nm and all the stations followed more or less the same curve and all stated that the light penetration particularly at higher wavelengths was hindered due
to the prevailing Turb and was considered to be the major contributing factor for the apparently higher CDOM. The mean values of CDOM absorption coefficients
encompassing all the selected wavelengths (380, 412, 440, 490 and 555 nm) was 0.487 ± 0.056 m−1 . (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

component rather than either (NH3 +NH4 )–N or NO2 –N, although
these were quite high as well (Reynolds and Edwards, 1995;
Jacobs et al., 2017); these data indirectly pointed to the dearth
in saturation of oxygen (Fig. 3). The lower D.O. and relatively
high Turb (either erosion or tidal resuspension or both) would
have favoured the anaerobic part of the aquatic N2 -cycle which
produces ammonia and nitrites (Zhang et al., 2017), in addition
to them being added anthropogenically (Shirin and Yadav, 2014;
Haritash et al., 2014; Du et al., 2017). Greater colloidal particles
also aid in harbouring more obligate and facultative anaerobic
microbes (Waidner and Kirchman, 2007; Xia et al., 2017) which
generate ammonia, methane and hydrogen sulphide and it could
also help explain the reduced saturation of oxygen.
For the stations more restricted within the freshwater domain
of the Hooghly estuary, the dissolved inorganic phosphorus (DIP)
values were found to be rather high owing to the combined effect
of sediment churning, mixing and addition of untreated anthropogenic effluents (Fig. 7); with the latter including industrial,
agricultural, sewage and domestic sources (Owens and Walling,
2002; Withers and Jarvie, 2008). Normally, it is believed that
PO4 –P serves as the rate limiting nutrient in freshwater ecosystems and many previous articles on the same aspect have either
customarily or cautiously referred to the fact being observed in
or supported by their studies as well (Hecky and Kilham, 1988;

Correll, 1999; Paerl, 2009), which somewhat differs from the
presently discussed findings. In a very large river with numerous sources of pollution and contamination, it is not possible
to assess a theoretic notion precisely as any limitation imposed
by the negligible presence of a nutrient is incessantly removed
through either human induced additions or natural ameliorations (crustal weathering and remineralization processes) (Dodds,
2006; Weigelhofer et al., 2018).
The solubility of silica is highly dependent on both temperature and the pH of the fluid (Utami et al., 2014). The silicon
is added in the water column through crustal weathering of
rocks and erosion of soil along with biogeochemical processes
(Sferratore et al., 2006; Sospedra et al., 2017) feeding the silicon
cycle; comprising mostly amorphous and biogenic silica (Dove
et al., 2008; Carbonnel et al., 2009). The observed SiO4 –Si values
(Fig. 8) across the study sites revealed the gradual increase in
its concentration downstream, which could have been due to
the combined effect of anthropogenic addition through industry
and agriculture as well as tidal churning, since the magnitude
of the tide was higher downstream during the setting of flood
tide. A higher pH greatly influences silica dissolution in water
(Fanning et al., 1982; Nteziryayo and Danielsson, 2018) as does
the presence of organic acid released from the churned sediment
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Fig. 15. From the PCA plot it can be stated that Phyto.Den was influenced by all the variables (as the variables selected exhibited a central loading trend); the
dissolved macronutrients being more influential than the others; the pigments themselves were governed by the density of phytoplankton assemblage across the
sampling stations.

or as intertidal injections; a fact noted and supported by some
other earlier studies (Bennett et al., 1988; Crundwell, 2017).
The most stable oxidized and reduced compounds in the sulphur cycle were chosen as tracers and indirect monitors of the
oxic state of the ecosystem studied. The rather high values of
both SO4 –S and H2 S–S throughout the sampling locations (Fig. 9)
indicated a moderately dysoxic (with rather high anoxic influence) condition as the mean oxygen saturation was below 50%
(Fig. 3). This enables one to delineate the selected stations on
the River Hooghly as environmentally suboptimal at the time of
sampling, but in no way can the entire estuarine ecosystem or
the riverine stretch be naively tagged as being hypoxic, as the
normally used sample sizes almost always fail to capture the
enormity and dynamicity of a large lotic system or any other such
system, and are best to be used as tracers rather as proxies.
The ambient pH (Fig. 3) played significant role in determining
the concentration of SO4 –S and H2 S–S. The presence of both
these forms of sulphur at quantifiable concentrations usually
indicates considerable fluctuations in pH, although the reported
mean pH stayed above neutral. This pH should have favoured a
net dominance of sulphates (Jørgensen, 1990; Gu et al., 2012)
but the presence of sulphides implied that the water surface pH
was being influenced by the resuspension of sediments and other
colloidal load as either reduction (mainly dissimilatory sulphate
reduction process) or remineralization converts sulphates to sulphides, and that happens at pH < 5 (Akagi, 1981; Luek et al.,
2017), mostly through microbial intervention. This pH level is
expected to be prevalent at the river bottom and within sediment
layers, and can only enter surface water layers via upwelling or
churning. Respiratory reduction of SO4 –S to H2 S–S has been most
extensively studied (Jørgensen, 1990) and there also exists disproportionation in the conversion from SO4 –S to H2 S–S and vice
versa in many sulphate reducing bacteria where intermediate
thiosulphates (S2 O3 − ) both reduce and oxidize to form SO4 –S and
H2 S–S simultaneously (Bak and Cypionka, 1987) without affecting
the oxidation states of the sulphur atoms. This happens when
there is opportunity for both aerobes and anaerobes to take part
in the conversion (Widdel, 1988) and the presently described
environmental situation was akin to it, based on the obtained
data.

The Chl a concentration (Fig. 11) was moderate throughout the
sampling stations but was considerably higher than its mean at
locations with lower than mean Turb values (Fig. 3). Despite the
high Phyto.Den it was Turb that hindered photosynthesis (Teng
et al., 2007; Austin et al., 2016). In areas where Turb was low
because of increased tidal dilution or depth of the river channel
minimizing the reintroduction of suspended particulate matter
from below, the Chl a concentrations were found to be higher
(Devercelli and Peruchet, 2008; Kordi et al., 2012). Although
there are instances where the hindrance in deeper penetration
of light under alternating dense overcast and sunny phases had
actually increased Chl a concentrations to compensate the loss of
photon energy in order to maximize the productivity (Jyothibabu
et al., 2018), there were no such phenomena observed during the
currently reported study period.
The influence of dissolved inorganic plant nutrients on the
population density of phytoplankton in aquatic environments is
extremely well documented (Daldorph and Thomas, 1991; Ault
et al., 2000; Davies and Ugwumba, 2013; Cira et al., 2016). The
lowest Chl a content was observed in the station where the concentration of H2 S–S was observed to be highest (Fig. 9) along with
lower than mean SO4 –S values; this could have been possible
only in case of increased resuspension of the river sediments in
conjunction with lower primary productivity, leading to conditions where the highly photo-oxidizable H2 S–S is able to retain
its reduced form, even in near surface waters.
The recorded higher concentrations of SiO4 –Si and PO4 –P
meant that the conditions were conducive for greater abundance
of diatoms and cyanobacteria as the two aforementioned nutrients directly trigger blooms in members of families Bacillariophyceae and Cyanophyceae, respectively. It has been documented
many times in the past that cyanophycean algae or cyanobacteria possess great affinity to PO4 –P (Benoit, 1955; Seale et al.,
1987; Aubriot and Bonilla, 2012) as do bacillariophycean algae
or diatoms to SiO4 –Si (Conley et al., 1989; Egge and Aksnes,
1992; Yool and Tyrrell, 2003; Shanthi et al., 2014), with NO3 –N
favouring all phototrophs (Stewart, 1964; Kiarboe, 1989; Felisberto et al., 2011; Juneja et al., 2013; Kalla and Khan, 2016;
Yodsuwan et al., 2017), including the Chlorophyceae (Richardson
et al., 1969; DeVries et al., 1983; Jin et al., 2006; Li et al., 2016).
The phytoplankton assemblages sampled with the plankton net
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Table 3
Pearson correlation performed on the normalized data sets generated from the seven selected study sites taking into account all the variables chosen for the concerned study (@ 0.05 level of significance). The correlation
matrix generated from the analysis reveals very significant correlations between the physico-chemical and biological variables. The values with bold faces are highly significant based on the data set generated from
the field study.
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aTa

wT

pH

Cond

Sal

Trans

Turb

D.O.

NO2 –N

aT
wT
pH
Cond
Sal
Trans
Turb
D.O.
NO2 –N
(NH3 +NH4 )–N
NO3 –N
TN
PO4 –P
TP
SiO4 –Si
SO4 –S
H2 S–S
Chl a
PD
GPP
R
NPP

+1
+0.37
−0.30
+0.60
+0.58
−0.77
−0.90
−0.91
−0.16
+0.42
+0.82
+0.83
+0.32
+0.64
+0.79
+0.89
+0.60
+0.35
+0.34
+0.56
+0.57
+0.55

+1
−0.49
+0.14
−0.28
−0.15
−0.07
−0.31
+0.17
−0.47
−0.15
+0.04
+0.47
+0.55
+0.18
+0.62
−0.15
+0.67
+0.92
+0.63
+0.68
+0.54

+1
+0.36
+0.23
+0.51
+0.21
−0.09
−0.37
−0.21
−0.10
−0.42
−0.18
+0.23
−0.69
−0.60
+0.14
−0.08
−0.23
−0.53
−0.49
−0.26

+1
+0.60
−0.21
+0.67
−0.83
−0.42
−0.04
+0.47
+0.27
+0.59
+0.85
+0.13
+0.30
+0.33
+0.04
+0.15
+0.11
+0.16
−0.06

+1
−0.52
−0.60
−0.65
−0.76
+0.38
+0.64
+0.73
+0.34
+0.30
+0.35
+0.26
+0.29
+0.12
−0.12
−0.17
−0.22
+0.02

+1
−0.71
+0.56
−0.04
−0.71
−0.61
−0.89
−0.18
−0.16
−0.81
−0.82
−0.29
−0.17
−0.12
−0.65
−0.56
−0.45

+1
+0.77
+0.16
+0.64
−0.94
−0.86
+0.07
−0.38
−0.82
−0.74
+0.81
−0.28
−0.10
−0.37
−0.37
−0.59

+1
+0.31
−0.24
−0.73
−0.63
−0.36
−0.85
−0.48
−0.70
−0.60
−0.39
−0.38
−0.42
−0.46
−0.47

+1
+0.23
−0.18
−0.30
−0.47
−0.20
+0.10
+0.15
+0.10
−0.25
−0.02
+0.60
+0.60
+0.20

(NH3 +NH4 )–N

+1
+0.69
+0.66
−0.42
−0.24
+0.66
+0.36
+0.57
−0.32
−0.49
+0.30
+0.21
+0.20

NO3 –N

TN

PO4 –P

TP

SiO4 –Si

SO4 –S

H2 S–S

Chl a

PD

GPP

R

NPP

+1
+0.80
−0.06
+0.33
+0.78
+0.57
+0.85
−0.03
−0.18
+0.21
+0.21
+0.31

+1
+0.19
+0.16
+0.86
+0.74
+0.43
+0.22
+0.05
+0.33
+0.26
+0.41

+1
+0.48
+0.08
+0.27
−0.44
+0.14
+0.38
+0.08
+0.09
−0.25

+1
+0.09
+0.49
+0.35
+0.45
+0.60
+0.39
+0.48
+0.36

+1
+0.80
+0.51
+0.02
+0.01
+0.51
+0.47
+0.39

+1
+0.38
+0.47
+0.55
+0.83
+0.81
+0.71

+1
+0.02
−0.13
+0.20
+0.26
+0.46

+1
+0.89
+0.31
+0.34
+0.79

+1
+0.52
+0.58
+0.67

+1
+0.99
+0.64

+1
+0.66

+1

aT = Air temperature, wT = water Temperature, pH = Potential of Hydrogen, Cond = Conductivity, Sal = Salinity, Trans = Transparency, Turb = Turbidity, D.O. = dissolved Oxygen, NO2 –N = Dissolved Nitrite
Nitrogen, NO3 –N = Dissolved Nitrate-Nitrogen, (NH3 + NH4 )–N = Dissolved Ammonium + Ammonia-Nitrogen, TN = Total Nitrogen (excluding colloidal); PO4 -P = Dissolved Phosphate-Phosphorus, TP = Total
Phosphorus (non-colloidal), SiO4 -Si = Dissolved Silicate-Silica, SO4 -S = Dissolved Sulphate-Sulphur, H2 S–S = Dissolved Sulphide Sulphur, Chl a = Chlorophyll a, PD = Phytoplankton population Density, GPP = Gross
Primary Productivity, R = Respiration, and NPP = Net Primary Productivity.
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revealed greater abundance of both these taxa as well (Table 1,
Fig. 12) in concordance with previously published relevant works.
The net collected phytoplankton assemblages comprised
mostly species which are suited to live in freshwater environments, many of which are euryhaline in nature. Euryhaline species
such as Actinocyclus Ehrenberg, Aulacoseira Thwaites, Cyclotella
(Kützing) de Brébisson, and Coscinodiscus Ehrenberg were observed throughout the selected sampling sites, with more prevalence in the downstream sites. A very few strictly coastal stenohaline species entered the collection (Leptocylindrus Cleve in
Petersen, Thalassionema Grunow ex. Mereschowsky and Thalassiothrix Cleve & Grunow) under the influence of the flood tide and
could not have remained viable for long in the drastically reduced
salinity upstream (Vila and Masó, 2005; Kemp et al., 2000; Ajani
et al., 2018). As highlighted by the selected diversity indices
(Table 2), the net phytoplankton diversity values were quite high
across all the seven stations which registered lower dominance
indices. It suggested that within the population, no single taxon
(species) out-competed others in spite of the highly favourable
condition for growth and proliferation. This was mainly due to
the variety in diatom species in spite of the numerically superior
cyanophycean assemblages; some chlorophycean species were
also consistently recorded. The high SiO4 –Si and PO4 -P were
maintained because of the near neutral pH and lower Sal of
the water (Figs. 3 and 4) resulting in numerical superiority of
Cyanophyceae and Bacillariophyceae members.
The flood tide induced churned up sediments within the water
column greatly affect the carbon assimilatory capacity of autotrophs and across all the selected study sites this was reflected
by the lower mean GPP than the mean R rates. This implied
that during the flood tide or even the settled high tide, due
to excessive scattering of solar energy aided by Turb (Sobolev
et al., 2009; Hall et al., 2015; Bulmer et al., 2018) reduction in
photosynthesis resulted in very low primary productivity and
respiratory activities consumed more O2 than was produced as
by-product. It could have contributed to the observed overall
lack of D.O. (Fig. 3). This, in association with high Turb and wT
had reduced the saturation of O2 throughout the studied stretch
of the Hooghly River; the effect of both suspended colloids and
temperature over oxygen saturation and dissolution in rivers are
well known (Muigai et al., 2010; Rajwa-Kuligiewicz et al., 2015).
Additionally, the chief photosynthetic enzyme RuBisCO
(Ribulose-1,5-Bisphosphate Carboxylase Oxygenase) is very
thermo-sensitive and does not function optimally above 30 ◦ C
(Brooks and Farquhar, 1985; Feller et al., 1998), just about the
average wT recorded, although the enzyme remains stable up to
well beyond 40 ◦ C (Salvucci and Crafts-Brandner, 2004a,b). This
cutback in oxygenase activity of RuBisCO triggers carboxylase
where the enzyme uses up oxygen, albeit at reduced rates (MacIntyre and Geider, 1996). The general dearth in GPP and NPP could
have also been due to the low to moderate Chl a concentrations.
Another reason for the comparatively low primary production
could have been the higher density or diversity of species belonging to either Cyanophyceae or Bacillariophyceae. These are among
the predominant components of the autotrophic fraction in the
aquatic ecosystems, with diatoms (members of Bacillariophyceae)
accounting for almost 40%–70% of the global aquatic primary
productivity (Uitz et al., 2010; Thornton, 2012; Malviya et al.,
2015). In spite of it, the greater Turb in combination with higher R
might have adversely affected primary production, or at least the
D.O. concentrations. The generally high concentration of H2 S–S
(S−2 ) observed might also have lowered D.O. due to sulphur’s high
electron affinity and could have oxidized rapidly to form SO4 –
S (S+6 ), and this was well vindicated by their respective curves
across the selected sites where rise in GPP and NPP was analogous
to increment in SO4 –S and R, decreasing with the increase in

H2 S–S (Figs. 9, 12). It underlined a shift towards heterotrophic
predominance.
Higher concentrations of auxiliary phytopigments (Fig. 13) like
Allo and Chl b in the first three sites indicated greater presence of
Cryptophyceae and Chlorophyceae (Ahel and Terzić, 1998; Viličić
et al., 2008) in the uppermost sites of the selected stretch, as
opposed to stations down river, a feature observed in many other
turbid estuaries (Paerl et al., 2003). A small amount of Allo is
found in members of the Class Dinophyceae (Stón et al., 2002) as
well, in addition to Dino and Caro (Takaichi, 2011; Zapata et al.,
2012). Dino was relatively low in general, thus indicating lower
numeric presence of dinoflagellates in the waters sampled (Dino
being the typical xanthophyll found in dinoflagellates). Presence
of photoprotectants such as Caro and Zea is a sign of stressed
ecosystems. Carotenoids such as Caro and Zea generally indicate the total biomass of the phytoplankton assemblages (Barlow
et al., 1993, 2008) and photoprotective unoxygenated carotenoids
such as the aforementioned pigments are only formed in moderate quantity under low primary productivity, similarly featuring
very low concentrations of oxygenated carotenoids such as Lut
(Sieburth et al., 1978; Barlow et al., 1993); these two conditions were observed across the study sites in general. Caro is
widely available in almost every algal taxonomic group, from
Cyanophyceae to Rhodophyceae, from Prasinophycae to Chlorophyceae (Guedes et al., 2011), varying only in their structural
details (Takaichi, 2011).
Chlorophycean algae possess Lut and Zea (Seoane et al., 2005)
whereas Prasinophyceae primarily synthesizes Zea in highly oxygenated environments; they also possess derivatives of α
carotenes as well as very trace amount of Lut (Chai et al., 2016).
Presence of very high concentrations of Fuco, in addition to Diat
and Diad is a tell-tale sign of the members of Bacillariophyceae
(Brown, 1988; Kuczynska et al., 2015) and this was corroborated
by the data yielded from the net collected samples. Fuco also
indicates the presence of members of Phaeophyceae (Willstätter
and Page, 1914). Diad, Zea, Chl b, Caro are all present in the
members of Class Euglenophyceae (Roach et al., 2015; Chai et al.,
2016) and their presence also pointed to the availability of euglenoids in the water. Fuco, Diad, Caro, and Diat are also present
in Haptophyceae (Seoane et al., 2006) which might have also been
present in the water. Fuco and Caro are available in the cells
of Chrysophyceae (Withers et al., 1981) as well; Fuco is present
in all the members of Prymnesiophyceae (Jeffrey and Wright,
1994) and Rabdophyceae (Fiksdahl et al., 1984), thus underlining the presence of all these taxa in the water. Cyanophycean
eukaryotes have been shown to possess Zea, Caro, Fuco, and Chl
b (Seoane et al., 2005; Chai et al., 2016) and the presence of all
these phytopigments combined with the higher cell density of
the cyanobacterial species indicated their prevalence along with
diatoms in the collected phytoplankton samples. Pheo a is formed
as a result of degradation or photooxidation of Chl a (Coupel et al.,
2015) and also is found in zooplankton faecal pellets (Nelson,
1989; Hayashi et al., 2001), but its poorly detectable concentration in the sampled waters meant that oxidative degradation of
the photosynthetic pigments was not taking place at large, nor
were the phytoplankton grazed upon at the time of sampling. This
was well corroborated by the prevailing conditions where high
Turb combined with low O2 saturation and dissolution restricted
the species assemblage to only those that could tolerate such
limiting O2 levels and resulted in lower GPP and NPP.
Chromophoric dissolved organic material or CDOM analysis
(Fig. 14) using the collected water samples revealed higher absorption within the blue region of the electromagnetic spectrum (colour), with the absorption peaks at 380 nm. Addition
of untreated anthropogenic effluents and resuspension of reduced sulphur-containing river bed sediments during the flood
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upper reach for RuBisCO to maintain its oxygenase activity without giving in to carboxylation, there might have been a higher
prevalence of R than NPP across the stations. Phyto.Den directly
influenced Chl a in addition to GPP and NPP, despite ambient
limitations imposed by high Turb, low trans and considerable
presence of reduced inorganic variables.
The PCA biplot (Fig. 15) pointed to the fact that concentration or intensity of the phytopigments and Phyto.Den are
interlinked, the latter is again highly influenced by the dissolved
plant nutrients, thus in extension governing the pigments themselves. As the physico-chemical variables and the phytopigments
were observed to be equidistant, exhibiting a central loading
on Phyto.Den, it implied a similarity in the influence and vice
versa on the principle component (Phyto.Den) itself. The interdependency is most concisely captured within Eq. (8) which
was constructed as a polynomial equation with CDOM being the
response variable. The reason behind the selection of a polynomial equation was to understand the dependency of the selected
response variable on all the other relevant predictor variables.
A multiple regression could have also served the purpose, but
due to low samples size (n < 10), and also due to the fact that
the report presented here was generated from a pilot survey intended to provide data for ground truth verification, a polynomial
seemed to be the right choice.

tide (high tide) had contributed largely to the observed absorption coefficients. The higher absorption in the blue region of
the spectrum meant dissolved organic matter (DOM) of mostly
terrigenous origin but the absorption maxima at or near 380–
390 nm implied water samples containing fulvic acid (C14 H12 O8 )
of autochthonous origin, and this pointed to the churning of
sediments by the tidal currents (Loiselle et al., 2009; Zhou et al.,
2019).
It was important to understand the interplay among the observed variables and Pearson’s correlation (r) matrix provided the
means to do so (Table 3). It is a bivariate correlation and normally
provides the data to understand the strength of the association
between two or more continuous, quantitative variables (Asuero
et al., 2006). Although it cannot be stated with certainty that the
correlation values are the exact reflection of the ecosystem of the
sampled sites as many intermediary or excluded variables would
have made a more meaningful impact on the interpretation of
the results and the matrix might have looked entirely different
as well, but, the values at least reflected the interrelations of the
variables at the time of sampling and in extension, the ecosystem
itself.
The observed negative correlation between wT and pH is
understandable since a rise in wT normally results in degassing
of both O2 and CO2 across the air–water interface due to the
decrease in solubility and change in partial pressure (Mitchell
et al., 1999; Sobolev et al., 2009; Muigai et al., 2010; Hall et al.,
2015; Bulmer et al., 2018); but the prevailing wT and the tidal
churning present at the time of sampling as evident from the high
Turb had both restricted photosynthetic activities as evident from
higher R; tidal resuspension of the river bed sediment could have
introduced the more anoxic part of the river to the surface which
in conjunction with CO2 (produced through R) could have lowered the pH (Mukhopadhyay et al., 2002; Sengupta et al., 2014)
and hence, the resulting negative correlations. Sal and Turb both
heavily influenced Cond, as evident from this study (Thirumalini
and Joseph, 2009; Tyler et al., 2017). This was expected as both
the increase in salt ions as well as particulate colloids in the
water increase ionic exchanges through charge differences caused
either by the dissolved salts or the flocculants involved in the
precipitation of the anionic suspended solids. As the study took
place with flood tidal effects at the selected sites, there was no
shortage of cations and anions in the water.
As expected Turb and Tran demonstrated a highly negative
correlation as higher suspended solids meant greater scattering
of the incident light, resulting in the reduction of penetration
within the water column and decreased visibility; Tran however
showed positive correlations with D.O. as the sediment load
with its resident microbes would adsorb and respire oxygen out
of the ecosystem culminating in lowered D.O. concentrations.
High Tran normally results in photoautotrophs receiving more
photosynthetically active radiation to perform photosynthesis at
higher rates than normal, thus replenishing the stock of D.O.
(Ryther, 1956; Luhtala and Tolvanen, 2013). However, the lower
saturation of O2 across the stations in tandem with the greater R
indicated that such photosynthetically conducive conditions were
never fully met during the sampling period.
Overall the ambient environment favoured the reduced forms
of the inorganic variables such as (NH3 +NH4 )–N and H2 S–S
(Table 3), which again underlined the resuspension of bottom
sediments (anoxic conditions) by tidal activities. NPP and R were
governed by wT which was physiologically optimal (25–28 ◦ C
being more preferred) and thus exhibited positive correlations.
Temperature controls the performance of enzymes (Brooks and
Farquhar, 1985; MacIntyre and Geider, 1996) and in turn the
metabolic pathways which they catalyze. However, as the temperature recorded was at around 30 ◦ C, which incidentally is the

5. Conclusion
This report is the assembly of facts gathered after the completion of the second year survey under the AVIRIS-NG scheme
(year 2018). Samples were collected during the high tide or flood
tide from sites based on satellite transects using a synchronized
GPS for ground truth verification. The premonsoon month of April
of 2018 was chosen as the period of the survey due to scanty
cloud cover which only minimally interfered with the infrared
spectrometry (AVIRIS).
Throughout the sampling of the stations wT remained around
30 ◦ C despite aT soaring around mid-thirties Celsius. Mean pH
hovered around the upper neutral mark with prominent highs
and lows due to high tidal influences or turbid resuspensions.
Trans was not high due to prevalent Turb, aiding in high Cond
(owing to the greater concentration of charged particles). The
oxidized and reduced compounds of nitrogen, phosphorus, silicon, and sulphur were all abundant, implying conditions that
favoured a well balanced redox cycle. Non-limiting concentration of nitrates, phosphates and ammonia indicated additional
input from anthropogenic activities. Comparatively greater dominance of Cyanophyceae and Bacillariophyceae underlined the
environmental enrichment by dissolved plant nutrients (leading
to eutrophication). Use of reverse phase HPLC revealed the presence of several other taxonomic groups of planktonic photoautotrophs which evaded the net. In spite of the apparent numerical dominance of cyanobacteria, the ecological indices showed
rather modest dominance which could be because of the diversity
of diatom species encountered, nullifying the preponderance of
cyanobacteria which failed to exhibit greater diversity.
Perhaps the most important revelation was the prevailing
dearth in D.O. across the selected section of the river Hooghly.
The concentrations observed cannot be interpreted as being hypoxic but were obviously suboptimal, with less than 50% saturation on average. This was again supported by low GPP and
NPP with relatively high R. Low to moderate Chl a concentration(s) could be attributed to the low primary production, in
addition to high Turb (and low Trans). The chosen stations were
all affected by resuspended sediments from the river bed, a fact
revealed by the CDOM analysis which indicated the sediment to
be autochthonous in nature, and rather than transported from
elsewhere.
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The hypothesis (middle stretch of River Hooghly is being adversely affected by the unchecked urbanization and
industrialization practises) was tested thoroughly and was found
to be partly true, highlighting considerable stress on Hooghly
River. The results of this study will be used in framing policies
centred on restorative measures to resuscitate the historically,
economically and culturally important distributary of the River
Ganges (Ganga).
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