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Abstract

Aulacoseira granulata (Ehrenberg) Simonsen 1979 are considered as the eco-variable species which varies in density and
diversity along with their morphological traits with the interference of environmental changes, so it is considered as one of
the major ecological indicators of the water quality of lotic as well as lentic aquatic ecosystems. To assess major environ-
mental factors which contribute to A. granulata bloom in the riverine system, a study was carried out from 2018 to 2019
comprising four different seasons at 11 sampling sites of river Ganga in the middle and lower stretch of river Ganga com-
prising freshwater and estuarine zones. For the analysis, different univariate, as well as multivariate, analytical tools such
as principal component analysis (PCA) and water pollution index (WPI) were used. In the finding, it was observed that the
average abundance of A. granulata was found maximum during the winter season. Among all the studied sites, the maximum
average abundance was at Balagarh (71,576 cell I™!) and minimum at Diamond Harbour (68 cell 17!). The environmental
factors such as dissolved oxygen, depth, and altitude showed a significant influence on the growth of A. granulata, while the
water temperature negatively influenced the growth rate of A. granulata. The WPI showed a significantly negative correlation
with cell length. Finally, the study concludes that the blooming of A. granulata is highly influenced by varied environmental
conditions along the river Ganga, suggesting possible eutrophication. Therefore, a certain minimum flow and depth especially
during the lean season have to be maintained for the sustenance of planktonic biota in the river Ganga.
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Introduction

Planktonic organisms are considered as a true biotic indica-
tor of any sort of alterations in aquatic health. Being the
nodal point of any aquatic food chain, it certainly depicts
the condition through which an aquatic environment is pass-
ing by, as they are highly sensitive to any sort of abiotic
abnormalities in the environment (Pham 2017). The plank-
tonic bloom in several open water aquatic systems has now
become a serious concern globally which is further coupled
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with increasing anthropogenic pollution (Nwankwegu et al.
2019; Hossain et al. 2012). Blooms are often a noticeable
occurrence irrespective of the form of the aquatic ecosys-
tem (lotic or lentic). Epiphytic plankton, mainly diatoms,
are being used as ecological indicators for several decades
(Rimet et al. 2015). In a lotic ecosystem such as rivers and
streams, diatoms form one of the ubiquitous planktonic com-
munities (Jia et al. 2009). These diatoms (Bacillariophyceae)
have also been reported from the mighty Ganga river sys-
tem in several past literatures (Hossain et al. 2012; Pandey
et al. 2017; Srivastava et al. 2020). Diatom community
representing the genus Aulacoseira (commonly known as
pennate diatoms) belonging to the phylum Bacillariophy-
ceae are widely available species in various inland freshwa-
ter systems (Chong et al. 2009). They are found mostly in
colonial growth habitats. The growth rate of the diatoms is
faster in contrast to other phytoplanktonic taxa (Wetz and
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Wheeler 2007). The species representing the genus Aulaco-
seira form a linear colony by linking together with spines
(Cox and Cox 1996). They are very large, complex, oldest
non-marine, and widely distributed diatoms (Ambwani et al.
2003) and best adapted to all inland water bodies like ponds,
lakes, streams, and rivers. The genus Aulacoseira has been
reported to have 144 species from all over the world (Guiry
and Guiry 2021). It is also reported to indicate a eutrophic
condition in rivers as they accumulate to form high biomass
(Hotzel and Croome, 1996; Yang et al. 1997). Physical and
chemical characteristics of an aquatic body like pH, tem-
perature, altitude, etc. play a vital role in the diversification
of diatoms (You et al. 2009). Though very widely spread,
the diatom species Aulacoseira granulata is considered to
be the most dominant in carbonate-rich eutrophic water bod-
ies (Kilham and Kilham 1975; Margalef 1983). They are
among the few bloom-forming diatom species (Aulacoseira
sp., Cyclotella sp., Stephanodiscus sp., and Fragilaria sp.)
in hyper-eutrophic freshwater environments (Ha et al. 2003).
Earlier works have reflected dominancy of the phytoplankton
group mainly by diatoms (Bacillariophyceae) on river Ganga
contributing to 100.0, 56.0, and 50% in upper, middle, and
lower zones, respectively (Pathak and Tyagi 2010). The for-
mation of bloom, the impact of abundance, and growth of A.
granulata have been documented in several lentic as well as
lotic water bodies from all over the world (Wang et al. 2017,
Wang et al. 2020), but the variation and quantified data on
the abundance of A. granulata which are lacking in large
flowing river systems are yet to be addressed. River Ganga
is designated to be the largest river in India sprawling over
26% of the total Indian geographical area. The river gorges
over three different eco-regions of India and thus sustaining
a large number of multifarious in terms of several aquatic
micro-flora and fauna (Sanghi 2013; Tripathi et al. 2017). In
river Ganga, the diversity of diatoms was high during sum-
mer but density was high during winter due to A. granulata
(Roshith et al. 2018). In this context, an attempt has been
made to document the seasonal occurrence and pattern of A.
granulata with the aim of assessing the onsets of blooming
conditions, factors triggering its actuality in the river, and its
impact on ecological aspects. The study will also quantify
and evaluate A. granulata acting as a pollution indicator spe-
cies in the large subtropical river of India.

Materials and methods

Study sites

River Ganga is the largest in India and the fifth largest in
the world. The river emerges out to be cool in the uplands

in the north and warmer during its course of flow until it
is finally confluence to form the biggest delta in the world

before draining into the Bay of Bengal in the east. The sites
covered were almost 1208 km and a total of 11 sampling
stations comprising the Indian states of Bihar and West
Bengal. The entire stretch has been divided into two zones
based on their hydrological characteristics. Freshwater zones
are mainly composed of Buxar, Patna, Bhagalpur, Farakka,
Jangipur, and Berhampore. Likewise, the estuarine stretch
covers the regions Balagarh, Tribeni, Godakhali, Diamond
Harbour, and Fraserganj. All the sites have been selected
based on their physical nature of water (tidal, etc.) and alti-
tude gradient (Fig. 1).

Climatic condition

The entire Ganga basin specifically the middle and lower
stretches experiences a typical monsoon climate extend-
ing from June to October. Although there are some differ-
ences in precipitation between the middle and lower Ganga,
the annual amount of rainfall remains the same which is
1000 mm (Quincey 2017). Warm and dry seasons extend
from March to May; however, winter starts from November
and ends in February.

Sample collection and identification

Plankton samples were collected quarterly for 1 year (2018
to 2019) covering all four tropical seasons. Composite
samples from the mid-channel of the river were collected
manually against the water current using the typical country
boat. To maintain uniformity, a total of 100 I of plankton
samples were collected at first from the subsurface depth of
0.5-1.0 m using a water sampler from which 1 1 of the mixed
representative sample was taken out. Common conical tow
net (mesh size 20 ym) was used to serve the purpose. One
liter of plankton sample was also collected without any fil-
tration, fixed in Lugol’s iodine solution, and analyzed based
on sedimentation method to check if all representatives of
the species are present. Plankton samples were collected in
dry polyethylene containers using 4% buffered formalin as
a preservative. The identification was done following the
standard literature such as Moro (1991), Kulikovskiy et al.
(2016), and the International Code of Biotic Nomenclature
(ICBN). For valid and updated names, AlgaeBase was fol-
lowed. Samples from rich eutrophic regions were diluted for
analysis. For taxonomic identification and qualitative assess-
ment, 0.5 ml of each mixed sample was analyzed under a
microscope (Model No. Zeiss Scope Al). The counts were
recorded in cell 17!, Cell size was represented by cell diam-
eter and cell length; filament size was represented by fila-
ment width (cell diameter) and filament length (in terms of
cell numbers per filament).
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Fig.1 Study area map of the sampling sites

Water quality parameter

Water samples were collected between 0830 and 0930 h for
determining various water quality parameters. In situ analy-
sis of parameters like water temperature (*C), pH, conductiv-
ity (uS/cm), and turbidity (NTU) was carried out in the field
by using YSI ProDSS multi-parameter probe, and velocity
(m/sec) was measured using a digital flow meter. Depth
was measured using an ultrasonic depth meter. Transpar-
ency (cm) was measured by a Secchi disk. Dissolved oxygen
(ppm) was done by Winkler’s method in the field. Whereas
for nutrient parameters such as nitrate (ppm), phosphate
(ppm), sulfate (ppm), and silicate (ppm), water samples were
taken to the laboratory at 4 °C. All the water quality param-
eters were analyzed following the APHA (2017).

Water pollution index (WPI)
For evaluation and characterization of the different sampling

stations based on their chemical health, the water pollution
index was calculated, which has been derived and modified

@ Springer

from the nutrient pollution index developed in the USA
by Dodds et al. (1998) and in South Korea by Lee and An
(2009) and lastly modified by Atique and An (2019). For
the analysis of the nutrient regime total nitrogen and total
phosphorus, ratio of total nitrogen:total phosphorus was uti-
lized. For the analysis of the organic matter, biochemical
oxygen demand (BOD) was used. For ionic contents and
solids, the total suspended solids and specific conductivity
were used. Chlorophyll was used for the estimation of pri-
mary production (Wang et al. 2017). The calculated values
were compared and graded based on scores, i.e., for excel-
lent (31-35), good (25-29), fair (19-23), poor (13-17), and
very poor (7-11).

Statistical analysis

A multivariate statistical analysis, principal component
analysis (PCA), was followed using Past 4.03 software. So
for the study, 29 different environmental variables, phy-
toplankton (PHYTO), A. granulata (AUL), zooplankton
(Z0OO0), total plankton (TPLANK), water temperature (WT),
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depth (DEP), transparency (TRAN), velocity (VEL), tur-
bidity (TUR), conductivity (COND), pH, dissolved oxygen
(DO), biochemical oxygen demand (BOD), total alkalinity
(TALK), free carbon dioxide (FCO,), calcium (CAL), total
hardness (THAR), salinity (SAL), total nitrogen (TOTN),
available nitrogen (AVN), total phosphorus (TOTP), silicate
(SILI), total solid (TS), total dissolved solid (TDS), total
suspended solid (TSS), chlorophyll A (CHA), chlorophyll B
(CHB), chlorophyll C (CHC), and total chlorophyll (TCHL),
were used, which were distributed at 11 different sampling
stations (Fig. 4), i.e., Buxar, Patna, Bhagalpur, Farakka, Jan-
gipur, Berhampore, Balagarh, Tribeni, Godakhali, Diamond
Harbour, and Fraserganj.

Karl Pearson’s correlation was also performed to find out
the influencing factors which determinedly affect the bloom
and growth of A. granulata. Prior to analysis of the data,
the Kolmogorov—Smirnov test for normality was also per-
formed, and the data sets were found suitable for the analysis
using SPSS software 20.1.

The Bray—Curtis cluster analysis was performed to know
the similarity among the different stations based on total
length, valve length, cell number, cell length, and density
(Guinder et al. 2020).

Results and discussion
Morpho-taxonomic identification of A. granulata

Class: Coscinodiscophyceae.

Order: Aulacoseirales.

Family: Aulacoseiraceae.

A. granulata is a pinnate diatom belonging to the class
Bacillariophyceae. The cells are tightly connected to form

a long filament. The cell wall has rows of dots and a ring
of spines, located at the end of the cell. The deep valve
mantle forms a right-angled junction with the valve face.
Valve is striate. Chloroplasts are small disk- or plate-like.
The species is designated to be a nano-plankton (<30 pm)
comprising series of valves. The average total length was
found to be 418 +2.89 um while the mean valve length
was recorded to be 12.45+0.06 um. The total length of
the filament including spine length, valve length, total cell
count, and cell length of a single filament varied signifi-
cantly among all the stations. In the region (Berhampore,
Balagarh, and Tribeni) where the density of A. granulata
was more, the size range was observed lower (Table 1).
Pictures of A. granulata are given in Fig. 2.

Seasonal abundance of A. granulata

It is noteworthy that the total volume of the plankton var-
ies seasonally in all aquatic systems, and the same has
been observed in the present study of river Ganga (Laksh-
minarayana 1965). During the pre-monsoon months (Feb-
ruary to April), the density of A. granulata was observed
to be 905 cell 17!, The count of A. granulata was recorded
lowest (113 cell 17!) during the monsoon months (June to
August). This can be attributed to the huge influx of water
in the Ganga from adjacent tributaries during peak mon-
soon. This is characterized by high water velocity (avg.
0.6 m sec™!) and depth (av. 10.1 m) resulting in the break-
ing of the thermocline. During post-monsoon (September
to October), the density of A. granulata was observed at
352 cell 17!, The riverine diatom, A. granulata, dominated
during the winter season extending from December to Jan-
uary with the abundance of 52,970 cells 17! throughout

Table 1 Morphological

Sampling stations
measurement of A. granulata

Avg. total length (um) Avg. valve length (um) Avg. cell no.

Avg. cell length (um)
per filament

(mean + SE)
Buxar 950.37£27.32
Patna 762.96+18.26
Bhagalpur 635.78 +20.21
Farakka 344.56 +6.49
Jangipur 267.36+1.71
Berhampore 361.17+2.54
Balagarh 472.38+7.69
Tribeni 210.10+1.89
Godakhali 303.57+1.45
Diamond Harbour 177.85+0.60
Fraserganj 111.96 +£6.38

14.95+0.94 16.78 £0.45 57.24+0.68
13.29+0.51 13.44+0.39 54.70+1.28
1494 +1.15 12.00+0.32 53.11+1.17
11.08+0.62 11.00+042 42.86+2.03

9.58 +£0.62 9.56+0.19 29.12+0.51
13.14+0.57 11.78+042 3691+1.55
10.57+0.39 14.00+£0.39 36.69+0.87
13.01+£0.67 8.44+0.21 27.46+0.68
12.91+0.45 9.78+0.21 31.59+0.55
11.23+0.55 7.33+0.30 26.07+0.77
12.23+0.66 6.33+0.47 29.52+1.10
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Fig.2 Aulacoseira granulata
observed at different sampling
sites

Fig.3 Season-wise abundance
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Fig.4 Seasonal variation of A.
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the entire river stretch (Fig. 3). This might be due to the
sluggish nature of water velocity (avg. 0.4 m sec™!) and
conducive environmental factors during the period.

Stretch-wise distribution of A. granulata abundance

The sudden prolific rise of diatom A. granulata has been
recorded from all the stations with the highest value at Bala-
garh (285,863 cell I™!) followed by Tribeni (153,608 cell 171
and Berhampore (20,942 cell 1I7!). The blooming conditions
of A. granulata have been recorded to significantly peak dur-
ing the winter months. During post-monsoon months, the
highest abundance of A. granulata was found at Buxar and
Tribeni (5652 cell 171), while correspondingly the lowest
abundance was recorded at the estuarine stretch (Godakhali.
Diamond Harbour, and Fraserganj). All the stations showed
the lowest dominance of A. granulata throughout mon-
soon. In this season, the highest dominance of the diatom
was observed at Bhagalpur (780 cell 17!), while the least
dominance was observed at Buxar and Diamond Harbour.
The diatom A. granulata was recorded high at Bhagalpur
(5652 cell I7") and low at Berhampore during pre-monsoon.
Stretch-wise seasonal variation of A. granulata is shown in
Fig. 4.

Water pollution index

The water pollution index was calculated for the assess-
ment of the different sampling stations (Table 2). The
analysis revealed that all the sampling stations were in the
fair category of the WPI, although the scores varied among
the different stations between 19 and 23. A score of 19
was obtained from different stretches, viz., Buxar, Patna,
Bhagalpur, Balagarh, and Fraserganj. A score value of 21
was obtained at Farakka, Tribeni, and Diamond Harbour,

whereas comparatively higher scores of 23 were obtained at
Jangipur, Berhampore, and Godakhali.

The correlation was done between WPI and several other
morphological characteristics (total length of the filament,
valve length, total cell count of one filament, cell length of
one filament, and abundance) of A. granulata (Fig. 5). The
same correlation was obtained between different structural
parameters and a significantly negative correlation with WPI
was obtained with cell length (r= —0.663) (Fig. 5). Cell
total length (r= —0.587, p>0.01), valve length (r= —0.492,
p>0.01), cell number (r=—0.518, p>0.01), and cell den-
sity were found to negatively correlate with WPI but not
significantly. It indicated when the value of WPI was high,
the total length of the cell decreases.

Correlation between different water quality
variables and A. granulata abundance

The Karl Pearson correlation was carried out in which the
significant correlation (p < 0.05) was observed with differ-
ent environmental constraints, i.e., water temperature (WT),
depth (DEP), transparency (TRAN), velocity (VEL), tur-
bidity (TUR), conductivity ( COND), pH, dissolved oxygen
(DO), biochemical oxygen demand (BOD), total alkalinity
(TALK), free carbon dioxide (FCO2), calcium (CAL), total
hardness (THAR), salinity (SAL), total nitrogen (TOTN),
available nitrogen (AN), total phosphorus (TOTP), silicate
(SILI), total solid (TS), total dissolved solids (TDS), total
suspended solids (TSS), chlorophyll A (CHA), chlorophyll B
(CHB), chlorophyll C (CHC), and total chlorophyll (TCHL)
(Table 3), which can be considered as influencing factors
that determinedly affect the bloom and growth of A. granu-
lata. Significantly positive correlation was observed with
depth (r=0.342), dissolved oxygen (r=0.507), and chloro-
phyll A (r=0.564). However, a significantly negative cor-
relation was observed with water temperature (r= —0.402).
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Principal component analysis

In the study, 7 PCs were selected where the eigenvalue
was > 1. The combined variance percentage for the 7 PCs
was 78.84%. In the 1st PC where the variance percentage
was 28.94%, a strong positive loading was observed with
conductivity (r=0.89), total hardness (r=0.83), salinity
(r=0.91), and total suspended solids (r=0.78), while
moderate positive loading was observed with calcium
(r=0.74), chlorophyll B (r=0.56), and chlorophyll C
(r=0.69). No strong negative loading was observed.
Moderate negative loading was found with dissolved
oxygen (r= — 0.65) and silicate (r= —0.56). The 2nd PC
having 13.27% variance has no strong positive loading.
Moderate positive loading was observed with free carbon
dioxide (r=0.60) and chlorophyll C (r=0.50), while there
was no strong and moderate negative loading observed
in the 2nd PC. In the 3rd PC, the variance percentage
was 12.39% and moderate positive loading was observed
with total alkalinity (r=0.57) and total chlorophyll
(r=0.65). Moderate negative loading was observed with
water temperature (r= — (0.50); in the 4th PC, a variance
of 9.54% was observed. Moderate positive loading
was observed with A. granulata (r=0.65) and depth
(r=0.54), while moderate negative loading was observed
with transparency (r= —0.56) and total phosphorus
(r= —0.58). In 5th PC, the variance % was 5.49%, whereas
no strong and moderate positive loading was observed.
Moderate negative loading was found with biochemical
oxygen demand (r= —0.65). In the 6th PC, the variance
% was 4.94%, and in this, no strong and moderate positive
loading was observed. In the case of nutrient parameters,
moderate negative loading was found with total nitrogen
(r=—0.55). In the 7th PC where the variance % was 4.30,
there was no strong and moderate positive or negative
loading observed in it. The results of PCA are given in
Fig. 6 and Tables 4 and 5.

Cluster analysis

In the analysis, it was found that cophenetic correlation
was 0.92 which shows the best suitability of the data
for cluster analysis among the different stations. In the
analysis, 2 paired groups were formed. In the first paired
group, the similarity was found between Bhagalpur,
Berhampore, Tribeni, and Balagarh. The 2nd group has
3 subgroups. Firstly, Patna and Buxar showed maximum
similarity. Stations like Farakka and Godakhali showed a
similar trend in the second subgroup. The same trend was
followed in the third subgroup between Diamond Harbour
and Fraserganj (Fig. 7).

WPI vis-a-vis morphological variation

For comparing the morphological traits by the WPI, we
relied upon the Karl Pearson correlation methods. The data
highlighted that all the morphological traits exhibited an
inverse relationship with the WPL. Interestingly, the rela-
tionship between cell length and WPI indicated significant
negative correlation (r= —0.66, p>0.01). The mean cell
number per filament was also recorded relatively consist-
ent with 10.94 +3.08. This can be attributed to that WPI
influences the overall morpho characteristics of the dia-
tom. The results outlined that the total cell length of the
diatoms was observed to decrease significantly with the
increased value of the WPI. Further, the findings suggest
a significant variation in other diatom morphology with
the chemical loadings. Total nitrogen showed a signifi-
cant positive correlation with the valve length (r=0.706,
p>0.05). Similarly, total phosphate revealed a signifi-
cant positive relationship with valve length (r=0.646,
p>0.05) and cell length (r=0.687, p > 0.05), respectively.
Silicate was also found to establish an intricate positive
relationship with the morpho parameters like valve length
(r=0.711, p>0.05) and cell length (r=0.640, p>0.05),
respectively.

Discussion

Planktonic organisms are considered as the aquatic bioin-
dicator in the open water system and especially in the riv-
erine system (Parmar et al. 2016) and the blooming condi-
tion of any of the diatoms themself explain the eutrophic
status of the water quality which signifies the lower water
flow rate in the system (Yang et al. 2012). The study was
conducted to monitor the blooming condition and distri-
bution pattern of A. granulata in the Ganga river system.

Taxonomy

Bacillariophyceae is widely recognized as a diatom and is
predominantly unicellular consisting of rigid box-shaped
silicified cell walls recognized as frustules (Cupp 1943).
The species is first reported by Simonsen in 1979 (Guiry
and Guiry 2021) whose basionym is Gaillonella granulata
(Ehrenberg) and the synonym is Melosira granulata (Ehren-
berg) Ralfs (Mayama 1991). The morphological character-
istics ensuring the confirmation of A. granulata consist of
long linked cells with upright spines inserted on valves (Cox
and Cox 1996). The variety is characterized by the pres-
ence of 14 separated pines (Bicudo et al. 2016); the average
total length was 418 +2.89 um; and the mean valve length
was 12.45 +0.06-pm cell length (Cox and Cox 1996). The
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Fig.5 Correlation of the water pollution index with morphological characters. (TL, total length; VL, valve length; CN, cell number; DEN, den-

sity; WPI, water pollution index)

species A. granulata exhibits a diverse range of morpho-
logical variations (Kilham and Kilham 1975). The structural
variation of A. granulata in the different aquatic ecosystems
has been observed diversely (Wang et al. 2020).

Ecology and distribution: This species has a worldwide
distribution (Guiry and Guiry 2014) and occurs in a wide
range of trophic conditions but is mostly associated with
eutrophic waters (Taylor et al. 2007).

Distribution and composition pattern

Many genera and species of phytoplankton communities
belonging to Bacillariophyceae have the potential to
enhance the degree of eutrophication in the river Ganga
(Srivastava et al. 2016). Similarly, Roshith et al. (2018)
and Parakkandi et al. (2021) have also observed that
diatom, A. granulata, is a dominant species among the
phytoplankton population in the summer and winter
seasons. Lakshminarayana (1965) also reported that
the diatoms had two peak points: one is summer season
(March) and another one is winter (December) in the river
Ganga. The present investigation also agreed with the
findings that the species A. granulata has shown a higher
degree of abundance during pre-monsoon (905 cell 171
and winter season (53,188 cell 17!). The sudden plentiful
rise of diatom A. granulata has been confronted from all
the stations with the highest at Balagarh (285,863 cell 17!
followed by Tribeni (153,608 cell 1™Y and Berhampore
(20,942 cell 171).

@ Springer

The Bray—Curtis cluster analysis was performed to know
the similarity among the different stations based on total
length, valve length, cell number, cell length, and density
(Guinder et al. 2020). The present study indicated a similar
trend of the population in all the freshwater and saline water
zones. The introduction of saline water in the lower sites like
Fraserganj and Diamond Harbour has also created altera-
tion in the morphological structure. The results obtained
were found in agreement with previous studies (Blum 1957,
Kanaya and Kikuchi 2008).

Physicochemical properties

Among the different physicochemical parameters, the
significantly influenceable parameters are water tempera-
ture (r= —0.402), depth (r=0.342), dissolved oxygen
(r=0.507), and chlorophyll A (r=0.564), which were sim-
ilar to the other studies of different water bodies such as
Danjiangkou Reservoir, China (Zheng et al. 2020). Water
temperature negatively affected the growth of A. granulata
showing a higher growth rate during the winter season. The
different nutrient parameters are dependent on water temper-
ature (Thomas et al. 2017), which also affects the chlorophyll
A composition and variation in the river system, by which
the planktonic diversity and density are dependent (Moeller
et al. 2019). Thus composition and variation of chlorophyll
control the growth of plankton communities (Moeller et al.
2019). Similar observations, i.e., the influence of water tem-
perature on plankton growth specifically freshwater diatoms,
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were found in several studies (Zhang et al. 2019). Similarly,
the density has been positively influenced by depth during
winter, and higher depths were observed in the river as simi-
lar to the Gharraf River of Iraq (Al-Husseini and Alsalman
2020). A significant positive correlation with dissolved oxy-
gen was also observed; during daytime with sunlight, the
photosynthetic activities of the phytoplankton get enhanced;
and relatively more oxygen is released in the aquatic system
when the numbers of phytoplankton is higher and is also
depending on water temperature (Sekerci and Petrovskii

2018). In the present study, higher dissolved oxygen in the
riverine system has also been reported during the post-mon-
soon and winter season. Chlorophyll A greatly influences the
process of photosynthesis in aquatic plants (Tsai et al. 2019).
Similar observations were also found in the present findings
as a significantly positive correlation with chlorophyll A was
found with A. granulata.

PCA bi-plot is a well-known statistical tool for the
analysis of specific variable and their interdependency on
the other environmental variables (Singh et al. 2019). The
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Fig.6 PCA bi-plot of the differ-

ent environmental parameters
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principal component analysis is a widely accepted multivari-
ate statistical tool used for the analysis of the wide number of
environmental factors affecting the diversity and density of
the planktonic species (Pratiwi 2019; Herawati et al. 2020;
Matta et al. 2020). In this finding, the 1st PC is having posi-
tive loading with conductivity, total hardness, salinity, total
suspended solids, calcium, chlorophyll B, and chlorophyll C,
while the negative loading was found with dissolved oxygen
and silicate. The loading revealed the influence of the estua-
rine zone of the river. The same has been observed in other
studies made in the estuarine stretch (Hooghly estuary) of
river Ganga by Rakshit et al. (2017). The 2nd PC is having
positive loading with free CO,, and chlorophyll C shows
the impact of monsoon; due to cloudy weather, the free CO,
and higher chlorophyll content were observed in the riverine
system; and the observations were the same as those of the
Erai river of Maharashtra, India, and in the metropolitan city
of Korea (Shende and Rathoure 2019; Hong et al. 2020).
The 3rd PC is having positive loading with total alkalinity
and total chlorophyll, while negative loading was observed

Tab.le 4 Eigenvalues and PC Eigenvalue % variance
variance % of the 7 extracted
principal components 1 7.23501 28.94

2 3.31685 13.267

3 3.0954 12.382

4 2.38506 9.5402

5 1.37163 5.4865

6 1.23455 4.9382

7 1.07258 4.2903

@ Springer

with water temperature; the PC may also have denoted the
contribution of organic matter loading and ion dissolution in
the riverine system. The observations were similar to those
of the upper stretch of river Ganga (Dimri et al. 2021). In
the 4th PC, positive loading was observed with A. granulata
and depth, and negative loading was found with transparency
and total phosphorus. The PC signifies the importance and
influence of river depth. The negative loading with water
transparency signifies the relatively higher riverine veloc-
ity which causes turbidity in the river (Ayoade et al. 2009).
The negative loading with total phosphorus also signifies
the higher riverine flow in which the nutrients such as phos-
phorus and nitrogen get dissolved. Similar observations
were also observed with the Mississippi River where the
maximum blooms of cyanotoxin-producing plankton were
observed (Bargu et al. 2011). In the 5th and 6th PC, negative
loading was observed with biochemical oxygen demand and
total nitrogen. This signifies the pollution status of the river
and higher nutrient load which may cause eutrophication in
the riverine system.

The use of the WPI for the zonation and chemical char-
acterization of the riverine system has been widely used in
the studies of the large river such as in the Shanchong River
of China (Wang et al. 2015), Sava River, Serbia (Popovic
et al. 2016), and Damodar River, India (Chakraborty et al.
2021). The score of the WPI was varied between 19 and
23, depicting fair water conditions throughout the stretch.
The different WPI scores such as 19 were obtained from
Buxar, Patna, Bhagalpur, Balagarh, and Fraserganj, while
the score value of 21 was obtained at Farakka, Tribeni, and
Diamond Harbour. However, comparatively higher scores
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Table 5 Principal components PC 1 PC 2 PC 3 PC 4 PC5 PC6 PC7

of 7 extracted PCs having

eigenvalues > 1 AUL -0.16 -0.13 0.35 0.65 0.14 0.29 0.24
WT 0.26 0.45 -0.5 -0.39 0.22 0.29 -0.03
DEP 0.12 0.27 0.02 0.54 -0.35 0.09 0.41
TRAN -03 -03 0.44 -0.56 0.01 -0.03 —0.01
VEL 0.08 0.27 -041 0.51 0.15 0.02 0.25
TUR 0.38 0.62 -0.18 0.02 0.08 -0.23 0.43
COND 0.89 -0.29 0.14 -0.07 —0.03 0.1 -0.09
pH -0.22 -0.37 0.07 0.42 0.39 -0.29 —0.11
DO —0.65 -0.38 0.32 0.37 0.07 0.01 0.03
BOD 0.22 —0.11 0.28 -0.2 —0.65 0.2 0.18
TALK -0.08 -0.39 0.57 -0.02 -0.35 -0.4 0.15
FCO2 0.02 0.6 0.21 -0.18 0.17 -0.27 0.01
CAL 0.74 —-045 -0.02 0 0.36 —0.11 0.02
THAR 0.83 -04 -0.02 -0.09 0.15 0.03 —0.01
SAL 0.91 -0.31 0.1 -0.07 —0.01 0.08 —0.06
TOTN -0.1 0.48 0.37 -0.3 0.12 —0.55 0.14
AVN -0.44 -0.25 -0.04 -0.32 0.22 0.4 0.31
TOTP -0.15 0.12 0.54 -0.58 0.17 0.11 0.23
SILI -0.56 —0.05 0.34 -0.34 0.3 0.28 0.28
TS 0.86 -0.2 -0.03 -0.04 0.1 —0.06 0.3
TDS 0.81 -0.21 —0.06 —0.03 0.04 -0.07 0.37
TSS 0.78 -0.23 0.12 -0.02 0.08 —0.11 0
CHA —0.05 0.12 0.72 0.45 0.25 0.08 —0.06
CHB 0.56 0.49 0.44 —0.03 -0.02 0.18 -0.18
CHC 0.69 0.5 0.3 0.07 -0.05 0.17 -0.23
TCHL 0.44 0.42 0.65 0.27 0.1 0.18 -0.13

of 23 were yielded at Jangipur, Berhampore, and Godakhali.
The higher values signify the better quality of water and vice
versa (Atique and An 2019, 2020). The structural differen-
tiation of A. granulata has been used in many of the studies
such as in the Pearl River of China (Wang et al. 2017, 2020)
for the assessment of aquatic ecosystems. The correlation
was done between the WPI and total length of the filament,
valve length, total cell count of one filament, and cell length
of one filament and abundance. A significantly negative
correlation (r= —0.663) with WPI was obtained with cell
length. It is very much evident that the parameters related
to the quantitative structure are very much influenced by the
environmental changes (Bedoshvili et al. 2007; Poister et al.
2012). In the present study, the overall cell length varied
significantly with the computed value of WPI. On the other
hand, chemical parameters showed an intricate relationship
with the morphological parameters also. Jewson (1992) has
opined that these environmental parameters have a strong
association with its growth.

As in the earlier studies, it was also found that the
blooming condition of the diatoms like A. granulata

signifies the deteriorated environmental condition of the
riverine system which hinders the growth and survival of
the native aquatic organisms (Joung et al. 2013; Poister
et al. 2015) by adversely affecting their ecological niche.
In the present study, also the deteriorated environment has
been shown with many of the environmental variables and
morphological traits of A. granulata which shows the sig-
nificant correlation among each other..A. granulata is an
indicator of water pollution because of its sustainability
in a very stressful environmental condition (Grigoryeva
et al. 2019).

Conclusion

From the analysis, it was found that the blooming condition
of A. granulata was affected by water temperature, chloro-
phyll A, and dissolved oxygen. Maximum abundance was
confronted during the winter season especially (December
to January). The blooming condition of the plankton denotes
the eutrophic status of the riverine system which may be
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Fig.7 Bray—Curtis cluster analysis of studied station
corrected by increasing the riverine flow and reducing the ~ Declarations

anthropogenic activities in the vicinity of the river. Further
studies in this direction would be of immense help in track-
ing the eco-health condition of the riverine system and ben-
eficial for the greater perspective of stakeholders depending
on this system.
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