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The present study reports a dual-species bloom of marine diatoms Skeletonema costatum (Greville) Cleve, 1873 and 
Lauderia annulata Cleve, 1873, observed during the northeast monsoon of 2019 in the Kalpakkam coastal waters, southeast 
coast of India. Phytoplankton density during the bloom event ranged from 1.01 – 1.90×106 cells L−1, with an average of 
1.39×106 cells L−1. Skeletonema costatum and L. annulata contributed approximately 53.7 % (7.4×105 cells L−1) and 16.65 
% (2.8×105 cells L−1) of the average population density. High fluctuations in chlorophyll-a (chl-a) concentrations (0.49 – 
6.44 mg m−3) and physico-chemical parameters, viz., turbidity (0.25 – 2.5 NTU), Suspended Particulate Matter (SPM) (7.32 
to 39.84 mg L−1), and ammonium (10.29 – 31.59 μM) were observed during the bloom. Statistical analysis revealed that 
temperature, salinity, and turbidity were crucial in the bloom formation. The results indicated phosphate might be a limiting 
factor rather than nitrate and silicate. The available reports indicate that the co-bloom of S. costatum and L. annulata is the 
first of its kind and a rare occurrence in the Bay of Bengal coastal waters. 

[Keywords: Bay of Bengal, Chlorophyll, Coastal water, Multispecies phytoplankton bloom, Physico-chemical parameters] 

Introduction 
Phytoplankton plays an essential role in the marine 

environment; approximately 30 – 60 % of primary 
productivity is contributed by phytoplankton, and it 
maintains the structure and functioning of marine and 
coastal water ecosystems1. They are essential 
components of the marine food web2 and directly affect 
biogeochemical cycles and climate3,4. Around 5000 
phytoplankton species exist globally. Of these, roughly 
~7 % of species, including diatoms, dinoflagellates, 
raphidophytes, prymnesiophytes, and silicoflagellates, 
are responsible for bloom formation5. Only ~2 % of the 
bloom forming species are considered to be harmful or 
toxic, and predominantly (~75 %) contributed by 
dinoflagellates6. In a natural environment, blooms are 
spontaneous and inevitable; however, their growth and 
persistence are determined by the interplay of various 
physical, chemical, and biological factors that are often 
sudden and unpredictable7. Algal blooms that result in 
the discolouration of seawater are commonly referred 
to as “red tide” and mainly occur in the coastal and 
inland seas when the hydrobiological conditions  
are optimal8,9. 

In general, bloom formation in the marine 
environment is beneficial to food web processes6; 
however, some bloom species exhibit harmful effects 
by either releasing toxins or creating anoxic 
conditions, which are called Harmful Algal Blooms 
(HABs). These HABs can damage the entire 
ecosystem and result in economic loss through 
various processes such as toxin production, fish 
mortality, and shellfish poisoning10. Broadly, bloom 
species are categorised into three groups: (1) blooms 
that produce harmless water discolouration with high 
density, upon decomposition, produce anoxia and 
result in indiscriminate mortality of marine life; (2) 
potent toxin-producing bloom species that cause 
various illnesses (gastrointestinal and neurological) to 
humans, and (3) Non-toxic bloom species that cause 
no harm to humans but harmful to fish and 
invertebrates (damage or clog fish gills). 

In Indian coastal waters, Trichodesmium erythraeum 
blooms are reported to be more common, followed by 
‘Red tide’ blooms caused by dinoflagellates. However, 
reports on diatom blooms are scarce from the Bay of 
Bengal (BOB) and the Arabian Sea. The first-ever report 
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on a diatom bloom formed by Rhizosolenia sp. in BOB 
was from the coastal waters of Mandapam, Palk Bay11, 
followed by an Asterionella japonica bloom from 
Visakhapatnam coast12. Subsequently, reports on diatom 
blooms in BOB were made from the Vellar estuary13, off 
Kalpakkam, Tamil Nadu14 and along the coast of 
Orissa15-17. On most occasions, monospecific blooms 
occur, and occasionally mixed diatom blooms have been 
reported18. Nevertheless, reports on diatom blooms are 
still meagre as they constitute only about 20 % of total 
blooms reported from Indian waters19. Despite the recent 
increase in diatom blooms in Indian waters9,20-25, the 
phenomenon still requires further study to understand 
the mechanisms behind it. The present study reports the 
co-bloom of two diatom species, Skeletonema costatum 
(Greville) Cleve, 1873 and Lauderia annulata Cleve, 
1873, in Kalpakkam coastal waters, and the causative 
factors responsible for the mixed bloom. 

Skeletonema costatum and L. annulata are common 
micro-phytoplankton encountered in the coastal 
waters26-30. These species have been reported from 
various coastal habitats of India, such as mangrove 
ecosystems of West Bengal31,32, estuarine and coastal 
waters of Odisha16,17, Vellar estuary of Tamil Nadu28, 
backwaters of Kerala26, Goa coast33, Mumbai coast of 
Maharastra34, etc. Though there are a few reports of S. 
costatum bloom from world oceans35-37, reports on 
bloom of S. costatum from Indian coasts are very 
rare28. Interestingly, the population explosion of  
L. annulata, contributing significantly to the 
phytoplankton standing stock, has never been reported. 
 
Materials and Methods 

The bloom was observed in the coastal waters off 
Kalpakkam (Lat. 12°33′27″N and Long. 
80°10′31″E), situated on the southeast coast of 
India, during a regular seasonal sampling. A 
detailed description of the study area is given in an 
earlier report38. Sampling was conducted during the 
northeast (NE) monsoon in December 2019 at 12 
locations in the nearshore waters. The sampling 
stations were in two transects parallel to the 
shoreline (at 1.6 and 5 km) inside the sea (Fig. 1). 
Physical parameters such as temperature, pH, 
salinity, Dissolved Oxygen (DO), and turbidity were 
measured in situ using a portable multiparameter 
probe (HANNA instruments). The accuracy of 
measurement of the above parameters was: 
temperature: ±0.05 C, pH: ±0.02, salinity: ±0.05 PSU, 
dissolve oxygen: ±0.05 mg/l, and turbidity: ±0.1 NTU. 

The surface water samples were collected using pre-
cleaned polypropylene containers and were preserved at 
-20 C until analysis. Filtered samples were analysed for 
nutrients such as nitrate, phosphate, silicate, ammonium, 
Total Nitrogen (TN), and Total Phosphorus (TP) using 
the SKALAR SAN++ continuous flow analyser. The 
Suspended Particulate Matter (SPM) content was 
estimated using the method described by Manuri et al.39. 
All nutrient methods were based on ISO and ASTM 
procedures based on colourimetric analysis. Sensitivity 
of these methods followed for nutrient analyses were: 
nitrate: 0.1 µM, phosphate: 0.01 µM, and silicate  
0.5 µM. The spectrophotometric method by Strickland 
& Parson40 was used to estimate chlorophyll-a (chl-a), 
where filter papers were stored in the dark and at -20 C 
with 90 % acetone for 24 h. The extract was then 
centrifuged, and absorbance was measured at various 
wavelengths for chl-a calculations. The phytoplankton 
samples were collected in 1 L bottles and were 
preserved in Lugol’s iodine solution (1 %). A detailed 
procedure from preservation to counting was followed, 
as given by Sahu et al.41. The phytoplankters were 
identified by following standard taxonomic 
monographs42-44, and the quantitative analysis was 
performed using the Sedgwick–Rafter counting chamber 
and an inverted microscope (Zeiss Axio observer). 
 
Results and Discussion 

Indian coastal waters are significantly influenced 
by monsoon rainfall, which causes heavy river 
discharge. Especially in eastern India, there are 
heavy downpours, and a large amount of freshwater 
is received through monsoon-fed rivers, reducing 
salinity and temperature45. On the day of regular 
monitoring program (23 December 2019), the 
surface water of the study area was observed to be 
light brown, indicating the presence of the bloom. 
Approximately 100 km2 of coastal water stretch was 
covered during the study, and the bloom was present 
in almost all the study regions. After microscopic 
observation, the dense bloom caused by two  
diatom species viz., S. costatum and L. annulata 
(Fig. 2a – e) was identified. So far, a few studies 
pertaining to S. costatum bloom occurrence from  
Indian coastal waters have been reported26-28. 
However, to date, no reports has been published on 
the co-bloom occurrence of S. costatum and  
L. annulata from the coastal waters of India. Hence, 
the available literature suggests that this would be  
the first report on the mixed bloom occurrence  of  the 
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Fig. 1 — Map showing the study area and sampling locations along with GPS tracking; stations 1 to 6 represent transect 1 (situated  
1.2 km inside the sea), and stations 7 to 12 represent transect 2 (situated 5 km inside the sea) 
 

above species. Moreover, the bloom of L. annulata 
has never been reported from Indian waters, and the 
present observation is perhaps the first of its kind. 

During bloom, the total phytoplankton population 
density varied from 1.01 – 1.90×106 cells/L with an 
average of 1.39×106 cells/L (Fig. 3a) across the  
12 stations observed. Of the total population density, S. 
costatum and L. annulata alone registered  
4.4 – 14.0×105 and 1.9 – 2.8×105 cells/L, respectively, 

and were found to be predominant among the 
phytoplankton community (Fig. 3b). Skeletonema 
costatum and L. annulata contributed approximately 
53.7 % (7.4×105 cells/L) and 16.65 % (2.8×105 cells/L) 
of the average population. Though there is no report of a 
mixed diatom bloom at this location, several studies on 
other diatom, dinoflagellate, and cyanobacterial blooms, 
such as Asterionellopsis glacialis8,23, Noctiluca 
scintillans46, and Trichod esmium erythraeum47,48 have 
been reported over the last two decades. Comparatively, 

the population density of the presently reported bloom 
species (S. costatum and L. annulata) is lower than the 
previously reported bloom species cell density  
in this region8,23,47-48 (Asterionellopsis glacialis:  
5.45×107 cells/L & 5.63×107 cells/L; and Tricho 
desmium erythraeum: 2.88×107 cells/L & 4.414×106 
cells/L). However, the present bloom density was much 
higher than that of Noctiluca scintillans (38000 cells/L) 
reported from the exact location46. The highest 
Skeletonema sp. density (1.4×106 cells/L) observed in 
the present study is comparable with the earlier 
published densities from the west coast of India  
(1.9×106 cells/L at Kerala coast26; and 1.4×106 cells/L at 
Dharamtar creek27, west coast of India). However, it is 
significantly higher than the only published value  
(0.4 – 3×105) for Skeletonema sp. from Parangipettai 
coastal waters, the east coast of India28.  

Skeletonema costatum is a cosmopolitan and the most 
common species in tropical coastal  waters,  whereas 
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L. annulata is relatively less common and distributed in 
temperate and tropical waters26-30. These species are 
placed in the group Centrales (now called the 
Biddulphiales) and are chain-forming species. The 
abundance of S. costatum and L. annulata preceded 
other phytoplankton species in all 12 stations. 
Skeletonema costatum cell counts were significantly 
high (except at station 4), and L. annulata registered as 
the following dominant species (Fig. 3b). Similarly, the 
cumulative percentage contribution to the entire 
phytoplankton community revealed a significant 
contribution (~ 70 %) by S. costatum and L. annulata as 
compared to other diatoms and phytoplankton groups 
(centrales: 5.3 %; pennates: 3.6 %; cyanophyceae:  
0.2 %; and silicoflagellates: 0.03 %) (Fig. 4). Aside 
from the bloom species, a few other species, such as 

 
 

Fig. 2 — Microscopic view of bloom species in the surface water samples at Kalpakkam coast: a – c) Skeletonema costatum; and 
d – e) Lauderia annulata. Magnification: a, d: 100x; b: 400x; and c, e: 200x 

 
 

Fig. 3 — a) Phytoplankton total abundance and species
distribution; and b) Relative abundance of bloom forming species
and other associated phytoplankters, during post northeast
monsoon (2019) along the Kalpakkam coastal waters 

 
 

Fig. 4 — Pie chart showing the cumulative percentage
contribution of different phytoplankton species/groups during the
bloom event (December 2019) 
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Chaetoceros curvisetus, Dactyliosolen fragilissimus, 
Guinardia striata, Leptocylindrus danicus, 
Leptocylindrus minimus, and Protoperidinium spp., 
were also found at all stations and contributed more 
than 1 % to the total phytoplankton community 
abundance. 

One hundred eighteen species of phytoplankton 
were identified during the bloom event. From the 
microscopic enumeration, it was observed that 
diatoms dominated the phytoplankton species 

composition in the study region (56 centrales + 34 
pennates = 90 species), followed by dinoflagellates 
(25 species), cyanophyceae (2 species), and 
silicoflagellate (one species) (Table 1). The present 
study reports a relatively high species composition, 
suggesting that, despite bloom formation, the 
diversity of the phytoplankton community was not 
affected. The present observation sufficiently 
corroborates other diatomic bloom events reported 
on the east coast of India21,23,49. 

 

Table 1 — Species list and relative abundance (%) of various phytoplankton species in different stations 
 during northeast monsoon period at Kalpakkam coastal waters 

Sampling locations Transect-1 Transect-2 

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 

Centric diatoms 
Asteromphalus elegans 0.1            
Bacteriastrum comosum    0.2    0.4   1.1 0.2 
Bacteriastrum furcatum  0.1     0.7 0.2 0.6    
Bacteriastrum hyalinum    0.2  0.2  0.2     
Biddulphia mobiliensis      0.1    0.2   
Cerataulina pelagica 0.1     0.1       
Cerataulina pelagica       0.3 0.7  0.2 0.2  
Ceratium furca     0.2    0.2 0.4   
Chaetoceros atlanticus  0.7           
Chaetoceros coarctatus    0.2         
Chaetoceros curvisetus 1.3 3.1 0.9 1.6   2.0 0.7 4.0 3.7 1.5  
Chaetoceros decipiens 0.6    1.7    1.7 0.4 0.4  
Chaetoceros denticulatus       0.3      
Chaetoceros eibenii 0.4 0.1  0.2  0.2 0.4 0.2 1.3 0.2 0.2  
Chaetoceros lauderi  0.4 0.4          
Chaetoceros lorenzianus  0.3 1.1 1.6 0.3   2.5   1.5 0.9 
Chaetoceros peruvianus  0.1           
Chaetoceros socialis    4.5      2.2   
Chaetoceros sp. 0.8     0.2 2.7  0.8    
Chaetoceros weighamii    2.4 0.5 1.0  1.6  0.7 0.7  
Corethron hystrix   0.2 0.2 0.2 0.1 0.3 0.2 0.2    
Coscinodiscus sp.  0.3     0.1  0.2    
Cyclotella sp. 1.6 0.1   0.2   0.2 0.9 0.4   
Dactyliosolen fragilissimus 0.4   0.8 0.6  0.6   0.4   
Ditylum sol  0.1       0.2    
Eucampia cornuta 0.6 0.3 0.2  0.3    1.1 0.2   
Eucampia zodiacus 1.2 1.3       0.9  0.5  
Guinardia cylindrus  0.1 0.2     0.2     
Guinardia delicatula    0.8 2.0 0.7  1.3  0.2 2.0 2.1 
Guinardia flaccida 0.4 1.6 0.2    0.1  1.5 0.4   
Guinardia striata 4.0 4.1 5.9 4.5 4.7 2.4 2.9 4.4 3.0 2.8 2.6 3.1 
Hemiaulus cuneiformis          0.4   
Hemiaulus hauckii 1.3 0.7 0.2 0.4 0.2 0.2 0.4 0.7 0.6 0.7  0.2 
Hemiaulus membranacea        0.2     

            (Contd.)
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Table 1 — Species list and relative abundance (%) of various phytoplankton species in different stations 
 during northeast monsoon period at Kalpakkam coastal waters   (Contd.) 

Sampling locations Transect-1 Transect-2 

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 

Hemiaulus sinensis 0.5 0.3 0.7  0.5  0.3 0.4  0.4 0.5 0.7 
Lauderia annulata† 13.3 13.6 24.1 16.1 13.3 11.9 18.9 18.5 21.4 19.6 17.9 17.7 
Leptocylindrus danicus 1.4 0.8 1.1 1.6 2.0 0.8 0.7 0.7 1.1 1.5 1.3 0.9 
Leptocylindrus minimus 10.4 3.4 6.5 6.3 6.1 2.0 2.4 3.3 4.2 5.4 5.1 2.1 
Odontella mobiliensis 0.4 0.3           
Podosira sp.   0.2  0.5  0.1  0.2 0.2   
Proboscia alata 0.1  0.9   0.2     0.2  
Rhizosolenia castracanei 0.1            
Rhizosolenia crassispina    0.6   0.1  0.2 0.2   
Rhizosolenia hebetata    0.2    0.4     
Rhizosolenia hyalina  0.4      0.2     
Rhizosolenia imbricata 0.4 0.9  0.6 0.2 0.2 0.6 0.2 1.3 0.9 0.5 0.2 
Rhizosolenia setigera  0.1     0.1    0.2  
Skeletonema costatum† 48.5 59.6 43.7 37.1 49.8 73.8 59.4 56.3 44.5 48.2 50.6 58.2 
Skeletonema tropicum 1.5 0.3 0.9 2.7 1.9   1.1 1.9 2.1 2.9 0.7 
Streptotheca membranacea            0.7 
Streptotheca tamensis  0.5 0.4    0.3  0.2    
Thalassiosira convexa 0.2            
Thalassiosira decipiens           0.5 0.3 
Thalassiosira eccentrica    0.2         
Thalassiosira sp.      0.2     0.7  
Thalassiosira subtilis    2.9  0.3  0.4   0.5 1.4 
Pennate diatoms 
Amphiprora paludosa            0.2 
Amphora gigantea    0.2         
Amphora laevis    0.2         
Amphora paludosa      0.1  0.2     
Amphora proteus         0.2    
Amphora sp.       0.4      
Asterionellopsis glacialis   0.4 2.0 4.1 1.9 1.9      
Asterionella sp. 2.1 2.5       1.1 0.4 2.2 2.4 
Diploneis bombus         0.2   0.2 
Diploneis smithii            0.2 
Diploneis sp.  0.1   0.2        
Gyrosigma balticum       0.1      
Meuniera membranacea      0.2       
Navicula sp.   0.7 0.2 0.2 0.1 0.3 0.7 0.6 0.2  0.2 
Nitzschia closterium        0.2  0.7   
Nitzschia distans  0.1           
Nitzschia longissima  0.3 0.9 0.6 0.8 0.1 0.3   0.6 0.2 0.3 
Nitzschia panduriformis    0.2      0.2   
Nitzschia sigma 0.9 0.8 1.7  0.5 0.2 0.7 0.2 1.3  1.5 1.2 
Nitzschia sigmoides  0.1 0.7          
Nitzschia sp. 4.0    0.8   0.2 1.7    
Pleurosigma aestuarii      0.1     0.2  
Pleurosigma angulatum  0.1 0.2          

           (Contd.)
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Table 1 — Species list and relative abundance (%) of various phytoplankton species in different stations 
 during northeast monsoon period at Kalpakkam coastal waters   (Contd.) 

Sampling locations Transect-1 Transect-2 

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 

Pleurosigma elongatum 0.1  0.2    0.1 0.2     
Pleurosigma formosum  0.1 0.2    0.1     0.2 
Pleurosigma normanii   0.2          
Pseudonitzschia australis  0.3 0.7      0.6    
Pseudonitzschia delicatissima 0.9   1.8 1.3   1.6  0.4  0.3 
Pseudonitzschia pungens 0.7 0.3 0.9  0.3     0.4   
Pseudonitzschia sp.   0.4          
Thalassionema bacillare       0.1      
Thalassionema nitzschioides     0.2     0.4  0.3 
Thalassiothrix longissima         0.2    
Dinoflagellates 
Dinoflagellate cyst      0.3       
Dinoflagellate spores    1.0         
Dinophysis dens          0.2   
Gymnodinium sanguineum    0.2         
Gyrodinium sp.   0.7 0.4 0.6  0.3  0.2    
Peridinium bulla     0.2        
Peridinium remotum  0.1           
Peridinium sp.     0.3        
Polykrikos schwartzii            0.3 
Prorocentrum compressum  0.1  0.6    0.2   0.2 0.3 
Prorocentrum gracile    0.2         
Prorocentrum micans 0.2 0.1  1.2 0.3    0.2 0.2 0.2 0.3 
Prorocentrum sp.           0.2  
Protoperidinium ampulliforme           0.3 
Protoperidinium bulla            0.2 
Protoperidinium cerassus      0.2    0.2   
Protoperidinium depressum         0.6    
Protoperidinium globulus     0.2        
Protoperidinium niponicum     0.5        
Protoperidinium remotum          0.2   
Protoperidinium senaicum    1.0 0.5     0.4  0.9 
Protoperidinium spp. 1.5 1.3 3.9 3.1 3.4 1.8 1.6 1.3 0.6 1.9 2.4 1.9 
Protoperidinium steinii     0.6        
Pyrophacus steinii          0.2   
Scripciella trochoidea    0.6 0.3      1.3 0.7 
Cyanophyceae 
Richelia intracellularis        0.4     
Trichodesmium erythraeum      0.1   0.2 1.7   
Silicoflagellates 
Dictyocha fibula    0.2     0.2    
†Blooming species             
 

The salinity and temperature recorded during the 
bloom were 26.93 – 27.48 °C and 23.7 – 28.5 PSU, 
respectively (Table 2). Since the study was 
conducted during the NE monsoon, freshwater 
discharge through backwaters and lower solar 

intensity might have contributed to the observed 
values. A previous study by Sahu et al.23 at this 
location during a diatom bloom event reported a 
similar temperature range. According to earlier 
reports, the S. costatum bloom has been strongly 
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associated with low temperature and salinity50. A 
strong positive correlation of chl-a with temperature 
during the present bloom further supported the role 
of temperature (Table 3). Several studies around the 
world have reported that low-saline conditions 
associated with rainfall favour the bloom formation 
of S. costatum34,35,51. In the present instance,  
S. costatum density showed a significant positive 
correlation with salinity, underlining the importance 
of this parameter in bloom formation. Nevertheless, 
Li et al.36 reported that not only is a less saline 
environment responsible for the S. costatum bloom, 
but increased nutrient inputs through river discharge 
due to heavy rainfall may also induce the bloom. 

pH values did not differ significantly during the 
bloom event and ranged from 8.17 to 8.24. Similar 
to the report of Huo et al.35, this study also observed 
an increase in pH with respect to chl-a 
concentration. Generally, DO values are controlled 
by salinity and temperature, as both parameters 
directly affect the dissolution of oxygen in coastal 
waters; nonetheless, biological activities, such as 
photosynthetic activity and microbial decomposition 
also influence DO availability. In the present study, 
a relatively high DO concentration was observed, 
ranging from 6.17 to 6.52 mg L−1. These observed 
higher values might be due to the low salinity and 
temperature recorded, in addition to its production 

Table 2 — Concentration of physico-chemical parameters during post northeast monsoon (December 2019) in Kalpakkam coastal waters 

Sampling locations Transect 1 Transect 2 

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 

Temperature (°C) 27.28 27.42 27.42 27.48 26.93 27.00 27.09 27.10 27.11 27.14 27.24 27.28 
pH 8.20 8.18 8.22 8.18 8.24 8.18 8.20 8.18 8.19 8.20 8.17 8.17 
Salinity (psu) 26.10 28.50 25.01 24.99 28.10 23.70 26.02 26.52 25.39 25.89 26.05 26.02 
Dissolved oxygen (mg L-1) 6.38 6.41 6.44 6.44 6.17 6.52 6.44 6.42 6.43 6.43 6.41 6.32 
Turbidity (FNU) 0.90 1.00 2.50 2.10 1.10 0.80 0.45 0.30 0.40 0.25 0.30 0.40 
Suspended particulate matter (mg L-1) 16.06 24.36 39.84 31.66 18.28 23.30 20.92 7.32 20.60 16.14 18.02 33.28 
Ortho phosphate (µM) 0.36 0.45 0.34 0.32 0.58 0.29 0.27 0.29 0.28 0.32 0.40 0.25 
Silicate (µM) 2.88 3.63 2.47 2.09 1.70 1.36 2.69 2.52 3.15 2.54 2.04 1.65 
Ammonium (µM) 31.59 27.03 21.48 22.26 14.71 19.43 18.20 15.75 17.41 14.32 17.11 10.29 
Nitrate (µM) 1.21 1.60 1.46 1.07 1.15 0.90 0.82 0.82 0.79 0.79 0.66 0.36 
Total nitrogen (µM) 44.55 48.90 48.55 52.10 47.80 44.15 47.40 42.55 47.30 45.90 48.60 44.85 
Total phosphate (µM) 0.87 1.05 0.93 0.77 0.78 0.63 0.88 0.59 0.56 0.58 0.67 0.52 
Chlorophyll-a (mg m-3) 5.99 4.20 3.51 4.31 1.19 6.44 0.49 0.78 0.81 0.62 1.05 1.55 
 

Table 3 — Correlation coefficient analysis of hydrobiological parameters during the bloom occurrence 

Variables Temp. pH Salinity DO Turbidity SPM IP Silicate NH₄⁺ Nitrate TN TP Chl-a P density SC 

Temp. 1               

pH -0.309 1              

Salinity 0.107 -0.627 1             

DO 0.253 -0.521 0.579 1            

Turbidity 0.541 0.391 -0.244 0.014 1           

SPM 0.599 0.036 -0.135 0.090 0.643 1          

IP -0.115 0.550 -0.261 -0.678 0.290 -0.142 1         

Silicate 0.367 -0.143 0.408 0.393 -0.073 -0.151 -0.135 1        

NH₄⁺ 0.479 0.041 0.310 0.270 0.480 0.041 0.182 0.568 1       

Nitrate 0.385 0.453 0.095 0.004 0.728 0.209 0.528 0.439 0.741 1      

TN 0.522 0.112 -0.314 -0.024 0.551 0.520 0.325 0.065 0.195 0.375 1     

TP 0.446 0.356 0.120 -0.023 0.585 0.267 0.452 0.437 0.730 0.860 0.454 1    

Chl-a 0.708 0.027 0.109 0.044 0.661 0.336 0.183 0.320 0.860 0.663 0.269 0.631 1   

P density -0.275 -0.132 0.508 -0.060 -0.116 -0.147 0.160 -0.108 0.354 0.076 -0.312 0.204 0.228 1  

SC -0.379 -0.236 0.676 0.136 -0.221 -0.133 -0.016 -0.149 0.132 -0.040 -0.431 0.057 -0.033 0.915 1 

LA -0.084 -0.155 0.110 0.192 -0.379 0.153 -0.498 0.198 -0.123 -0.337 -0.234 -0.020 -0.256 0.133 0.192 
Values in bold are significantly different from 0 with a significance level alpha=0.05 
SC – Skeletonema costatum density, LA – Lauderia annulata density, P density – Total phytoplankton density 
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by autotrophs. High photosynthetic activity by 
bloom species must also have enhanced the DO 
content in this study. Enhanced DO content during 
phytoplankton blooms is a common phenomenon 
reported worldwide9. 

A long-term observation of phytoplankton data 
by Biswas et al.31 from a mangrove-dominated 
estuarine system of India (NW Bay of Bengal) 
revealed that S. costatum blooms were observed 
during high turbid monsoonal months. In the present 
investigation, turbidity (0.25 – 2.5 NTU) showed a 
strong positive correlation with chl-a. During the 
bloom, turbidity values were higher in transect-1 
than in transect-2, located at 5 km inside the sea. 
Like Biswas et al.31, the current study also observed 
that S. costatum bloom was comparatively higher in 
transect 1, where the turbidity was higher than in 
transect 2. However, this study found no significant 
difference in L. annulata bloom abundance, except 
for a slight increase in transect 2, which showed 
lower turbidity. SPM exhibited considerable 
variation and ranged from 7.32 to 39.84 mg L−1. 
Relatively higher concentrations were observed in 
transect-1 than in transect-2. This could be due to 
the high bloom density observed in transect-1 
because it is believed that high phytoplankton 
production or bloom density contributes to high 
SPM content in the coastal waters52-53. 

Nutrients are vital for primary production, and 
the growth and development of phytoplankton 
depend on several inorganic nutrients. In this study, 
nutrients such as nitrate, ammonium, phosphate, 
silicate, TN, and TP exhibited moderate spatial 
variations during the NE monsoon (Table 2). 
Variations in the nitrogenous nutrient concentration 
(μM) in the coastal waters were as follows: nitrate: 
0.36 – 1.6, ammonium: 10.29 – 31.59, and TN: 
42.55 – 52.1. Comparatively higher concentrations 
of ammonium (at station 1), nitrate (at station 2), 
and TN (at station 4) were observed in transect-1. 
The lower concentrations for ammonium, nitrate, 
and TN were observed at stations 12, 8, and 4, 
respectively, in transect 2. The increase in 
ammonium levels in the coastal water could be due 
to monsoonal discharge from the backwaters, which 
contains sewage, agricultural drainage, and 
aquaculture waste. An enormous amount of organic 
and inorganic substances, including a large amount 
of ammonium, is released through various 
discharges54. Ammonia, the chief excretory product 

of marine invertebrates, is well known as a nutrient 
preferred by the phytoplankton community under 
certain environmental conditions. The above two 
factors, i.e., excretory release and utilisation by 
phytoplankton, significantly affect the concentration 
of ammonium in the marine environment55,56. 
Moreover, ammonium, which is a highly unstable 
form of nitrogen, is oxidised to other forms in well-
oxygenated water, which significantly affects its 
concentration57. In addition, many studies have also 
reported an increased ammonium content of  
~40 – 284 μM in the seawater during blooms, where 
they depicted that the bloom remains largely ungrazed 
and decomposes, resulting in elevated ammonium 
levels47,48,58-60. Nitrate and TN concentrations 
gradually decreased from coastal to offshore waters. 
The reduction in nitrate might be due to its 
utilisation by the phytoplankton community, as it is 
a common phenomenon during a phytoplankton 
bloom. In general, recently reported nitrate 
concentration along the study area varies from  
1.0 – 9.9 μM(refs. 61,62), and the observed values in 
current study are relatively low. Though there was 
no significant correlation between nitrate and 
phytoplankton population density during this study 
(Fig. 5a), a significant positive relationship was 
observed between chl-a and nitrate, which 
strengthened the observation of low nitrate content 
during this bloom event. Li et al.36 reported a 
significant reduction in nitrate and ammonium during 
the peak bloom of S. costatum and indicated that the 
decrease in nitrogen compounds did not affect the 
bloom density. Similarly, Huo et al.35 observed a 
significant reduction in nutrient depletion during the 
post-bloom period of S. costatum. 

Inorganic phosphates and total phosphorus 
concentration ranged from 0.25 to 0.58 μM and  
0.58 to 1.05 μM, respectively. There was a slight 
variation in IP and TP, with maximum values 
recorded in transect 1 and minimum values in 
transect 2. This coincides with the relatively high 
bloom density of transect 1 as compared to transect 
2. Hence, it is understood that phosphate availability 
might impact or act as a limiting factor for the 
bloom species36. However, the correlation between 
phosphate and chl-a was insignificant in the study 
(Fig. 5b). Present observed phosphate values are 
comparable to those reported from this coast  
(0.14 – 0.54 μM) recently61,62. Silicate values were 
low during the bloom event (1.36 – 3.63 μM). In the 
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marine environment, diatoms directly rely on 
dissolved silicate concentrations to grow and form 
frustules63. The observed lower silicate values 
during the bloom were apparently due to utilisation 
and were corroborated by other reports36,64. It has 
been observed that silicate values above 2 μM do 
not limit diatom growth65. At most stations, silicate 
concentration did not fall below 2 μM in the present 
bloom occurrence, which could be supporting the 
sustenance bloom biomass. Although a direct 
relation between silicate concentration and cell 

density was not observed (Fig. 5c), a significant 
positive correlation between chl-a and silicate 
supported the above hypothesis. The silicate values 
documented in this study corroborated prior 
investigations in the same coastal location41,47,48 and 
were marginally lower than those reported recently 
(2.4 – 8.8 μM)61. Though phytoplankton consumption 
could be a plausible reason for the low silicate content 
observed in this study66-67, various factors such as 
adsorption of reactive silicate into suspended 
sedimentary particles68, chemical interaction with clay 
minerals69, and co-precipitation with humic 
compounds and iron70, are also responsible for silicate 
concentration variations in the marine environment. 

Many researchers have used the photosynthetic 
pigment chl-a as an indicator of phytoplankton 
standing stock for more than 50 years71. The highest 
and lowest chl-a values help predict the coastal 
ecosystem's productivity status. In this study, the 
highest concentration of chl-a (6.44 mg m−3) 
coincided with the highest diatom cell density, 
particularly S. costatum and L. annulata in transect-
1. In contrast, the chl-a values observed in transect 
2 were much lower (Table 2). Similar observations 
(increased chlorophyll values) during bloom events 
have been reported earlier from Indian coastal 
waters9,20,23,25,72,73. 

The primary factors responsible for bloom 
occurrence in the present study might be physical 
factors such as temperature and salinity, as these 
parameters exhibited a strong positive relationship 
with chl-a (Table 3). It is believed that 
physiological adaptations play a pivotal role in 
determining which phytoplankton species will 
bloom under certain conditions74. The observed 
significant reduction in nitrate and silicate during 
bloom might be due to higher uptake by S. costatum 
and L. annulata. It is considered that S. costatum 
has a higher growth rate and nitrate uptake than 
other diatoms37. Similarly, an experimental study by 
Sommer75 revealed that L. annulata exhibited high 
bloom density under low-light conditions with a 
high S:N ratio75,76. Based on earlier reports, it is 
understood that L. annulata also requires similar 
environmental conditions to those of S. costatum to 
proliferate75,76, which might have resulted in this  
co-bloom. However, the density of S. costatum was 
much higher than that of L. annulata in both 
transects, indicating the better-competing nature of 
the former under eutrophic conditions77. Further, 

 
 

Fig. 5 — Regression analysis showing the correlations between
phytoplankton density and a) silicate, b) nitrate, and c) inorganic
phosphate, observed during the bloom in the coastal waters of
Kalpakkam 
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this study demonstrates that the bloom density of 
both species (S. costatum and L. annulata) did not 
decrease with nitrate and silicate content, indicating 
that they do not act as limiting factors. 

Contrary to other reports, Inorganic Phosphate 
(IP) concentrations were comparatively higher, 
suggesting that adequate phosphate availability 
favoured the bloom density. Even though the current 
study observed no fish mortality at the bloom site, it 
is considered that these blooms can potentially harm 
marine organisms as a tremendous amount of 
oxygen will be consumed during decomposition, 
leading to severe ecological impacts on aquatic 
ecosystems78. On the other hand, these species 
generally serve as favourable food for secondary 
consumers such as zooplankton and fish larvae, 
temporarily increasing the region’s secondary 
production. Though the reported bloom event may be 
non-toxic to the marine ecosystem, continuous 
monitoring and prolonged analysis of coastal 
hydrobiological conditions are necessary to determine 
the triggering mechanisms of such bloom events. 
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