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Abstract
The coastal ocean receives nutrient pollutants from various sources, such as aerosols, municipal sewage, industrial effluents 
and groundwater discharge, with variable concentrations and stoichiometric ratios. The objective of this study is to examine 
the response of phytoplankton to these pollutants in the coastal water under silicate-rich and silicate-poor coastal waters. In 
order to achieve this, a microcosm experiment was conducted by adding the pollutants from various sources to the coastal 
waters during November and January, when the water column physicochemical characteristics are different. Low salinity and 
high silicate concentration were observed during November due to the influence of river discharge contrasting to that observed 
during January. Among the various sources of pollutants used, aerosols and industrial effluents did not contribute silicate 
whereas groundwater and municipal sewage contained high concentrations of silicate along with nitrate and phosphate during 
both the study periods. During November, an increase in phytoplankton biomass was noticed in all pollutant-added samples, 
except municipal sewage, due to the limitation of growth by nitrate. On the other hand, an increase in biomass and abundance 
of phytoplankton was observed in all pollutant-added samples, except for aerosol, during January. Increase in phytoplankton 
abundance associated with decrease in biomass was observed in aerosol-added sample due to co-limitation of silicate and 
phosphate during January. A significant response of Thalassiothrix sp. was observed for industrial effluent–added sample 
during November, whereas Chaetoceros sp. and Skeletonema sp. increased significantly during January. Higher increase in 
phytoplankton biomass was observed during November associated with higher availability of silicate in the coastal waters 
in January. Interestingly, an increase in the contribution of dinoflagellates was observed during January associated with low 
silicate in the coastal waters, suggesting that the concentration of silicate in the coastal waters determines the response of 
the phytoplankton group to pollutant inputs. This study suggested that silicate concentration in the coastal waters must be 
considered, in addition to the coastal currents, while computing dilution factors for the release of pollutants to the coastal 
ocean to avoid occurrence of unwanted phytoplankton blooms.

Keywords  Industrial effluents · Sewage · Groundwater · Pollution · Plankton response

Introduction

The continuously escalating occurrence and distribution 
of algal blooms have become a genuine global concern 
over the past many decades (Hallegraeff 1993; Anderson 

2009). Two major challenges faced due to this phenome-
non include intensifying oxygen-minimum zones (OMZs; 
Naqvi et al. 2000; Bristow et al. 2017; Breitburg et al. 2018) 
and the spread of harmful algal blooms (HABs; Anderson 
2009; Karlson et al. 2021). Several studies suggested that 
the rapid mass production of phytoplankton is stimulated 
by prolonged supplementation of nutrient loading, which 
is generally limited in the coastal systems (Vollenweider 
1968; Smayda 1990; de Jonge et al 2002). The ongoing pat-
tern of emerging eutrophication zones nearshore has been 
thoroughly documented by several researchers and is pri-
marily attributed to the generation of nutrient and organic 
load released either naturally by rivers (Chen et al. 2003; 
Wang et al. 2007) and deposition of atmospheric dust (Yadav 
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et al. 2016; Kumari et al. 2022) or through anthropogenically 
induced actions including industrial effluents, port activities, 
agricultural run-off and domestic sewage discharge (Khan 
and Mohammad 2014; Withers et al. 2014; Hasler 1947). 
These changes have resulted in the accelerated development 
of hypoxia over several coastal oceans in the world. Blooms 
are complex phenomena that can be influenced by a variety 
of factors, including the biogeochemical cycling of nutrients 
and physicochemical and biological processes (Turkoglu and 
Koray 2004). These factors can vary with reference to time, 
season and location, making it challenging to predict and 
manage blooms. Understanding these factors is crucial for 
mitigating the impacts of blooms on ecosystems and human 
health.

The Bay of Bengal (BoB), the north-eastern part of the 
Indian Ocean, receives a huge amount of discharge from 
major rivers including the Ganges, Brahmaputra, Mahanadi 
and Godavari with a peak influx during summer (June to 
September) compared to other seasons (UNESCO 1979; 
Schott and McCreary 2001; Shankar et al. 2002; Papa et al. 
2010). The East India Coastal Current (EICC) displays sea-
sonal reversing trends along the coast that spread riverine 
water along the coast (Murty et al. 1993; Shetye et al. 1996). 
The equatorward flow of EICC during October–December 
distributes low saline water, discharged by rivers, along 
the east coast of India (Rao et al. 1994; Naqvi et al. 1994; 
Kumar et al. 1996; Sarma et al. 2013). The poleward EICC 
flow (Shetye et al. 1993; Sanilkumar et al. 1997; Babu et al. 
2003; Gangopadhyay et al. 2013) from January to June (She-
tye et al. 1993) carries high saline waters. Therefore, the 
coastal stratification is mainly controlled by the seasonal 
reversal in EICC. Sarma et al. (2013) observed that nutrient 
concentrations in the coastal waters are significantly modu-
lated by the flow of EICC. High concentrations of silicate 
(> 2 µM) and low nitrate and phosphate were reported from 
October to December when nitrate is a limiting nutrient 
associated with low salinity. In contrast, silicate limits the 
phytoplankton biomass from January to June associated 
with high salinity. The discharge of pollutants from differ-
ent sources mostly brings nitrogen and phosphorus nutri-
ents to the coastal waters, but not silicate; therefore, the 
response of phytoplankton may vary with season. Several 
studies were conducted to examine the response of phy-
toplankton composition and dominance due to alterations 
of nutrient ratios and concentrations in the coastal waters 
(e.g. Jickells 1998; Officer and Ryther 1980, Piehler et al. 
2004). For instance, Raman and Ganapati (1986) reported 
occurrence of Skeletonema costatum blooms with increase 
in Chl-a biomass from 2 to 49.4 mg/m3 in the coastal Bay of 
Bengal, off the Visakhapatnam harbour, which is attributed 
to the input of untreated sewage and fertilizer factory efflu-
ents. Karthikeyan et al. (2010) noticed that industrial effluent 
input to the coastal Bay of Bengal increased the growth of 

marine diatoms, Chaetoceros simplex, and the response of 
diatom was increased with increase in the pollutant concen-
trations. Enhanced concentration of phytoplankton biomass, 
especially potential harmful species such as Trichodesmium, 
Microcystis and Pseudo-nitzschia, was observed due to dis-
charge of sewage along the coastal Dar es Salaam, Tanza-
nia (Hamisi and Mamboya 2014). However, there were no 
studies to our knowledge that examined how coastal water 
concentrations of nutrients would determine the response of 
phytoplankton to pollutants from different sources. In addi-
tion to this, most of the studies either focused on municipal 
sewage or industrial effluents, and no studies were conducted 
simultaneously to examine the impact of variable sources of 
pollutants on coastal water phytoplankton.

The present study focuses on the coastal water of the 
Visakhapatnam region, where industrial and sewage dis-
charge spots are widespread across the coast. The intensely 
colonized coastal areas engage in numerous urban develop-
ments, industrial activities and over-utilization of marine 
resources. Commercial and residential conglomerates 
around the coast, thus, raise the concern of intensifying 
anthropogenic pollution and aggravating environmental deg-
radation (Häder et al. 2020). The coastal city, Visakhapat-
nam, is an important hub for industrial activities along the 
east coast of India, harbouring 1132 registered commercial 
and industrial enterprises during 2019–2020 (State report 
2023). Visakhapatnam ranks among the most swiftly grow-
ing industrial city in Asia. Semi- or untreated effluents 
are generated and discharged by circa 1,960,000 inhabit-
ants into the intertidal region. With an immense discharge 
rate of ~ 305 MLD of industrial and ~ 50 MLD of domestic 
sewage, the city is listed among the 19 hotspots across the 
country with significant levels of pollution requiring year-
round monitoring of discharge (CPCB 2008; Madeswaran 
et al. 2018). The study region also receives a high amount 
of atmospheric pollutants throughout the year (Kumari et al. 
2022) and contributes to excessive coastal water nutrients 
and ocean acidification (Kumari et al. 2021). The groundwa-
ter along Indian coastal waters is heavily polluted with refer-
ence to nitrogen nutrients (Kumar et al. 2021) mainly driven 
by agricultural pollutants. The objective of this study is to 
examine the response of coastal phytoplankton to the dis-
charge of pollutants from different sources during Novem-
ber (silicate-rich coastal waters) and January (silicate-poor 
coastal waters) using microcosm experiments.

Material and methods

Sample collection

Coastal water samples and pollutants, including aerosol, 
municipal sewage and industrial effluent, and groundwater 
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samples were collected from different locations in the city 
of Visakhapatnam (Fig. 1). The details of the sampling loca-
tions and methods are given below.

Coastal waters

Coastal water sample was collected using a polyvinyl bucket 
from Ramakrishna Beach (17.71° N; 83.33° E), Visakhapa-
tnam. Samples were then transferred to 20-L pre-cleaned 
transparent polycarbonate Nalgene bottles by filtering 
through zooplankton mesh (200 microns) to remove meso-
zooplankton. However, the smaller zooplankton, passed 
through the mesh, may remain in the sample, and they may 
influence the response of phytoplankton. Therefore, the 
actual response of phytoplankton may be slightly impacted 
by grazing of smaller zooplankton in our experiments. The 
experiment was done twice, first in the month of Novem-
ber 2021 and a second time in January 2022. Coastal water 
sampling during both experiments was done from the same 
place following the same procedure.

Aerosol

Aerosol was collected from close to the coast (17.72° N; 
83.33° E) for 24 h on a pre-combusted and pre-weighted 
quartz filter with a high volume sampler (Envirotech 430) at 
a flow rate of 1.2 m3 min−1 during November 2021 and Janu-
ary 2022. For aerosol extraction, the filter was shredded into 
small fragments and sonicated with 130 mL ion-free water 
in a Bransonic water bath sonicator for 20 min at 2000 rpm. 
The extracted sample was filtered through a 0.22-µm pore 
size filter, and 100 mL of the filtered extract was used for 
subsequent incubation experiments and 30 mL was used for 
measuring initial nutrient concentrations.

Effluents from municipal sewage and industrial discharge

A municipal sewage sample was collected from open sewer 
drainage situated 250 m away from the coast at Jalari Peta, 
Visakhapatnam (17.73° N; 83.34° E), using a pre-cleaned 
10-L container on the day of experiment (Fig. 1). Indus-
trial effluent discharge sample, after treatment, from the 

Fig. 1   The study regions where the incubation experiments were 
conducted. The locations of pharmaceutical industries, from where 
industrial effluents were collected, the discharge locations of munici-
pal sewage, the location of groundwater discharge, aerosol sampling 

regions and the region of coastal water sampling are shown. AR aero-
sols, IE industrial effluent, GW groundwater and MS municipal sew-
age
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guard pond was collected in a pre-cleaned 20-L polyvinyl 
container from a pharmaceutical company located in Anna-
varam, Visakhapatnam, at 17.91° N; 83.47° E. Both the sam-
ples were filtered through a 0.2-μm pore size Millipore filter 
(47-mm diameter) to remove turbidity and bacteria to arrest 
biological modification of inoculum. Both municipal sew-
age and industrial effluent were collected during November 
and January. These effluents may undergo environmental 
degradation before they leach into the water column such 
as photodegradation, oxidation and chemical degradation. 
Since the municipal sewage was collected about 250 m away 
from the coastal waters, the environmental modifications 
may be minimal before they discharge to the coastal waters. 
However, the sewage composition varies with reference to 
space and time; caution is warranted as the experimental 
results may give an idea of the typical impact on phytoplank-
ton composition. In contrast, the industrial effluents were 
collected from the guard pond and thus were not subjected 
to complete natural degradation. Both sewage and industrial 
effluents also increase turbidity at the location of mixing 
before dispersion. Since we filtered the pollutants, before 
mixing with coastal waters, the impact of pollutants on 
coastal phytoplankton may be considered on the higher side.

Groundwater

A mechanical hand pump located near Lawson’s Bay area, 
Visakhapatnam (17.73° N; 83.33° E), was used for a ground-
water sample (Fig. 1). Before utilization for the incubation 
experiment, this sample was also filtered through a 0.2-μm 
pore size Millipore filter. The groundwater samples were 
collected separately during the two experiments.

Microcosm incubation experiment

Seawater samples were collected in 10 Nalgene bottles of 
20-L capacity, and the experiment was conducted in dupli-
cate. In two bottles each, 50 mL of the filtered aerosol extract 
and 1 L each of the municipal sewage, industrial effluent 
and groundwater were added representing 5% of pollutant 
in each bottle. The addition of 5% of pollutant source to the 
experimental tank was determined from the measurements 
made in the pollutants’ released location (Dr. M.S. Krishna 
personal communications). At marine discharge locations, 
nutrient concentrations were collected from the point of dis-
charge, 0.5 km, 1.0 km and 5 km away from the discharge, 
and also some data were collected from the non-discharge 
locations (> 20 km away from the discharge). Based on the 
enrichment of nutrients in the discharge location from that 
of non-discharge location, volume of pollutant to the waters 
was computed that varied between 1 and 5% in different 
locations and the higher during calm seasons when currents 

are weaker. We considered 5% here to represent the higher 
side of the impact.

In two bottles, no pollutant was added and called con-
trol where natural growth was recorded (Fig. 2). The bottles 
were thoroughly mixed and capped. The incubation bottles 
were kept in the plastic crates filled with circulating water 
to maintain the temperature to avoid evaporation and over-
heating. The bottles were frequently mixed at 1-h interval 
during daytime to avoid settling of the plankton. The bottles 
were covered with black plastic sheet in nighttime to avoid 
light penetration due to local electrification. Both pollutants 
added and control were treated under similar conditions. The 
bottles were gently shaken before subsampling for different 
parameters for analysis to avoid settling of particulate matter 
including phytoplankton.

2.3 Sampling of aliquots from the experimental 
bottles

Subsamples were collected in the evening to track the grad-
ual alterations of chemical and biological parameters. About 
100 mL of water sample was collected from all bottles for 
nutrients (dissolved nitrate, phosphate and silicate) and 1 
L each for phytoplankton biomass and enumeration were 
collected into the plastic bottles before addition of pollutant 
inoculum. Subsampling was carried out on day 1 and day 3 
after addition of pollutants to the incubation bottles. The day 
0 data represents initial and day 3 represents response. In the 
case of January, subsampling was done on day 4 also. Nutri-
ent samples were poisoned with mercuric chloride whereas 
phytoplankton samples with 0.5% Lugol’s iodine solution 
(Throndsen 1978).

2.4 Analysis of nutrients

Nutrients, including nitrate, nitrite, phosphate and silicate, 
were analysed following colorimetric procedure of Grass-
hoff et al. (2009) using EcoLab autoanalyser. The preci-
sions of nitrate, phosphate and silicate were ± 0.02, 0.01 and 
0.02 µM, respectively.

Analysis of biochemical parameters

Phytoplankton biomass (chlorophyll-a) was estimated by 
filtering 1 L of water sample through a 47-mm-diameter 
GF/F filter (0.7-μm pore size) using a low-vacuum suction 
pump (Tarsons, India) at reduced light conditions to avoid 
photodegradation. The filters were soaked in 90% acetone 
for extraction of chlorophyll-a on the filter for 12 h. Fluo-
rescence of the extract was measured following the standard 
protocol (Suzuki and Ishimaru 1990) using a Trilogy fluo-
rometer (Turner Designs, USA). The analytical precision 
was ± 4%.
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Fig. 2   The schematic diagram showing the microcosm experimental setup, preparation of inoculum from different pollutants, mixing, subsam-
pling and measurements are shown. AR aerosols, IE industrial effluent, GW groundwater and MS municipal sewage
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Sea water sample taken for phytoplankton abundance 
is concentrated before analysis to reduce the volume up to 
25 mL by siphoning through a 10-μm mesh. Phytoplankton 
enumeration and identification were carried out using the 
Sedgwick-Rafter cell counting chamber observed under IX-71 
Olympus microscope (Olympus, Japan) by following proce-
dures given elsewhere (Santra 1993; Hasle et al. 1996; Baker 
2012; Bharathi et al. 2018. For some organisms, the identifica-
tion was not possible, so they were grouped as others.

Various ecological parameters including species richness, 
diversity, evenness and abundance were calculated. Species 
richness (S) was calculated as the count of total species pre-
sent in the sample. Abundance was measured as the total 
number of individuals present in the sample. The phyto-
plankton diversity expressed as Shannon-Weiner diversity 
index (H′) (Shannon and Weaver 1998) was calculated as:

where pi is the proportion of the number of individuals of 
ith species in the sample population.

The evenness of community (J') was expressed by Pie-
lou’s evenness index (Pielou 1966) as:

where H′ is the number derived from the Shannon diver-
sity index and H′max is the maximum value of H′ derived as 
H′max = ln (S).

The active chlorophyll measurement was done using the 
fast repetition rate fluorometer with an FRRF3 sensor (Fas-
tOcean, Chelsea Technologies Group, Ltd. UK). The samples 
were taken every day in a 10-L black can with an open-wide 
mouth and allowed to adapt in the dark for 5 min before analy-
sis. Single turn-over protocol was followed with 100 flashlights 
each of 2-µs pitch. The excitation wavelength was provided by 
LEDs of royal blue (450 nm), green (530 nm) and red (624 nm) 
light. The maximum quantum efficiency of the phytoplankton 
in the dark-adapted state in each sample was measured as fv/
fm with reference to Kitajima and Butler (1975).

 Results

Initial conditions of coastal water during November 
and January

The coastal waters were relatively low saline during Novem-
ber (29.54) compared to January (33.12) with higher temper-
atures during the former (31.23 °C) than the latter (27.54 °C) 
(Table 1). The concentration of nitrate in the coastal seawater 

H� = −

R
∑

i=1

pi × lnpi

J� =
H�

H�max

was 2.14 μM and 6.07 μM, respectively during November 
and January, whereas 0.46 and 0.32 μM, respectively, for 
phosphate. The N:P ratio was higher (19) during January 
than in November (5) (Table 1). The concentration of dis-
solved silicate was high during November (5.53 μM) com-
pared to January (0.85 μM). The N:Si ratio was 0.4 and 7.1 
during November and January, respectively. The phytoplank-
ton biomass, in terms of Chl-a, was higher during January 
(15 mg m−3) than in November (10.1 mg m−3) (Table 1).

The phytoplankton abundance was more than double dur-
ing January (45,687 cells L−1) than in November (15,792 
cells L−1; Table 1). Diatoms dominated the total phytoplank-
ton abundance with Chaetoceros sp. and Skeletonema sp., 
respectively, in November and January. Among the phyto-
plankton, 58% were contributed by Chaetoceros and 11% 
by Skeletonema sp. during November (Fig. 3). Following 
diatoms, the contribution of dinoflagellates was observed 
only in January, when silicate concentration was low, and 
they contributed < 5% of total phytoplankton abundance 
(Table 1). The species richness was high in January (30) 
compared to November (13), and similarly, Shannon–Wiener 
diversity was higher in January (2.37) than in November 
(1.52) (Table 1).

Concentrations and stoichiometric ratios 
of nutrients in the inoculum or pollutants

The nutrient concentrations of different inocula (pollutants), 
such as municipal sewage, industrial effluent, groundwater 

Table 1   The physical, chemical and biological conditions of the 
coastal surface waters of the Bay of Bengal during November and 
January

Parameter November January

Salinity 29.54 33.12
Temperature (°C) 31.23 27.54
NO3

− ( �M) 2.14 6.07
PO4

3− ( �M) 0.46 0.32
SiO4

4− ( �M) 5.53 0.85
N:P 5 19
N:Si 0.4 7.1
Abundance (Nos./L) 15,792 45,687
Biomass (mg/m3) 10.1 15.0
Diatoms (Nos./L) 15,288 42,605
Dinoflagellates (Nos./L) 0 849
Cyanobacteria (Nos./L) 0 205
Silicoflagellates (Nos./L) 0 169
Dominant phytoplankton Chaetoceros sp. Skeletonema sp.
Species richness 13 30
Shannon–Wiener diversity 1.52 2.37
Evenness 0.59 0.70
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and aerosols, are given in Table 2. Groundwater and indus-
trial effluents contained a high concentration of nitrate 
(7798 and 5764 μM, respectively), while low nitrate was 
found in municipal sewage (76 μM) and aerosol (34 μM) in 
November. Simultaneously, a lower phosphate concentra-
tion was observed in the aerosols (0.05 μM) than in other 
sources of pollutants (16–64 μM; Table 2). The highest con-
centration of silicate was observed in groundwater (883 μM) 
followed by municipal sewage (167 μM) and the least in 
industrial effluent (25 μM) and aerosol (non-detectable) dur-
ing November (Table 2). The N:P ratio was the highest in 
aerosol (680), due to a lack of phosphate supply, followed 
by groundwater (170) compared to industrial effluent (90) 
and municipal sewage (5), whereas a higher N:Si ratio was 
noticed in industrial effluent (231) compared to groundwater 

(9) and municipal sewage (0.46) during November. The con-
centration of nitrate was more by an order of magnitude 
in all sources of pollution during January with the highest 
being the same, i.e., groundwater and industrial effluents 
(3520 and 3286 μM, respectively), and the least in aero-
sol (168 μM). Phosphate concentrations were lower dur-
ing January than in November and varied between 0.2 and 
60 μM. Silicate concentrations were high in the ground-
water (728 µM) and municipal sewage (124 μM) in Janu-
ary, but they were lower than in November. Similarly, the 
high N:P ratio was observed in aerosol (840) followed by 
groundwater (320) and industrial effluent (55), whereas the 
high N:Si ratio was observed in industrial effluent (219) fol-
lowed by groundwater (5) and municipal sewage (3) during 
January (Table 2).

Fig. 3   The percentage contribution of different groups of phytoplankton to the total abundance during November and January in the control and 
after incubation of 3 days. C control, AR aerosols, IE industrial effluent, GW groundwater and MS municipal sewage

Table 2   The concentrations and stoichiometric ratios of nutrients in the different sources of pollution used during November and January

All concentrations are given in micromole and ratios are mole-mole. AR aerosols, IE industrial effluent, GW groundwater and MS municipal sew-
age

Inoculum November January

NO3
− ( �M) PO4

3− ( �M) SiO4
4− ( �M) N:P N:Si NO3

− ( �M) PO4
3− ( �M) SiO4

4− ( �M) N:P N:Si

AR 34 0.05 0.0 680 - 168 0.2 0.0 840 -
IE 5764 64 25 90 231 3286 60 15 55 219
GW 7798 46 883 170 9 3520 11 728 320 5
MS 76 16 167 5 0.46 347 46 124 8 3
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Nutrient concentration in the incubation tanks 
after the addition of inoculum

After the addition of inoculum from various sources of pol-
lution to the coastal water, the concentrations of nutrients 
were significantly increased from that of seawater concen-
trations (Table 3). The initial normalized nutrient concen-
trations with different pollutant treatments are shown in 
Fig. 4. The highest increase in nitrate concentrations was 
observed in the industrial effluent- and groundwater-added 
samples during November and January (Fig. 4). A signifi-
cant increase in phosphate was observed due to the addition 
of industrial effluent, groundwater and municipal sewage, 
but the contribution is too low for aerosols. A significantly 
higher increase in silicate was observed only in the ground-
water and municipal sewage–added tanks than in other 
sources. In addition to concentrations, the stoichiometric 
ratios were also changed. For instance, the N:P ratio in the 
seawater was 5 during November, which has been changed 
to 0.8 to 137 with higher ratios in the industrial effluent– and 
groundwater-added samples, whereas the N:Si ratio changed 
from 0.4 in the initial value to 0.06–22 in the inoculum-
added samples (Table 3).

Chemical and biological responses after incubation

After incubating seawater with different inoculums for 
4 days, variable chemical and biological responses were 
observed. In the control sample, both nitrate and phos-
phate were reduced during November by ~ 16 to 35% 
during incubation of 3 days (Table 4) associated with an 
increase in phytoplankton biomass by 20% and in abun-
dance by 3%. Similarly, a decrease in nutrient concentra-
tion was observed in the incubation samples with different 
inoculums. For instance, nitrate, phosphate and silicate 
decreased in all pollutant-added samples by 50–77%, 
22–40%, and 41–62%, respectively. These changes were 
associated with increase in phytoplankton abundance 
in industrial effluent (by 69%)– and groundwater (by 
134%)-added samples, while a slight decrease by 12% 
was observed in the aerosol-added sample, and insignifi-
cant changes in municipal sewage–added sample (0.7%) 
were observed. An increase in phytoplankton biomass 
was observed (168–350%) in all treated samples except 
municipal sewage which decreased by 50% (Table 4). The 
response of the total phytoplankton abundance, biomass 
and diatoms and dinoflagellate abundance was normalized 

Table 3   The concentrations of 
nutrients in the incubation tanks 
after the addition of pollutants 
(inoculum) during November 
and January

All concentrations are given in micromole and ratios are mole-mole. AR aerosols, IE industrial effluent, 
GW groundwater and MS municipal sewage

Inoculum November January

After addition of inoculum After addition of inoculum

NO3
−

(�M)
PO4

3−

(�M)
SiO4

4−

(�M)
N:P N:Si NO3

−

(�M)
PO4

3−

(�M)
SiO4

4−

(�M)
N:P N:Si

AR 2.4 0.4 5.5 6 0.4 6.6 0.35 0.86 19 8
IE 232 3.5 10.5 66 22 141 2.9 1.4 49 101
GW 314 2.3 40.6 137 8 147 0.7 30.0 210 5
MS 2.2 3.4 48.0 0.8 0.06 39 2.2 24.5 18 1.6

Fig. 4   The concentration of 
nutrients ( � M) in the micro-
cosm experiments after the 
addition of different pollutants 
during November and January. 
All the data was normalized to 
the initial value of the seawater. 
C control, AR aerosols, IE 
industrial effluent, GW ground-
water and MS municipal sewage
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to the initial value and is shown in Fig. 5. It is clearly 
shown that during November, an increase in phytoplank-
ton abundance was noticed in both industrial effluent– and 
groundwater-added samples, whereas aerosol- and munici-
pal sewage–added samples were close to that of the initial. 
In the case of biomass, all pollutant-added samples, except 
municipal sewage, responded positively. The significant 
response of diatom abundance was noticed in industrial 
effluent– and groundwater-added samples with weak/no 
response of dinoflagellates (Fig. 5). Despite Chaetoceros 
sp. being dominant in the seawater during November, 
Pseudo-nitzschia sp. and Thalassiothrix sp. responded 
significantly in aerosol-, industrial effluent– and munici-
pal sewage–added samples, whereas Chaetoceros sp. along 
with Pseudo-nitzschia sp., Skeletonema sp. and Thalas-
siothrix sp. responded in the groundwater-added sample 
(Fig. 6). The increase in species richness and diversity was 
noticed in the groundwater (+ 23%, + 20%)- and industrial 
effluent (+ 38%, + 31%)–added samples, while an insig-
nificant change in the municipal sewage–added sample in 
comparison to the day 0 control and a slight decrease in 
the aerosol-added sample were noticed (Table 4). The con-
tribution of different groups of phytoplankton was variable 
after the addition of pollutants. For instance, Chaetoceros 
sp. contributed ~ 58% in the control which has decreased 
to 33% and 41% in industrial effluent– and groundwater-
added samples, respectively, whereas almost a similar 
contribution was noticed in aerosol- and municipal sew-
age–added samples (Fig. 3). An increase in Thalassiothrix 
sp. was observed in groundwater-, industrial effluent– and 
municipal sewage–added samples.

After fertilization in January, both nitrate and phosphate 
were reduced by ~ 14 to 67% in all pollutant-incubated 
samples associated with an increase in phytoplankton 
abundance by 362 to 606% in all treatments. An increase 
in biomass by 107–239% was also observed in the indus-
trial effluent–, groundwater- and municipal sewage–added 

samples, but a decrease of 38% was noticed in the aerosol-
added sample (Table 4). Among the major contributors 
(≥ 10%), Skeletonema sp., Chaetoceros sp., Nitzschia 
sp. and Thalassiothrix sp. were dominant in the control 
sample (Fig. 3). In all pollutant-added samples, Chae-
toceros sp. was increased considerably; in addition, the 
responses of Thalassiothrix sp. and Nitzschia sp. were 
found most in municipal sewage– and groundwater-added 
samples and Skeletonema sp. in industrial effluent– and 
aerosol-added samples (Fig. 6b). Interestingly, dinoflagel-
lates increased in all samples except in the aerosol-added 
sample (Fig. 5b). A significant increase in dinoflagellate 
abundance from day 0 control (849 Nos/L) was observed 
in municipal sewage (1328 Nos/L, 56%)–, industrial efflu-
ent (1855 Nos/L, 118%)– and groundwater (2011 Nos./L, 
137%)-added samples (Table 4). Chaetoceros sp. contrib-
uted 10% in the control and the same increased to 52–59% 
in aerosol- and municipal sewage–added samples, whereas 
it increased to 24–32% in groundwater- and industrial 
effluent–added samples (Fig. 3). Similarly, the contribu-
tion of Nitzschia sp. increased from 11% in the control 
to 26% in the groundwater-added sample, whereas a sig-
nificant increase in Skeletonema sp. from 29 to 46% was 
observed in the industrial effluent–added sample. Though 
response in phytoplankton abundance was significantly 
higher in all samples, the species richness, diversity and 
evenness were decreased compared to initial seawater in 
all treatments during January (Table 4).

Response of phytoplankton physiology

The fv/fm ratio of the control was ~ 0.38 during both Novem-
ber and January experiments, and the same was increased to 
a maximum of 0.55 in the industrial effluent-added sample 
and ~ 0.5 in the groundwater-added sample. A decrease in 
fv/fm ratio was observed in the municipal sewage–added 
sample during November, but an increase was noticed in 

Fig. 5   The response of phyto-
plankton abundance (cells/L) 
and biomass (mg m−3) to the 
addition of pollutants from 
various sources in the micro-
cosm experiments after 3 days 
of incubation during November 
and January. All the data was 
normalized to the initial value 
of the seawater. C control, AR 
aerosols, IE industrial efflu-
ent, GW groundwater and MS 
municipal sewage
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January. A decrease in fv/fm was noticed in both experi-
ments in the aerosol-added sample (Fig. 7).

Discussion

The phytoplankton composition in the coastal waters of the 
Bay of Bengal was dominated by diatoms (Shaik et al. 2015; 
Viswanadham et al. 2016; Bandyopadhyay et al. 2017). 
The present study also noticed the dominance of diatoms 
in the coastal Bay of Bengal during November and Janu-
ary. Coastal phytoplankton responds to nutrient enrichment 
due to the addition of pollutants from various sources. The 
response is not uniform for each source of inoculum (pol-
lutant) added and depends on the magnitude and ratio of 

nutrients in the pollutants added and also in the seawater 
nutrient concentrations, especially silicate.

Response of phytoplankton to the addition 
of aerosols

Aerosols are a significant source of nitrogen but a poor 
source of phosphate and no source of silicate (Kumari et al. 
2022). The nitrate concentration of inoculum during Novem-
ber was low (34 μM) compared to January (168 μM) with 
the N:P ratio of 680 and 840, respectively. The difference 
in concentrations is caused by the wind trajectories. The 
HYSPLIT wind trajectory suggests that wind comes from 
the western region during November, whereas it was the 
northeast region during January that brought anthropogenic 

Fig. 6   The response of phyto-
plankton groups to the addition 
of pollutants from different 
sources in the microcosm 
experiments. The percentage of 
increase is shown in numbers 
next to the bubble. C control, 
AR aerosols, IE industrial efflu-
ent, GW groundwater and MS 
municipal sewage

Fig. 7   Response of Fv/Fm 
ratio to the addition of different 
sources of pollutants to the 
coastal waters during November 
and January. C control, AR aero-
sols, IE industrial effluent, GW 
groundwater and MS municipal 
sewage
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aerosols from the Indo-Gangetic Plain (IGP; Kumari et al. 
2022). Several investigators reported high levels of both total 
and anthropogenic aerosol optical depth (AOD) in north-
eastern India (Sudheer and Sarin 2008) with a higher rate of 
increase over the past two decades (Yadav et al. 2021). Since 
aerosol is not a significant source of phosphate and silicate, 
its deposition enhances the N:P and N:Si ratios of the coastal 
waters (Kumari et al. 2021). After the addition of aerosol 
to coastal seawater, the concentration of nitrate increased 
by 12 and 9% during November and January, respectively, 
whereas phosphate increased by 0–2% only, and no sig-
nificant increase in silicate was observed. Though aerosol 
did not enrich silicate in the incubated seawater, however, 
phytoplankton (mainly diatoms) growth did not limit by 
silicate due to high concentrations (5.53 μM) in the coastal 
waters during November. In contrast, low concentrations of 
silicate (0.85 μM) in the coastal waters during January lim-
ited the phytoplankton growth in the aerosol-added sample 
(Table 1). Higher silicate during November than in January 
is caused by a seasonal reversal in East India Coastal Current 
(EICC; Shetye et al. 1993). The EICC flows equatorward 
from October to December that brings silicate-rich riverine 
water along the coast, whereas it turns poleward during Jan-
uary that brings high saline water from the south with poor 
nutrients, including silicate (Sarma et al. 2013; Table 1). 
Sarma et al. (2021) found that coastal water chemical char-
acteristics are controlled by the direction of EICC. There-
fore, the availability of silicate due to changes in coastal 
currents influences the biological response in the coastal 
Bay of Bengal. The increase in nutrient concentration due to 
the addition of aerosols resulted in phytoplankton biomass 
increase by 168% during November, whereas it decreased 
by 38% during January due to availability of more silicate 
in the former than the latter period. In addition to this, the 
phosphate availability was also low in the coastal waters 
during January (0.36 μM) with a high N:P ratio (19) com-
pared to November (5) (Table 1); therefore, both phosphate 
and silicate severely limited the phytoplankton growth dur-
ing January. In contrast, a decrease in phytoplankton abun-
dance was observed during November by 12%, whereas an 
increase (431%) was noticed during January (Table 4). Since 
enough silicate is available during November, microplankton 
responded dominantly, resulting in a decrease in abundance 
but increase in phytoplankton biomass. In contrast, low 
silicate concentrations did not allow microplankton growth, 
resulting in an increase in smaller diatoms and other groups 
of phytoplankton during January. It was further noticed that 
an insignificant abundance of dinoflagellates and cyanobac-
teria was found during November, while their contribution 
was more during January (Fig. 5). Kumari et al. (2022) con-
ducted experiments on the dissolution of monthly atmos-
pheric aerosols in coastal waters and found that dominant 
fucoxanthin (marker pigment for diatoms) increased from 

October to December associated with high silicate and con-
tribution of peridinin (marker pigment for dinoflagellates) 
during January to March in the coastal Bay of Bengal.

Despite Chaetoceros sp. being a dominant contributor 
during November, it decreased by 15%, whereas Pseudo-
nitzschia sp. increased by 89% with reference to their abun-
dance (Fig. 6). Various diatom species exhibit different rates 
of silicon uptake and deposition. While all diatoms maintain 
internal silicon concentrations within a certain range, how-
ever, the sizes of silicon pools vary among species, poten-
tially influenced by the timing of silicic acid uptake and 
its incorporation into the frustule (Chisholm et al. 1978; 
Martin-Jézéquel et al. 2000). Thus, the demand for dissolved 
silicate by diatoms appears to differ with species (Mochizuki 
et al. 2002), and inter-specific differences in silica require-
ments may be one of the reasons for the observed difference 
in abundance in different groups of diatoms. Chaetoceros 
sp. uptake dissolved silicate more efficiently at a much faster 
rate relative to other large diatoms (Tréuer et al. 1991) which 
may be attributed to the near-simultaneous nature of sili-
cate uptake and deposition processes in Chaetoceros sp. 
(Chisholm et al. 1978). This could be the reason for the low 
Chaetoceros sp. response during November due to the low 
concentration of silicate. The increase in Pseudo-nitzschia 
sp. was observed as they have the ability to respond to a 
wide range of silicate (Pan 1994, 1996). On the other hand, 
all dominant phytoplankton (Chaetoceros sp., Nitzschia sp., 
Skeletonema sp., Thalassionema sp., Thalassiothrix sp.) 
increased by 5 to 2595% from that of the control during 
January with a higher response by Chaetoceros sp. and Skel-
etonema sp. The variable response of phytoplankton groups 
may be caused by the availability of nutrients (N, P, and 
Si). As a result, phytoplankton species richness decreased 
from 13 in the control to 11 in the aerosol added sample 
during November and from 30 to 26 during January. The 
Shannon–Wiener diversity decreased insignificantly from 
1.52 to 1.50 and from 2.37 to 1.55 during November and 
January, respectively. The evenness changed from 0.59 to 
0.63 and from 0.70 to 0.48 during November and January, 
respectively, due to the addition of aerosols (Table 4).

In order to examine the phytoplankton physiological sta-
tus, the maximum quantum efficiency of photosynthesis (Fv/
Fm) is measured that is used as an indicator of nutrient stress 
(Sakshaug et al. 1997; Kolber et al. 1990; Falkowski and 
Raven 2013), and physiological changes in phytoplankton 
(Suggett et al. 2009; Alderkamp et al. 2012; Garrido et al. 
2013; Erga et al. 2014) and also the impact of various sub-
stances on the photosynthetic apparatus of algae (Matorin 
et al. 2009). The Fv/Fm values can be between 0.65 and 
0.70 for phytoplankton under optimum growth conditions 
(Juneau et al. 2005; Suggett et al. 2009) that the ratio denotes 
absorbed energy maximum photochemical efficiency of PSII 
and indicates the fraction of the absorbed energy channelled 



31799Environmental Science and Pollution Research (2024) 31:31787–31805	

to photosynthesis by PSII reaction centres. The Fv/Fm ratio 
was ~ 0.38 in the coastal waters during November and Janu-
ary and decreased by 0.06 due to the addition of aerosols, 
suggesting that phytoplankton’s physiological status did not 
differ significantly during the experimental period (Fig. 7).

The deposition of aerosols significantly modified the 
nutrient (mainly nitrate) concentration, resulting in an altera-
tion of the stoichiometry of the nutrients and a change in 
their diversity, abundance, and biomass. Since aerosols did 
not add significant concentrations of phosphate and no sili-
cate, the response of phytoplankton depended on the concen-
tration of these two nutrients in the coastal waters.

Response of phytoplankton to the addition 
of industrial effluent

The industrial effluent is highly enriched with nitrate and 
phosphate, but poor in silicate; hence, the response of phy-
toplankton may depend on the availability of silicate in the 
coastal waters, where it is released. Coastal ocean receives 
silicate from the rivers where weathering of the silicate 
minerals releases dissolved silicate (Dupre et al. 2003; Tip-
per et al. 2021 and references therein). Nitrate concentra-
tion after the addition of inoculum during November and 
January was 107 and 22 times higher than the day 0 con-
trol, whereas a 7–8 times increase in phosphate concentra-
tion was observed. The marginal increase in silicate was 
observed due to the addition of industrial effluent to coastal 
waters (Fig. 4). As a result, an abnormal increase in N:P 
ratios was observed (49–66%) due to enriched inorganic 
nitrogen in the industrial effluent (Table 3). As a response 
to the addition of industrial effluent, a significant increase in 
phytoplankton abundance and biomass was observed in both 
the experiments with a higher response in biomass during 
November (350%) than in January (143%); in contrast, a 
higher increase in abundance was observed during January 
(362%) than in November (69%). The increase in biomass 
during November is associated with high concentrations of 
nitrate and phosphate in the inoculum along with high con-
centration of silicate in the coastal waters. The abundance of 
Thalassiothrix sp., Pseudo-nitzschia sp. and Skeletonema sp. 
responded positively, whereas Chaetoceros sp. was declined 
due to the addition of industrial effluent during November. In 
contrast, an increase in Chaetoceros sp., Nitzschia sp., Skel-
etonema sp., Thalassionema sp. and Thalassiothrix sp. was 
observed during January (Fig. 6). Despite higher nitrate and 
phosphate concentration during January than in November, 
the concentration of silicate was low leading to a lower bio-
mass increase in January (143%) than in November (350%). 
The silicate concentration at the end of the experiment was 
at the limiting levels (< 0.9 µM) in January, further con-
firming that silicate is a limiting nutrient during this period 
(Table 4). This is consistent with Tréuer et al. (1991) who 

suggested that the response of diatoms is dependent on the 
availability of the silicate. The coastal waters contained a 
high abundance of diatoms during November (15,288 no./L) 
and January (42,605 no./L), resulting in their response to 
the nutrient enrichment by industrial effluent mixing. It was 
noticed that Chaetoceros sp. reduced by 4%, while Thalas-
siothrix sp. increased to 438% compared to the control in 
November (Fig. 6). On the other hand, Chaetoceros sp. and 
Skeletonema sp. responded the highest compared to other 
phytoplankton in January (Fig. 6). In addition to diatoms, 
an increase in the response of dinoflagellate was observed 
in January (Fig. 5) associated with higher nitrate and phos-
phate and lower silicate, suggesting that lack of silicate in 
the coastal waters might have triggered dinoflagellates abun-
dance. Officer and Ryther (1980) noticed the proliferation 
of dinoflagellate growth over diatoms in the regions where 
silicate concentrations were low. A significant increase in 
species richness and diversity was noticed during Novem-
ber (Table 4). This study suggested that industrial effluent 
contributes to high concentrations of nitrate and phosphate 
to the coastal waters leading to a significant increase in phy-
toplankton abundance and biomass and initiation of a shift in 
phytoplankton from diatoms to dinoflagellates noticed dur-
ing the period when coastal waters contain low silicate levels 
associated with the poleward flow of EICC. The Fv/Fm ratio 
was ~ 0.38 in the coastal waters during November and Janu-
ary and increased to 0.52 due to the addition of industrial 
effluent, suggesting that phytoplankton’s physiological status 
improved from that of the control (Fig. 7).

Response of phytoplankton to the addition 
of municipal sewage

Unlike aerosols, municipal sewage contains a high con-
centration of nitrate, phosphate and silicate compared 
to seawater concentrations (Table 2). A relatively lower 
concentration of nitrate (76 μM) and phosphate (16 μM) 
was observed in the municipal sewage during November 
compared to January (347 μM and 124 μM, respectively) 
(Table 2; Fig. 4). Since municipal sewage–added sample 
during November contained a low concentration of nitrate 
(2.7 μM; Table 3), it has been consumed during the incuba-
tion period (< 0.5 μM; Table 4), resulting in severe limi-
tation of phytoplankton growth. As a result, a decrease in 
phytoplankton biomass by 50% was observed with insig-
nificant modifications in the abundance (Fig. 5), suggesting 
a possible shift in phytoplankton abundance from siliceous 
to non-siliceous. Since we conducted the experiment for 
3 days only, we could not identify such a shift. In contrast, 
a significant increase in phytoplankton biomass and abun-
dance was noticed during January associated with high 
concentrations of nitrate, phosphate and silicate (Table 4). 
The increase in abundance (584%) and biomass (239%) was 
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observed considerably during January (Table 4; Fig. 5). A 
slight increase in Thalassiothrix sp. was noticed, whereas 
a slight decrease in Chaetoceros sp. and Pseudo-nitzschia 
sp. was observed during November. In contrast, significant 
increase in Chaetoceros (3848%) and a moderate increase 
in Nitzschia sp., Skeletonema sp., Thalassionema sp. and 
Thalassiothrix sp. (145–297%) were noticed during Janu-
ary (Fig. 6b). Several studies on the addition of municipal 
sewage to the coastal water suggested that the response is 
dependent on the amount of nitrate and phosphate added. 
At lower addition of nitrate (< 12 �M), the general enrich-
ment of the existing species was observed without change 
in species structure. In contrast, at higher concentrations of 
nitrate (> 36 �M), an eightfold increase in phytoplankton 
growth with an altered species structure, was noticed (John-
son et al., 1973; Topping et al., 1976). A slight increase in 
species richness and diversity was noticed during November, 
whereas it was significantly high during January due to the 
high concentration of nitrate and phosphate input compared 
to November (Table 4). The Fv/Fm ratio did not differ sig-
nificantly from that of the control (~ 0.38) due to the addition 
of municipal sewage during November, whereas it increased 
to 0.50 during January, suggesting that phytoplankton physi-
ological status improved during the latter period (Fig. 7).

Response of phytoplankton to the addition 
of groundwater

The groundwater contained high concentrations of nitrate, 
phosphate and silicate with high N:P and N: Si ratios com-
pared to seawater (Table 2). Kumar et al. (2021) reported 
that most of the groundwater along the Indian coast was con-
taminated with agricultural inputs. Groundwater discharge 
into the coastal ocean is considered to be a significant source 
of nutrients and may contribute to 10% of the riverine supply 
(Taniguchi et al. 2002; Slomp and Van Cappellen 2004; Liu 
et al. 2014; Windom et al. 2006; Kim et al. 2005). A range 
of impacts due to groundwater discharge was reported such 
as eutrophication (Knee and Paytan 2011; Rabalais et al. 
2009), deoxygenation (Breitburg et al. 2018) and global 
nutrient budget (Galloway et al. 2008; Slomp and Van Cap-
pellen 2004). Due to the removal of phosphate in associa-
tion with particles, the N:P ratios in the groundwater were 
high during November (170) and January (320) (Table 2). 
The concentration of nitrate was the highest in groundwater 
compared to other pollutants including industrial effluent, 
aerosol and municipal sewage during both the experimental 
periods. The addition of groundwater to the coastal seawater 
enhanced both concentrations and stoichiometric ratios from 
that of seawater values (Table 2). After 3 days of incubation, 
nitrate, phosphate and silicate concentrations were above 
the limiting levels for phytoplankton growth. A significant 
increase in phytoplankton abundance (134%) and biomass 

(278%) was observed during November, whereas an increase 
in phytoplankton abundance (606%) and slight increase 
in biomass (107%) was observed in January compared to 
November (Table 4; Fig. 5). The concentration of phosphate 
was low (0.6 μM) after 3 days of incubation in January, sug-
gesting severe limitation might have restricted the increase 
in phytoplankton biomass. Though coastal waters contain 
low concentrations of silicate during January, however, sili-
cate will not limit the phytoplankton growth as groundwater 
is a good source of silicate to the coastal ocean. Chaetoc-
eros sp. was dominated in the control, and the same was 
increased by 65% due to the addition of groundwater. In 
addition, the increase in Pseudo-nitzschia sp., Thalassiothrix 
sp. and Skeletonema sp. also increased significantly due to 
the addition of groundwater during November. An increase 
in the abundance of Chaetoceros sp., Nitzschia sp., Thalas-
sionema sp. and Thalassiothrix sp. was observed in January 
(Fig. 6). An increase in the abundance of dinoflagellates 
was also noticed, and a similar increase was noticed in the 
municipal sewage- and industrial effluent–added samples 
(Table 4). An increase in species richness and diversity was 
noticed compared to the control during both experiments. 
The Fv/Fm ratio increased from ~ 0.38 in the control to 0.50 
in the groundwater-added sample during both November and 
January, suggesting that phytoplankton physiological status 
improved from that of the control (Fig. 7).

Multivariant analysis

In order to examine the significance of the phytoplankton 
response to different pollutant additions, multivariant analy-
sis (principal component analysis) was conducted (Fig. 8a, 
b). This analysis suggests that the biological response was 
insignificant in the control, aerosol and municipal sew-
age addition, whereas significant in the groundwater and 
industrial effluent additions during November (Fig. 8a). In 
the case of January, phytoplankton response by addition 
of municipal sewage, groundwater and industrial effluents 
was significant, but aerosols were not significant (Fig. 8b). 
Even though increased phytoplankton abundance and bio-
mass were observed in the aerosol-added samples, however, 
the nitrate addition is smaller through aerosols compared to 
other pollutants (Table 2). The concentration of nitrate in 
the municipal sewage was five times lower during November 
compared to January (Table 2), resulting in less increase in 
its concentration due to its addition (Table 3). As a result, 
only marginal increase in abundance was observed with 
decrease in biomass of phytoplankton due to addition of 
municipal sewage during November, whereas significant 
increase was found during January due to high concentra-
tions of nutrients.

The dendrograms suggested that the phytoplank-
ton response due to addition of industrial effluent and 
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groundwater were grouped together at 30% of similarity, 
whereas aerosols, municipal sewage and control formed 
a separate group (Fig. 8c) during November. In contrast, 
municipal sewage–, industrial effluent– and groundwater-
added samples grouped together at > 35% similarly during 
January. The nutrient addition through aerosols was higher 
during January than November (Table 2); hence, the phy-
toplankton responded to aerosol addition on days 1 and 2 
along with groundwater, industrial effluent and municipal 
sewage during January (Fig. 8d), whereas they were grouped 
along with control and municipal sewage during November 
(Fig. 8c). Therefore, this study suggested that discharge of 
industrial effluents and groundwater have significant impact 
on the coastal water phytoplankton, whereas influence of 
municipal sewage may show large intra-annual variability 
and marginal or insignificant influence was observed due to 
addition of aerosols.

Summary and Conclusion

The response of phytoplankton abundance and biomass to 
addition of pollutants from various sources was different 
during silicate-rich coastal waters during November and 
silicate-poor waters during January as summarized in Fig. 9. 
All pollutants contained nitrate and phosphate, whereas 

significant amount of silicate was brought by groundwater 
and municipal sewage. A severe limitation of phosphate was 
noticed in the aerosol-added sample, whereas nitrate lim-
ited phytoplankton abundance in municipal sewage–added 
samples during November. On the other hand, the limitation 
of silicate was noticed in the aerosol and industrial efflu-
ent–added sample during January. Increase in dinoflagel-
late abundance and biomass was noticed during January 
associated to low concentrations of silicate in the coastal 
waters, suggesting that the release of nitrogen and phos-
phorus pollutants without silicate, either in the pollutant or 
coastal waters, may possibly trigger harmful algal blooms 
that may destroy the ecosystem. The multivariant analysis 
suggested that additions of industrial effluent and groundwa-
ter significantly influenced coastal phytoplankton abundance 
and biomass, whereas influence of municipal sewage may 
have large variability with time depending on the composi-
tion of sewage, but the influence of aerosol deposition varies 
between insignificant and marginal influences.

The governing agencies generally limit the volume of dis-
charge of industrial effluents to coastal waters and design the 
discharge rate such that 100 to 300 times dilution occurs. 
While designing, the current speed, diffusion rates and mix-
ing parameters are taken into consideration. This experiment 
suggests that the seasonal variations in the concentration 
of silicate in the coastal waters also should be considered. 

Fig. 8   Principal component 
analysis of the experimental 
data during a November and 
b January. The dendrogram of 
the response of phytoplankton 
to different pollutants input is 
drawn for c November and d 
January experiments. C control, 
AR aerosols, IE industrial efflu-
ent, GW groundwater and MS 
municipal sewage. The incuba-
tion days of each treatment are 
also given
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It is recommended to use high dilution factors during the 
period of silicate-poor coastal waters and vice versa during 
silicate-rich coastal waters to avoid possible formation of 
harmful algal blooms.

There are some limitations in our experiment due to 
removal of only main grazers, i.e. mesozooplankton sizing 
above 200 µm. However, smaller grazers and bacteria would 
remain in the experimental tank, and their grazing may influ-
ence the phytoplankton response. Since it is very difficult to 
remove all grazers from the natural samples, the response of 
phytoplankton observed in our experiment may be underes-
timated due to grazing of smaller zooplankton.

As an emerging economy, India is still struggling with 
environmental pollution as an inescapable outcome of the 
ongoing industrial development. With multinational organ-
izations investing to set up manufacturing units in India, 
Chandrika et al. (2022) suggested the country is likely to 
become a pollution haven. Data from Yale University’s Envi-
ronmental Performance Index, 2022, showed that India was 
the worst performer with an EPI score of 18.90, ranking last 
among 180 countries (Wolf et al. 2022). Although to ensure 
effective monitoring and management of the release of 
wastewater, the Indian government has a streamlined regula-
tory framework. There has been a continuous effort towards 
the expansion of wastewater treatment facilities throughout 
the country. The total number of sewage treatment plants 
(STPs) has increased from 746 in 2014 to 1496 in 2020. The 
daily wastewater treatment capacity almost doubled since 
2014 with 31,841 million litres per day (MLD) in 2020 
(CPCB 2022). Regardless of the accelerated growth of treat-
ment premises and adequate legislation, the demands are 
not yet fully met. This leads to high nutrient input through 
industrial and municipal discharges. The coastal area near 
the industrial set-ups is susceptible to severe environmen-
tal catastrophes leading to biodiversity loss and prolonged 

influence on human health. Therefore, the current situation 
of human-induced pollution influx needs to be acted upon 
more expeditiously.
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