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Abstract

Dinoflagellates are ecologically important phytoplankton that contribute to primary production, nutrient
cycling, and marine food-web dynamics, while some species are associated with harmful algal blooms (HABs).
This study assessed dinoflagellate diversity and environmental drivers across three coastal locations along the
Mumbai—Raigad Coast, Maharashtra, India (Versova, Ferry Wharf, and Karanja) from January to June 2025.
Physicochemical parameters and dinoflagellate assemblages were analysed using diversity indices, Pearson
correlation, Bray—Curtis similarity, and Principal Component Analysis (PCA). A total of 21 dinoflagellate species
belonging to 11 genera, nine families, and five orders were recorded. Versova exhibited the highest species
richness (16 species), whereas Ferry Wharf showed the lowest diversity. Tripos furca was the dominant species
across all sites. Dissolved oxygen and temperature emerged as important environmental factors influencing
community composition. PCA clearly separated the study sites based on environmental characteristics.
Potential HAB-forming taxa, including Alexandrium catenella and Cochlodinium sp., were detected, indicating
possible ecological risks in the region. The results demonstrate that anthropogenic pressure and local
environmental conditions strongly influence dinoflagellate distribution and diversity along the Maharashtra
Coast. Continuous biodiversity monitoring is recommended to support early HAB detection and sustainable
coastal ecosystem management.

Keywords: Arabian Sea; dinoflagellate diversity; harmful algal blooms; physicochemical parameters; sustaina-
ble management

1 | INTRODUCTION

Biological diversity (biodiversity) encompasses the variety
of life forms, their ecological functions, and genetic varia-
bility (FAO 1989). In aquatic ecosystems, phytoplankton
form the base of the food web and contribute nearly 40%
of global primary productivity (Falkowski 1994; Naselli-
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Flores and Padisak 2023). According to Guiry (2024), over
40,000 phytoplankton species have been described
worldwide. These diverse, photosynthetic microorgan-
isms, belonging to groups such as Bacillariophyceae, Di-
nophyceae, Cyanophyceae, Chlorophyceae, and Prymne-
siophyceae, are highly sensitive to environmental change
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and serve as reliable indicators of water quality (Baweja
and Sahoo 2015). Among them, dinoflagellates (Di-
nophyceae) are ecologically and biogeochemically signifi-
cant, especially in tropical marine environments (Calbet
2025). Their ability to function as autotrophs, hetero-
trophs, or mixotrophs allows them to thrive under varia-
ble environmental conditions (Gémez 2020). Dinoflagel-
lates play essential roles in nutrient cycling, primary pro-
duction, and sulfur cycling through the production of di-
methylsulfoniopropionate (DMSP), which influences at-
mospheric dimethyl sulfide (DMS) and global climate reg-
ulation (Lovelock et al. 1972; Stefels et al. 2007). Some
species are also bioluminescent, such as Noctiluca scintil-
lans (Haddock et al. 2010). However, dinoflagellates are
also well known for forming harmful algal blooms (HABs).
Genera such as Alexandrium and Karenia produce potent
neurotoxins responsible for paralytic shellfish poisoning
and mass mortality of marine organisms (Hallegraeff
1993). Globally, dinoflagellates account for nearly 75% of
HAB-forming taxa (Smayda 1997). Their proliferation is
often linked to nutrient enrichment from pollution, run-
off, and changing coastal conditions.

India’s extensive coastline (11,098 km) hosts diverse
and productive marine ecosystems (Ministry of Ports,
Shipping and Waterways 2025). Along the Maharashtra
coast (877 km), regions such as Versova, Ferry Wharf
(Mumbai), and Karanja (Raigad) are ecologically signifi-
cant yet subject to varying levels of anthropogenic pres-
sure. While Ferry Wharf and Versova experience heavy
fishing activity, pollution, urban runoff, and industrial
discharge, Karanja represents a comparatively pristine
estuarine—mangrove environment. The Jawaharlal Nehru
Port Authority, located in the Mumbai harbour region, is
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one of India’s busiest ports, handling a substantial share
of the country’s maritime cargo traffic. Its intense ship-
ping activity and connectivity to Ferry Wharf increase the
risk of species introduction through ballast water dis-
charge. Although phytoplankton studies exist for Mum-
bai’s coastal waters, there is a notable lack of focused
research on dinoflagellate diversity and HAB-forming spe-
cies. Given the recent increase in HAB events in the Ara-
bian Sea (Barathan and Sarangi 2024; Mohan et al. 2025),
assessing dinoflagellate composition is essential for un-
derstanding ecosystem health and for the early detection
of toxic or invasive species.

Therefore, the present study aims to: document the
occurrence and taxonomic identity of Dinophyceae spe-
cies along the Mumbai—Raigad coast; compare dinoflagel-
late species richness, community composition, and diver-
sity among the three selected sites; evaluate the relation-
ships between key physicochemical parameters and dino-
flagellate abundance using multivariate statistical ap-
proaches; and assess potential HAB risk posed by the rec-
orded toxigenic species.

2 | METHODOLOGY

2.1 Study area

Maharashtra’s coastline supports diverse ecosystems and
livelihoods but faces rising environmental stress from
urbanisation and maritime activities. For the present
study, three distinct coastal locations along the Maha-
rashtra coastline were selected to assess and compare
dinoflagellate diversity: Versova, Ferry Wharf (Bhaucha
Dhakka) in Mumbai, and Karanja in the Raigad district
(Figure 1).
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FIGURE 1 Map illustrating the sampling loca-
A tions at Versova, Ferry Wharf, and Karanja,

situated along the coasts of Mumbai and
Raigad.
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These sites were chosen to represent varying de-
grees of anthropogenic impact, hydrodynamic conditions,
and ecological settings, allowing for a comparative analy-
sis of environmental influences on dinoflagellate commu-
nity composition. Karanja (18°43'N 72°56'E), an estuarine
site in Raigad characterised by variable salinity, sediment
influx, low boat traffic, and limited fishing, experiences
moderate anthropogenic pollution, making it a distinctive
habitat for studying dinoflagellate assemblages (Pawar
2007). Versova (19°08'N 72°48'E), though an active fish-
ing hub with a landing centre and numerous small boats,
is less polluted than Ferry Wharf, experiencing mainly
localized fishing and settlement impacts with moderate
industrial and shipping pressures (personal observation
during field sampling). In contrast, Ferry Wharf (18°58'N
72°51'E) is heavily polluted, serving as a major centre for
fishing, export, trade and passenger transport, and ac-
commodating large commercial vessels (Gaonkar et al.
2010). These three sampling locations thus represent a
gradient of environmental stress from moderately im-
pacted to heavily industrialized urban marine regions,
which offers valuable insight into how varying environ-
mental and anthropogenic factors influence dinoflagellate
diversity and distribution along the Maharashtra coast.

2.2 Sampling approach, estimation of environmental
variable estimation

Monthly surface water sampling was conducted over a
period from January to June 2025 at three coastal loca-
tions along the Maharashtra coastline: Versova and Ferry
Wharf in Mumbai, and Karanja in Raigad district. At each
site, three replicate surface-water samples were collected
during high tide, primarily between 08:00 and 10:00 h, for
nutrient analysis and phytoplankton assessment. Geo-
graphic coordinates of all sampling stations were record-
ed using GPS. For each sampling event, the mean values
of the triplicate measurements were used for subsequent
statistical analyses. During each sampling event, in situ
physical parameters such as water temperature and salin-
ity were recorded using a standard mercury thermometer
and a handheld refractometer (Erma, Tokyo), respective-
ly. Surface water samples were collected in sterile con-
tainers for the analysis of water quality parameters and
phytoplankton diversity. Dissolved oxygen (Winkler’s
method, samples fixed on-board) and alkalinity was esti-
mated using standard titrimetric methods (APHA 2005).
The quantity of available dissolved nutrients, such as
ammonia (NH4*), nitrite (NOy7), nitrate (NOs~), total phos-
phate (TP) and silicate (SiO,%") was analysed using colori-
metric methods in accordance with standard procedures
(APHA 2005) using a UV-visible spectrophotometer
(Nanocolor UV/VIS II).

2.3 Phytoplankton collection and identification
For qualitative analysis, phytoplankton samples were col-
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lected by filtering 100 L of surface water through a 5 um
mesh-sized plankton net and subsequently concentrated
to 50 mL and preserved with Lugol’s iodine solution. For
quantitative analysis, 1 L of surface water was collected in
plastic bottles and allowed to settle for 48 h, after which
it was concentrated to 50 mL, following Hasle (1978) and
Sournia (1978). One mL sub-sample from the concentrat-
ed preserved samples was examined under a light micro-
scope using a Sedgwick—Rafter chamber to determine
dinoflagellate abundance. Identification was carried out
using standard taxonomic keys (Subrahmanyan 1946;
Taylor 1987; Tomas 1997; Botes 2001; Carstensen et al.
2015; Suthers et al. 2019; Guiry 2024).

2.4 Data analysis

Statistical analyses, including descriptive statistics and
Species diversity, were quantified using the Shannon-
Wiener index (H’), Simpson's index of diversity (1-D), Bril-
louin index (HB), and Pielou's evenness index (J'). Pearson
product-moment correlation coefficients were calculated
between physicochemical parameters and dinoflagellate
abundance at each site. Community compositional simi-
larity among sites was assessed using the Bray-Curtis simi-
larity index. Principal Component Analysis (PCA) was per-
formed on the standardised physicochemical dataset to
identify dominant environmental gradients and their as-
sociations with the three study sites. All statistical anal-
yses were performed using R version 4.3.1 (R Core Team
2023).

3 | RESULTS

3.1 Spatial differences in physicochemical parameters
The environmental variables (mean * standard deviation)
for the three coastal ecosystems are presented in Table 1.
Water temperature varied across the three sites, with
Ferry Wharf recording the highest average 28.90+3.44°C,
followed by Versova 26.20+2.39°C and Karanja
21.94+3.72°C. Salinity was relatively stable in all three
sites. Dissolved oxygen was highest at Karanja 6.95+1.19
ppm, suggesting better oxygenation, likely reflecting en-
hanced oxygenation associated with tidal mixing in its
estuarine ecosystem. Alkalinity showed spatial variation
across the sites, with the highest values recorded at Ver-
sova (133.60+15.84 mg/L CaCOs) and the lowest at Ferry
Wharf. Total phosphorus was highest at Karanja
(0.42£0.11 mg/L). Nitrite and ammonia concentrations
were highest at Ferry Wharf, while nitrate levels re-
mained uniform across all three locations (0.02+0.01

mg/L).

3.2 Dinoflagellate species composition and distribution

In total, 21 dinoflagellate species were identified across
the three study sites, with Versova exhibiting the highest
diversity, accounting for 16 recorded species (Table 2;
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Figure 2). Ferry Wharf had 11 species, while Karanja had
12. A total of 21 dinoflagellate species belonging to 11
genera, nine families, and five orders under the class Di-
nophyceae were recorded across three coastal locations.
At Versova, six species were exclusively observed, name-
ly: Heterocapsa sp., Margalefidinium sp., Prorocentrum
micans, Protoperidinium parcum, Gymnodinium sp, and

TABLE 1 Physicochemical parameters across three sampling site
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Tripos macroceros. Ferry Wharf had three unique species:
Protoperidinium conicum, Cochlodinium sp., and Proto-
peridinium oceanicum. Karanja had two species that were
not found at the other sites: Alexandrium catenella and
Pyrophacus steinii. Eight species were common to all
sites, while two were shared only between Karanja and
Versova (Figure 3).

s along the Mumbai—Raigad Coast.

Sampling sites

Environmental parameters

Versova Karanja Ferry Wharf
Temperature (°C) 26.20£2.39 21.94+3.72 28.901£3.44
Salinity (ppt) 33.40%0.55 33.00%2.28 33.00%+1.58
DO (ppm) 5.56+2.83 6.95+1.19 5.56+1.02
Alkalinity (mg/L CaCO;) 133.60+15.84 128.50+£10.27 126.80+9.34
Total phosphorus (mg/L) 0.35+0.16 0.42+0.11 0.34+0.05
Nitrite (mg/L) 0.90+0.46 0.93+0.30 1.21+0.47
Nitrate (mg/L) 0.02+0.01 0.02+0.01 0.02+0.01
Ammonia (mg/L) 0.191£0.01 0.2210.05 0.2210.02

TABLE 2 Checklist of all recorded dinoflagellate species record
Coast.

ed across three sampling sites along the Mumbai—Raigad

Species name

Study sites

Versova Karanja Ferry Wharf

Alexandrium catenella (Whedon & Kofoid) Balech 1985
Cochlodinium sp. F. Schiitt, 1896

Gymnodinium sp. F. Stein, 1878

Gyrodinium lachryma (Meunier) Kofoid & Swezy 1921
Gyrodinium spirale (Bergh) Kofoid & Swezy 1921
Heterocapsa sp. F. Stein, 1883

Margalefidinium sp. F. Gdmez, Richlen & D. M. Anderson, 2017
Prorocentrum micans Ehrenberg 1834

Protoperidinium depressum (Bailey) Balech 1974
Protoperidinium sp. Bergh, 1881

Protoperidinium conicum (Gran) Balech 1974
Protoperidinium oceanicum (Vanhoffen) Balech 1974
Protoperidinium parcum (Balech) Balech 1974
Protoperidinium steinii (Jgrgensen) Balech 1974
Pyrophacus steinii (Schiller) Wall & Dale 1971
Scrippsiella trochoidea (F. Stein) A.R. Loeblich 1976
Tripos furca (Ehrenberg) F. Gdmez 2013

Tripos fusus (Ehrenberg) F. Gdmez 2013

Tripos lineatus (Ehrenberg) F. Gdmez 2021

Tripos macroceros (Ehrenberg) Hallegraeff & Huisman 2020
Tripos mulleri Bory 1826

X 2 2 X =2 X

X 2 2 2 X 2 X 2 2 2 2 X X

X

2 2 2 2 2 2 X 2 2 X X 2 2 2 2 2 2 2 2 X X
2 X 2 2 2 2 2 2 X X X 2 2 X X X 2 2 X X 2
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b) Cochlodinium sp., c¢) Gyrodinium lachryma, d) Gyrodinium spirale, e) Heterocapsa sp., f) Gymnodinium sp., g) Mar-
galefidinium sp., h) Prorocentrum micans, i) Protoperidinium depressum, j) Protoperidinium conicum, k) Protoperidinium
sp., I) Protoperidinium oceanicum, m) Protoperidinium steinii, n) Pyrophacus steinii, o) Protoperidinium parcum, p) Scirpsi-
ella sp., q) Tripos furca, r) Tripos fusus, s) Tripos macroceros, t) Tripos mulleri, and u) Tripos lineatus.

FIGURE 3 Venn diagram showing the number of dinoflag-
ellate species encountered across the study sites along
the Mumbai—Raigad Coast.

The highest species richness was observed within
the order Gonyaulacales (7 species), especially at Verso-
va. Peridiniales (7 species), mainly represented by the
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genus Protoperidinium, were widely distributed and
found across all study sites. Prorocentrales (Prorocentrum
micans) appeared exclusively at Versova. Whereas Thora-
cosphaerales (Scrippsiella sp.) and several Gymnodiniales
were present at all locations (Figure 4 and 5).

No of Species
[ = N
15} [ ()

v

Versova Ferry Wharf

Karanja

M Gonyaulacales ® Gymnodiniales | Peridiniales

Prorocentrales ® Thoracosphaerales

FIGURE 4 Bar chart showing the composition of dinoflag-
ellate species by taxonomic order across the three study
sites along the Mumbai—Raigad Coast.
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The Bray—Curtis distance analysis revealed that Ver-
sova and Karanja exhibit a similarity of 68%, indicating
that they share most of the recorded species. In contrast,
Versova and Ferry Wharf show a lower similarity of 46%,
suggesting a higher proportion of unique species at these
sites. Karanja and Ferry Wharf share a similarity of 62%,
indicating a moderate level of species overlap and com-
paratively fewer shared species than the Versova—Karanja

(Figure 6). The lower similarity found at Ferry Wharf may
be due to greater human disturbances and pollution in
this harbor ecosystem. These factors can favour pollution-
tolerant dinoflagellate species while limiting the presence
of sensitive taxa. This suggests that the polluted ecosys-
tem has a distinct dinoflagellate community structure
compared to the other two sites.

FIGURE 5 Sunburst chart
depicting the proportion
of each dinoflagellate
taxon found across all
sites along the Mumbai-
Raigad Coast.

FIGURE 6 Dendrogram
based on Bray—Curtis
similarity index showing

the presence of dinoflag-
ellate species across three
sites along the Mumbai—
Raigad Coast.
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3.3 Physicochemical parameters impact on dinoflagel-
late abundance

Pearson correlation analysis was employed to examine
the relationships between various physicochemical pa-
rameters and dinoflagellate abundance across the study
sites (Figure 7). At Versova, ammonia correlated strongly
with temperature (r = 0.882; p = 0.048), while nitrite and
nitrate were also strongly correlated (r = 0.906; p =
0.034), indicating close nutrient interactions. At Karanja,
phytoplankton abundance was positively correlated to
total phosphorus (r = 0.839; p = 0.037) and also showed a
positive correlation with temperature (r = 0.652). In con-
trast, DO exhibited a strong negative correlation with
temperature (r = -0.935; p = 0.006). At Ferry Wharf, a
positive correlation was found between DO and phyto-
plankton abundance (r = 0.927; p = 0.023), indicating that
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higher oxygen supports dinoflagellate growth.

3.4 Principal component analysis

PCA of the standardised physicochemical dataset across
all three sites revealed that PC1 and PC2 together ex-
plained the majority of environmental variance. PC1 was
predominantly driven by temperature and DO (opposing
loadings), reflecting the inverse thermal—oxygen relation-
ship characteristic of coastal marine systems. PC2 was
primarily associated with nutrient axes (total phosphorus,
nitrite, ammonia). The triplot clearly discriminated the
three sites: Ferry Wharf samples clustered in the positive
PC1 (high-temperature, elevated nutrient) quadrant,
Karanja samples in the high-DO region, and Versova sam-
ples occupying an intermediate position with higher alka-
linity loadings (Figure 8).
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FIGURE 7 Pearson correlation analysis between physicochemical parameters and dinoflagellate abundance across sites a)
Versova b) Karanja c) Ferry wharf along the Mumbai—Raigad Coast.
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3.5 Dinoflagellate biodiversity indices
The Shannon, Simpson, Brillouin, and Pielou's evenness
indices of dinoflagellate diversity were computed for each
study location (Table 3). The Shannon index provides an
overall measure of diversity by reflecting species richness
and evenness. The Simpson index similarly considers both
evenness and richness while highlighting the predomi-
nance of common species. Because of the comparatively
low species richness in the present study, the Brillouin
index, which is sensitive to species number was used.
Shannon Wiener index was highest at Versova and
lowest at Ferry Wharf. The Simpson’s Index of Diversity
(1-D) Versova showed the highest diversity followed by
Karanja and Ferry Wharf. The Brillouin Index (HB) is high
at Karanja 0.51 and Versova 0.49, indicating both sites
support relatively balanced dinoflagellate communities. In
contrast, Ferry Wharf recorded a much lower value 0.24,
suggesting reduced diversity and possible dominance by a
few species. Pielou’s Evenness Index (J'), the highest spe-
cies evenness was at Karanja, 0.95, followed by Versova,
0.87, while Ferry Wharf shows the lowest, 0.73. This sug-
gests a more balanced distribution of dinoflagellate spe-
cies at Karanja, whereas Ferry Wharf may be dominated
by a few species and Versova has a greater species rich-
ness and diversity.

TABLE 3 Dinoflagellate biodiversity indices across three
sites along the Mumbai—Raigad Coast.

Sampling sites

Indices Versova Karanja Ferry Wharf
Shannon Wiener (H') 1.426 1.147 0.928
Simpson (1-D) 0.699 0.628 0.510
Brillouin (HB) 0.488 0.510 0.245
Pielou's evenness (J') 0.866 0.948 0.725

4 | DISCUSSION

The Mumbai—Raigad coastline, a major maritime zone
comprising estuaries, creeks, ports, and fishing grounds, is
increasingly subjected to environmental stress. The re-
gion hosts major ports such as Mumbai Port and Jawahar-
lal Nehru Port, which handle exceptionally high cargo
volumes, reflecting intense maritime activity that can
contribute to coastal environmental degradation and in-
fluence plankton dynamics. In this context, the present
study examined three ecologically distinct sites to assess
how dinoflagellate diversity varies spatially and temporal-
ly in relation to changing water quality parameters.

4.1 Impact of physicochemical parameters on dinoflagel-
late abundance

Environmental factors such as temperature, salinity, nu-
trients, and dissolved oxygen play a crucial role in shaping
dinoflagellate abundance, as supported by earlier studies
(Karati et al. 2017; Vase et al. 2018; Saravanakumar et al.
2021). Temperature a key driver of metabolic processes
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and nutrient cycling (Wetzel 2001; Van Aken 2008), exhib-
ited a wider range at Karanja (23-33°C), consistent with
observations from other estuarine systems such as the
Tapi and Gosthani estuaries (22-33.2°C; George et al.
2012; 22.9-33.9°C; Sobha Rani 2016). These fluctuations
are characteristic of tidal mixing and freshwater influence
in estuarine environments. Dissolved oxygen (DO), an
important indicator of water quality (Best et al. 2007),
was highest and relatively stable at Karanja (6.95+1.19
ppm), indicating well-oxygenated conditions associated
with moderate hydrodynamic mixing. These align with
Akter et al. (2024a). Nutrients, particularly nitrogen and
phosphorus, are essential drivers of phytoplankton diver-
sity and ecosystem health (Dugdale 1967; Ryther and
Dunstan 1971). At Versova, dinoflagellate abundance
showed a strong positive association with dissolved oxy-
gen, suggesting favourable conditions for dinoflagellate
growth under moderate nutrient enrichment, consistent
with findings by Vajravelu et al. (2018) and Akter et al.
(2024a). Temperature exhibited a weaker positive influ-
ence, indicating its secondary role compared to oxygen
availability. At Karanja, total phosphorus emerged as a
key driver of dinoflagellate abundance, highlighting the
role of nutrient inputs and estuarine mixing in shaping
community dynamics, supporting observations by Sathish
Kumar et al. (2023). In contrast, at Ferry Wharf, the posi-
tive relationship between dissolved oxygen, temperature,
and dinoflagellate abundance may reflect nutrient-rich
conditions associated with anthropogenic inputs, sup-
porting opportunistic species despite environmental
stress, consistent with many others (e.g. Sridhar et al.
2006; Sharma and Singh 2018; and Sathish et al. 2022).
Overall, these results highlight the varying and site-
specific impacts of physicochemical parameters on dino-
flagellate abundance along the Mumbai—Raigad Coast.

4.2 Dinoflagellate composition and diversity analysis

In the present study, a total of 21 dinoflagellate species
belonging to 11 genera, nine families, and five orders un-
der the class Dinophyceae were recorded across three
coastal locations - Karanja, Ferry Wharf, and Versova.
Species richness varied notably among sites, with Versova
exhibiting the highest diversity (16 species), followed by
Karanja (12 species) and Ferry Wharf (11 species). Earlier
studies from Indian coastal and estuarine ecosystems
show considerable variability in dinoflagellate diversity.
Bhowal et al. (2023) reported 14 dinoflagellate species
from Kakinada, while Akter et al. (2024b) documented 25
species from the Karanja Estuary. Sadasivan et al. (2019)
recorded 47 phytoplankton genera from the Patalganga
Estuary with Dinophyceae contributing 3.7%. In Mumbai
waters, Shahi et al. (2015) identified 82 dinoflagellate
species from Mahim Bay and Manori Creek, highlighting
the region’s high productivity. In comparison, the present
study documents a moderate species richness typical of
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nearshore, mixed-impact coastal systems.

Site-wise, Versova exhibited the highest species
richness and dinoflagellate density (0.501-2.724 cells/L),
likely due to moderate nutrient levels and lower disturb-
ance. Karanja showed intermediate densities (0.334-—
2.375 cells/L), reflecting estuarine influences such as sa-
linity gradients and freshwater input. In contrast, Ferry
Wharf recorded the lowest densities (0.167-1.666
cells/L), suggesting that intense maritime activity and
pollution may suppress dinoflagellate abundance, con-
sistent with findings by Nair and Kumar (2005), who not-
ed reduced phytoplankton abundance in heavily traf-
ficked harbour zones.

At the taxonomic level, the orders Gonyaulacales
and Peridiniales were dominant, each contributing seven
species. Both groups are predominantly thecate (ar-
moured) and exhibit diverse nutritional modes, including
autotrophy, heterotrophy, and mixotrophy, enabling
them to adapt to varying environmental conditions.
Peridiniales were particularly rich in the genus Protoperi-
dinium, which is primarily heterotrophic and utilises a
specialised feeding structure called a pallium for extracel-
lular digestion (Menden et al. 2005). The widespread oc-
currence of Protoperidinium across all study sites high-
lights its ecological adaptability and ability to thrive under
diverse environmental conditions, particularly in nutrient-
influenced coastal systems. Similar dominance patterns of
Gonyaulacales and Peridiniales have also been reported
from Kakinada waters (Bhowal et al. 2023).

Distinct species assemblages were observed across
the study sites. Versova hosted six exclusive species, in-
cluding Heterocapsa sp., Margalefidinium sp., and Tripos
macroceros, reflecting its relatively favorable ecological
conditions. Ferry Wharf contained three exclusive spe-
cies, likely representing taxa that are tolerant to dis-
turbed environments. Karanja recorded two unique spe-
cies Alexandrium catenella and Pyrophacus steinii, which
were also reported by Akter et al. (2024a). Eight species
were common to all three sites, with Tripos furca emerg-
ing as the most dominant species, followed by Tripos fu-
sus, demonstrating their ecological resilience (strong-
armoured, large sized cells, mixotrophy) and broad envi-
ronmental tolerance. The widespread dominance of T.
furca may be attributed to its strongly armoured theca,
large cell size, and ability to tolerate fluctuating salinity
and nutrient conditions commonly observed in coastal
and estuarine waters (Huynh et al. 2022). Its mixotrophic
nature may also provide a competitive advantage under
varying environmental conditions (Eom et al. 2021). Sa-
dasivan et al. (2019) also reported the dominance of Cer-
atium (= Tripos) in the Patalganga Estuary.

4.3 Harmful algal bloom (HAB) risk assessment

The presence of toxigenic and bloom-forming species
such as Alexandrium catenella and Cochlodinium sp. is of
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particular concern. The presence of A. catenella in Karan-
ja holds special importance as this particular organism is
known for its capability of producing saxitoxins, which can
cause paralytic shellfish poisoning (PSP) (Kao 1993). Estu-
arine and coastal near-shore waters such as Karanja con-
tain shellfish resources in the form of bivalves (Dineshba-
bu 2024). These organisms tend to filter feed and thus
accumulate the saxitoxins produced by the dinoflagellate
(Manfrin et al. 2012). The consumption of such toxic
shellfish can be lethal for humans and causes neurological
problems, respiratory paralysis, and even death (Ether-
idge 2010). Thus, the presence of A. catenella in our case
study constitutes an important early warning system for
the possible threat to food safety of the region. It is also
noteworthy that this species tends to multiply in water
bodies that have been exposed to enrichment through
nutrients, especially common in coastal waters affected
by anthropogenic influence and fluctuation in salinity
(Wurtsbaugh et al. 2019). The presence of Cochlodinium
sp. is important because it is related to harmful algal
blooms and fish deaths in coastal ecosystems (Anderson
2021; Kudela and Gobler 2012). Blooms of this type are
frequently connected to nutrient enrichment and nutri-
ent-rich conditions, which may rise due to increasing hu-
man activity along the Maharashtra coast (D’Silva et al.
2012). Their occurrence in Mumbai and Raigad coastal
waters underscores the increasing vulnerability of these
regions to HAB events, potentially exacerbated by nutri-
ent loading, warming waters, and anthropogenic disturb-
ances. Previous reports from the Indian coast highlight
similar concerns (Gopakumar et al. 2009).

This spatial variation reflects differences in environmental
conditions, hydrodynamic processes, and anthropogenic
influences along the Maharashtra Coast (Pérez-Ruzafa et
al. 2007). The simultaneous detection of two inde-
pendently toxigenic/bloom-forming genera at two of the
three study sites, geographically separated by approxi-
mately 40 km, suggests that HAB risk along the Mumbai—
Raigad Coast is systemic rather than site-specific. Com-
prehensive HAB early warning requires the integration of
high-frequency water sampling, remote sensing-based
chlorophyll monitoring, and molecular detection (qPCR-
based species-specific assays or metabarcoding) to sup-
plement conventional microscopy-based identification, as
morphological similarity between species can confound
accurate identification at bloom concentrations.

4.4 Biodiversity indices

The Shannon-Wiener index, which shows both species
richness and evenness, indicated the highest dinoflagel-
late diversity at Versova (H’ = 1.43), followed by Karanja
(1.15), and the lowest at Ferry Wharf (0.93). Higher Shan-
non values typically reflect healthier and more balanced
ecosystems. Bhowal et al. (2023) recorded an H’ of 1.433
in the coastal waters of Andhra Pradesh. In comparison,
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Jacob et al. (2024) reported a Shannon index of 1.94 in
the coastal waters of central Chile, suggesting that Verso-
va, while diverse, still falls within a moderate diversity
range. The relatively low diversity at Ferry Wharf likely
signals environmental stress or pollution-related impacts.
Supporting these results, the Simpson Index of Diversity
(1-D), which emphasizes the dominance of common spe-
cies, also showed the highest diversity at Versova (0.70),
moderate levels at Karanja (0.63), and the lowest at Ferry
Wharf (0.51). These values align with patterns noted in
earlier studies (Kulkarni et al. 2011; Gao and Su 2023;
Jacob et al. 2024), reinforcing the idea that Versova hosts
a more diverse and less dominant community structure.
The Brillouin Index (HB), which is particularly effective in
situations when randomness of the sample cannot be
guaranteed (Magurran 2013) or for small sample sizes,
presented comparable values at Karanja (0.51) and Ver-
sova (0.49), while being significantly lower at Ferry Wharf
(0.24). Brillouin’s sensitivity to limited samples makes it a
reliable index for this study. Pielou’s Evenness Index (J),
which quantifies how evenly individuals are spread across
species, was highest at Karanja (0.95), followed by Verso-
va (0.87), and lowest at Ferry Wharf (0.73). Bhowal et al.
(2023) reported J’ of 0.698 in Kakinada waters. The ele-
vated evenness at Karanja suggests a balanced communi-
ty where no single species dominates, likely due to its
semi-enclosed estuarine nature and moderate hydrody-
namic conditions, highlighting the unique ecological bal-
ance at Karanja despite its moderate species richness.
Jacob et al. (2024) reported a significantly lower evenness
value (0.34), while the evenness was relatively higher in
the present study sites.

5 | CONCLUSIONS
The study indicates that dinoflagellate distribution along
the Mumbai—Raigad Coast is shaped by environmental
variability and anthropogenic pressures. Ferry Wharf,
characterized by intense maritime activity and pollution,
exhibited lower species diversity, whereas Versova
showed higher richness under comparatively lower dis-
turbance. Karanja, an estuarine system, displayed high
species evenness, suggesting a relatively stable environ-
ment. The occurrence of HAB-forming species highlights
potential ecological and food safety risks. Karanja may
function as a regional biodiversity refugium and warrants
protection from increasing developmental pressures. Alt-
hough all three sites support important fishing activities,
they are increasingly threatened by pollution from ballast
water discharge, jetty construction, transportation, and
sewage inputs. Physicochemical parameters significantly
influence dinoflagellates abundance and biodiversity indi-
ces reflect ecosystem health.

The findings suggest that the Ferry Wharf site might
turn into a vulnerable ecosystem due to pollution, leading
to the unexpected occurrence of harmful algal blooms as
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well as declining biodiversity. Thus, the use of proper
coastal management methods, together with continuous
assessment of biodiversity through morphological analy-
sis and environmental DNA approach, is needed in order
to identify the invasive and bloom-forming species. The
relatively stable and rich species composition at Karanja
demonstrates that it may serve as a regional refuge for
biodiversity and requires conservation and protection
against any future development of industries and mari-
time transport in the area. The present study highlights
the need for continuous ecosystem-based monitoring and
sustainable coastal management practices to conserve
biodiversity and maintain ecological stability along the
Mumbai and Raigad coasts.
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