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A B S T R A C T   

The paper describes the community composition of phytoplankton in the eastern Arabian Sea (EAS) during 
winter monsoon (WM, January–February 2018), encompassing the entire eastern part of the Arabian Sea basin 
(~6–22◦N and 77–67◦E) with high-resolution sampling (7 transects, 56 sites), from coastal to offshore regions. 
The phytoplankton pigment concentrations estimated by high-performance liquid chromatography were inter
preted using ‘CHEMTAX’ (Mackey et al., 1996) to determine relative abundance and contribution of phyto
plankton functional groups at the class level. A distinct spatial heterogeneity was observed in the distribution of 
phytoplankton groups in the coastal and offshore regions of the northern as well as southern part of the EAS. The 
basin-scale column integrated chlorophyll a (Chl a) concentration in the upper 100 m was higher (16–118 mg 
m− 2) in the northeastern Arabian Sea (NEAS) as against 9–79 mg m− 2 in the southeastern Arabian Sea (SEAS). 
The chromatographic analysis revealed the dominance of diatoms in the coastal waters of the EAS basin. A closer 
evaluation of the hydrodynamics and nutrient chemistry of the offshore regions revealed that entrainment of sub- 
halocline nutrients into the sunlit water column through convective mixing supported the dominant cyano
bacterial population in the NEAS. In the warm oligotrophic waters of the SEAS, the substantially high NH4

+

concentration indicates that the dominant prochlorophytes were sustained by the regenerated production. The 
dominance of large phytoplankton like diatoms indicates a herbivorous control in the food chain in coastal 
waters of the EAS. Offshore waters are characterised by large proportions of pico-nano plankton along with 
considerable micro phytoplankton, which suggests a mixotrophic ecosystem. The statistical analysis showed that 
the silicate (Si/N ratio) concentration played a major role in controlling the diatom abundance in the coastal 
areas of the north (south) EAS while temperature and salinity together with nutrients structured the phyto
plankton assemblage in the offshore waters during WM.   

1. Introduction 

The unique nature of the monsoon system in the Arabian Sea (AS) 
creates two distinctly elevated high productive periods, viz. winter 
monsoon (WM) and summer monsoon (SM) (Wiggert et al., 2005). The 
convective mixing during WM and upwelling during SM makes the AS 
one of the most biologically productive regions in the world (Banse, 
1987). During the WM, the cool and dry north-easterly winds propagate 
across the AS (Wiggert et al., 2002) leading to convective mixing which 
results in enhanced productivity in the northeastern Arabian Sea 

(NEAS), but not in the southeastern Arabian Sea (SEAS) (Madhupratap 
et al., 1996, 2001). During the SM, strong upwelling causes nutrient 
enrichment in the surface layers leading to high primary production in 
the SEAS (Wiggert et al., 2005; Gupta et al., 2016). On the other hand, 
during WM, a highly oligotrophic and stratified condition prevails over 
the SEAS, leading to a subsurface chlorophyll maxima (SCM) in the SEAS 
(Gupta et al., 2016). Moreover, the formation of high-saline waters over 
the NEAS and intrusion of the Bay of Bengal (BoB) waters into the SEAS 
creates a strong salinity gradient across the EAS basin during WM 
(Prasannakumar et al., 2004). These varying physical and 
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biogeochemical conditions give rise to basin-scale changes in plankton 
assemblages in both time and space. The phytoplankton community 
composition determines food web dynamics and influences the various 
biogeochemical processes of the ecosystem (Garrison et al., 2000). 

In the past, many studies have been conducted in the EAS addressing 
the ecosystem level changes and seasonal cycles of phytoplankton (e.g., 
Qasim, 1977; Radhakrishna et al., 1978; Banse, 1987; Goes et al., 1992; 
Banse and English, 1993; Bhattathiri et al., 1996; Roy et al., 2006; 
Gomes et al., 2008). Although many of these studies had large spatial 
coverage, the sampling resolution was limited. Most of these studies 
were carried out either in coastal waters (Chacko, 1942; John and 
Menon, 1942; Subrahmanyan and Sarma, 1961, 1967; Devassy et al., 
1978, 1979; Devassy and Goes, 1988; Sawant and Madhupratap, 1996) 
or were limited to open ocean waters alone (JGOFS-US, JGOFS-INDIA). 
Some studies also covered the shelf and slope regions but with minimal 
sampling (Parab et al., 2006). In the past decade, studies related to 
phytoplankton dynamics during the WM mostly focussed on winter 
bloom dynamics or the phytoplankton community structure associated 
with physical features like eddies or fronts in the open ocean regions of 
NEAS (Roy et al., 2015; Baliarsingh et al., 2018; Bemal et al., 2018; 
Lotliker et al., 2018; Sarma et al., 2018 and references therein). Simi
larly, biological studies in the SEAS region either concentrated on SM 
upwelling (e.g., Thomas et al., 2013; Padmakumar et al., 2010; Ahmed 
et al., 2016) or were restricted to coastal areas (Krishnankutty et al., 
2019; Minu et al., 2014; Rai and Rajashekhar, 2014). 

The chemotaxonomic studies on phytoplankton pigment signatures 
are valuable in determining the composition and abundance of phyto
plankton populations (Wright et al., 1991; Jeffrey et al., 1997; Bidigare 
and Charles, 2002). Biomarker pigment signatures can reveal class- 
specific taxonomic composition (Wright et al., 1991; Jeffrey and Vesk, 
1997), physiological status (Jeffrey and Wright, 1997), and food web 
structure (Legendre and Rassoulzadegan, 1995) under a variety of 
environmental conditions (Vidussi et al., 2001; Roy and Anil, 2015; Roy 
et al., 2015; Chndrasekhararao et al., 2018). Besides this, the diagnostic 
pigment indices and pigment ratios are used to determine phototroph 
groups (pico, nano, and micro phytoplankton). There have been many 
phytoplankton pigment-based studies in the western and central 
Arabian Sea linking the monsoon seasonal cycles and phytoplankton 
community (Latasa and Bidigare, 1998; Barlow et al., 1999; Goericke, 
2002; Brown et al., 2002). The knowledge on the photosynthetic pig
ments in the EAS mainly came from the studies of Parab et al. (2006), 
Roy et al. (2006, 2015), Roy (2010), Roy and Anil (2015), Ahmed et al. 
(2016), Bemal et al. (2018) and Chndrasekhararao et al. (2018). These 
studies revealed that the abundance and composition of the phyto
plankton community are strongly influenced by the change in environ
mental conditions associated with ecosystem dynamics. 

Though there are several studies on the physical dynamics of the 
EAS, most of the biogeochemical and biological studies are confined to a 
region, i.e., either NEAS or SEAS. A basin-wide understanding is hitherto 
lacking, which is, in turn, found to obscure the factors supporting 

Fig. 1. Sampling locations along the eastern Arabian Sea. The transect up to 15◦N (Cape, Kochi, Mangalore, and Goa) are defined as southeastern Arabian Sea (SEAS) 
and the other three northern transects (Mumbai, Veraval, and Okha) as northeastern Arabian Sea (NEAS). The stations from 10 to 50 m depth stations are grouped as 
coastal stations and those beyond up to 2000 m as offshore stations. 
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biological resources in the eastern Arabian Sea. The present study, 
therefore, is a comprehensive investigation of the phytoplankton com
munity along the EAS during WM, with both an extensive spatial scale 
and high-resolution sampling, focussed on (i) difference in the distri
bution of phytoplankton community under a warm, oligotrophic, and 
cold, nutrient-rich condition, (ii) phytoplankton community composi
tion at the subsurface chlorophyll maxima (SCM). 

2. Materials and methods 

The study was carried out as part of the project “Marine Ecosystem 
Dynamics of eastern Arabian Sea (MEDAS)”. It is the first study of its 
kind to encompass the entire eastern part of the Arabian Sea basin 
(between ~6–22◦N and 77–67◦E) with high-resolution sampling from 
coastal to offshore regions (Fig. 1). Observations were conducted on
board FORV Sagar Sampada covering seven coast-offshore transects 
(Cape, Kochi, Mangalore, Goa, Mumbai, Veraval, and Okha) along the 
EAS during the winter monsoon (January–February) of 2018. At each 
transect, 8–10 stations were covered with depths ranging between 10 
and 2000 m. The EAS was divided into two regions: north EAS (NEAS) 
and south EAS (SEAS). The transects up to 15◦N (Cape, Kochi, Man
galore, and Goa) are grouped under the SEAS, and the other three 
northern transects (Mumbai, Veraval, and Okha) are defined as NEAS. 
For the convenience of discussion, the 10–50 m depth stations are 
grouped as coastal stations and those beyond (up to 2000 m) as offshore 
stations. 

Continuous profiles of salinity and temperature were recorded using 

a Conductivity-Temperature-Depth (CTD) profiler (SBE 11 Plus, Sea- 
Bird, USA). The dissolved oxygen (DO) profiles were recorded using 
an SBE 43 sensor attached to the CTD rosette. All the sensors have been 
factory calibrated before the commencement of the field campaign. The 
temperature and salinity sensors have an analytical precision of 
±0.0005 ◦C and ±0.001 (SBE 9plus) and the DO sensor can perform an 
accuracy of ±2% of saturation. The sensors were cleaned frequently 
using 1% Tripton-100 to maintain its performance. 

Water samples were collected from standard depths using 12 L Niskin 
samplers attached to CTD Rosette. Sub-samples for nutrients were 
filtered through GF/F filter, and the filtrate was collected in HDPE 
bottles (60 and 100 ml) and poisoned with saturated HgCl2. Nutrients 
(nitrite, phosphate and silicate) were analysed using an autoanalyser 
(SKALAR SAN++) following Grasshoff et al. (1999). Nitrate was ana
lysed using the autoanalyser but following the method of García- 
Robledo et al. (2014). Ammonium was measured spectrophotometri
cally (Thermo Evolution 201) immediately after collection, following 
standard procedures (Grasshoff et al., 1999). The analytical precisions, 
expressed as standard deviation based on replicate analyses, were 
±0.005, 0.027, 0.009, 0.037, and 0.1 μM for NO2-, NO3-, PO4

3-, SiO4
2- and 

NH4
+, respectively. 
Sub-samples (0.5–2 L) for phytoplankton pigments were filtered 

onboard through Whatman GF/F filters (0.7 μm, 25 mm) under dark 
conditions and stored at − 80 ◦C. The filters were extracted in 3 ml of 
100% methanol using ultrasonicator (QSONICA Q55), filtered using 
Teflon syringe PTFE membrane (PALL ValuePrep, 0.22 μm, 25 mm) and 
the pigments were analysed using HPLC (Shimadzu Prominence) 
following Van Heukelem (2002) as described in Roy et al. (2015). The 
entire analysis from filtration till sample injection was carried out in dim 
light and at low temperature to minimise degradation of pigments. The 
eluting pigments were detected at 450 and 665 nm (Soret and Qy bands) 
by the diode array detector. Identification and quantification of 20 
different phytoplankton pigments (Table 1) were performed by 
comparing the retention time and visible spectra with standards ob
tained from DHI Inc., Denmark. Limits of detection were of the order of 
0.001 μg l-1. 

To know the proportion of each community such as diatoms, nano
flagellates, and prokaryotes, the diagnostic pigment indices (DP, in μg l- 
1) were calculated using seven pigments viz. fucoxanthin, peridinin, 
19’butanoyloxyfucoxanthin, 19’hexanoyloxyfucoxanthin, alloxanthin, 
chlorophyll b and zeaxanthin (Barlow et al., 2007) as follows: 

FlagDP = (Allo+ 19’HF+ 19’BF+Chl b)∕DP  

ProkDP = Zea∕DP  

DiatomDP = Fuco/DP 

In the above equation, DP is the sum of the above mentioned 7 
pigments. 

The fractions of the Chl a concentration associated with each of the 
three phytoplankton classes (fmicro, fnano and fpico) were then derived 
using the weighted sum of all the diagnostic pigment concentrations, 
ΣDPw, expressed (Uitz et al., 2006) as follows 

Table 1 
The pigment symbol, names, formulae and their chemotaxonomic relation used 
in this study (Gibb et al., 2001; Jeffrey et al., 1997)  

Pigment Abbreviation Designation of phytoplankton 
groups 

Chlorophyll a Chl a Total algal biomass (including 
cyanobacteria) 

Chlorophyll b Chl b Chlorophytes, prasinophytes 
Chlorophyll c1c2 Chl C2 Diatoms, prymnesiophytes, 

cryophytes, dinoflagellates 
Chlorophyll c3 Chl C3 Prymnesiophytes, crysophytes 
Alloxanthin Allo Cryptophytes 
19’butanoyloxyfucoxanthin 19’BF Chrysophytes, prymnesiophytes 
Divinyl chlorophyll a DVChl a Prochlorophytes 
Fucoxanthin Fuco Diatoms, prymnesiophytes, 

chrysophytes 
19’hexanoyloxyfucoxanthin 19’HF prymnesiophytes 
Lutein Lut Chlorophytes, prasinophytes 
Peridinin Peri Dinoflagellates 
Prasinoxanthin Pras Prasinophytes 
Zeaxanthin Zea Cyanobacteria, Prochlorophytes 
Violaxanthin Viola Chlorophytes, Prasinophytes 
Neoxanthin Neo Green algae 
Diadinoxanthin Diad Diatoms, Dinoflagellates 
Dinoxanthin Dino Dinoflagellates 
Diatoxanthin Diat  
Antheraxanthin Anthera  
Phaeophorbide Phaeo Chlorophyll degradation products  

Table 2 
Marker pigments to Chl a ratio of the eight taxonomic groups. Input ratios were obtained from Schlüter et al. (2000) and Gibb et al. (2001).   

Peri 19’BF Fuco 19’HF Allo Pras Viola DVChl a Lut Zea Chl b Chl a  

(a) Input matrix 0 0 0 0 0 0.315 0.062 0 0.009 0 0.238 1 
Prasinophytes 1.063 0 0 0 0 0 0 0 0 0 0 1 
Dinoflagellates 0 0 0 0 0 0 0 0.186 0 0 0 1 
prochlorophytes 0 0 0 1.706 0 0 0 0 0 0 0 1 
Haptophytes 0 0 0 0 0.530 0 0 0 0 0 0 1 
Cryptophytes 0 0 0 0 0 0 0.055 0 0.203 0.009 0.263 1 
Chlorophytes 0 0 0 0 0 0 0 0 0 0.348 0 1 
Cyanobacteria 0 0 0.432 0 0 0 0 0 0 0 0 1 
Diatoms 0 0 0 0 0 0.315 0.062 0 0.009 0 0.238 1  
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Table 3 
Estimated output ratios based on CHEMTAX analysis.   

Peri 19’BF Fuco 19’HF Allo Pras Viola DVChl a Lut Zea Chl b Chl a  

(b) Output matrix 0 0 0 0 0 0.194 0.038 0 0.005 0 0.147 0.616 
Prasinophytes 0.515 0 0 0 0 0 0 0 0 0 0 0.485 
Dinoflagellates 0 0 0 0 0 0 0 0.364 0 0 0 0.636 
Prochlorophytes 0 0 0 0.630 0 0 0 0 0 0 0 0.370 
Haptophytes 0 0 0 0 0.346 0 0 0 0 0 0 0.654 
Cryptophytes 0 0 0 0 0 0 0.032 0 0.133 0.006 0.173 0.656 
Chlorophytes 0 0 0 0 0 0 0 0 0 0.258 0 0.742 
Cyanobacteria 0 0 0.296 0 0 0 0 0 0 0 0 0.704 
Diatoms 0 0 0 0 0 0.194 0.038 0 0.005 0 0.147 0.616  

Fig. 2. Spatial variation in (a) temperature (b) salinity (c) density (d) dissolved oxygen along the EAS during WM 2018.  
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∑
DPw = 1.41[Fuco] + 1.41[Peri] + 1.27[19’HF] + 0.35[19’BF] + 0.6[Allo]

+ 1.01[TChl b] + 0.86[Zea]

f micro = (1.41[Fuco] + 1.41[Peri] )∕
∑

DPw  

f nano = (1.27[19’HF] + 0.35[19’BF] + 0.60[Allo] )∕
∑

DPw  

f pico = (1.01[Chl b] + 0.86[Zea] )∕
∑

DPw 

The total Chl a (TChl a) biomass of various phytoplankton groups 
were calculated from the biomarker pigment concentration by factor 
analysis and steepest-descent algorithm to find the best fit on to an 
initial pigment ratio matrix using the CHEMTAX software (Mackey 
et al., 1996; Wright et al., 2009, 2010) following the procedure detailed 
in Mackey et al. (1996). An initial pigment ratio to Chl a for each in
dicator pigment was obtained from Gibb et al. (2001) and Schlüter et al. 
(2000). The contribution of diatoms, cyanobacteria, prochlorophytes, 
haptophytes, chlorophytes, prasinophytes, cryptophytes, and di
noflagellates to TChl a was calculated using CHEMTAX. The pigments 
used were peridinin, 19’butanoyloxyfucoxanthin, fucoxanthin, 19’hex
anoyloxyfucoxanthin, alloxanthin, prasinoxanthin, violaxanthin, 
divinyl chlorophyll a, lutein, zeaxanthin, Chl b, Chl a. To maintain the 
sensitivity of the input values, CHEMTAX input ratios were optimised 
following Wright et al. (2009), and the output with smallest residual was 
chosen as detailed in Roy et al. (2015). Table 2 lists the pigment ratios 
used in the calculation and Table 3 shows the estimated output ratio 
derived by CHEMTAX program, which assumes that the relative amount 
of each marker pigment to TChl a is constant within a particular group of 
phytoplankton. 

The influence of different environmental parameters (temperature, 
salinity, dissolved oxygen, inorganic nutrients, and their ratio) on the 
distribution of different phytoplankton size fractions (fmicro, fnano and 
fpico) were analysed through a principal component analysis (PCA) in 
PRIMER® ver. 6 (Warwick and Clarke, 2006). The statistical analysis, 
like PCA and PERMANOVA, was done after log-transformation and 
normalisation of the data. 

3. Results 

3.1. Hydrographic variations 

The hydrographic conditions separated the EAS into two distinct 
regions during the study period; surface waters were cold (23.3–26.9 
◦C), high-saline (35.2–36.4) in the NEAS; while a warmer (27.4–28.4 
◦C), low-saline (32.6–35.5) condition prevailed in the SEAS (Fig. 2a, b). 
The prevalence of cold high saline waters in the NEAS shows the sig
natures of convective mixing that were found prominent at the north
ernmost transect (Okha) and the signals were weaker towards the 
southern part of NEAS. The SST was ~3–4 ◦C warmer in the SEAS than 
the NEAS. The warm (>28 ◦C), low-saline (<34.5) layer in the offshore 
waters (upper 60 m) of the southern SEAS (Cape, ~7◦N) reveals the 
intrusion of BoB waters, which thinned towards the north and was 
restricted to the upper ~10 m of the water column at ~15◦N (Goa). The 
coastal waters were well-mixed throughout the EAS with distinct char
acteristics in the NEAS and SEAS. While the coastal waters of the SEAS 
(up to ~15◦N) were influenced by BoB waters (<34.5), the Arabian Sea 
High Saline Water mass (>35.3) occupied coastal waters of the NEAS 
(Fig. 2b). The occurrence of a thermal inversion with a magnitude of 
0.2–0.3 was noticed from Cape to Goa between 25 and 75 m depth. 
Mixed layer depth (MLD) in the offshore waters varied from 8 to 64 m 
and 18 to 99 m respectively, in the SEAS and NEAS. 

3.2. Distribution of inorganic nutrients 

The average nutrient concentrations (NO3
- , PO4

3-, SiO4
2-) in the water 

column in the NEAS coastal waters were significantly higher compared 
to similar regions of the SEAS, except NH4

+ which showed a reverse trend 
(Table 4). The N/P ratio was relatively higher in the NEAS coastal water 
(6.7±3.8) than the SEAS (4.0±2.3). The higher Si/N and Si/P ratios 
were recorded in the SEAS (4.4±3.4 and 13.0±5.5) as against the similar 
regions of the NEAS (1.8±0.9 and 9.7±4.6). 

In the offshore waters, the average nutrient concentrations in the 
MLD were lower in the SEAS compared to the NEAS (Table 4). The N/P 
and Si/N ratios were comparable in both SEAS (5.8±2.1 and 1.6±0.9) 
and the NEAS (4.9±2.3 and 1.6±0.8) while Si/P recorded relatively 
higher in the SEAS (8.7±5.0) than the NEAS (6.4±1.6). Below the MLD 
and up to 100 m, the N/P ratios were relatively higher in the NEAS than 
the SEAS offshore waters (9.9±2.6 and 7.5±3.3), but both were signif
icantly lower than the Redfield ratio (16:1). Relatively lower Si/N and 
Si/P ratios were recorded below the mixed layer in the offshore waters of 
the NEAS (0.7±0.1 and 6.9±1.9) compared to the SEAS (1.2±1.2 and 
7.5±3.9). 

3.3. Spatial distribution of Chl a and contribution of accessory pigments 
in the EAS 

The coastal waters of the EAS were characterised by high Chl a (>1 
μg l-1) than the offshore waters with maximum concentration in the 
NEAS which waned towards the south. Though Chl a values generally 
remained low (≤0.8 μg l-1) in the offshore regions, the highest biomass 
of 5.2 μg l-1 was also recorded at the NEAS (2000 m depth station, off 
Okha) (Fig. 4a). The surface Chl a showed higher values (2.21±1.25 μg l- 
1 in coastal and 1.08±1.26 μg l-1 in offshore waters) in NEAS compared 
to SEAS (0.84±0.95 μg l-1 in coastal and 0.09±0.02 μg l-1 in offshore 
waters). The basin-scale depth-integrated (up to 100 m) Chl a concen
tration (

∑
Chl a) was also higher in the NEAS (16–118 mg m− 2) as 

against 9–79 mg m− 2 in the SEAS. 
The chromatographic analysis recorded a suite of marker pigments, 

indicating the occurrence of various algal groups, viz. diatoms, prym
nesiophytes, prochlorophytes, cyanobacteria, etc. Diatoms (Fucoxan
thin), Prochlorophytes (Divinyl Chlorophyll a, b), Cyanophyceae 
(Zeaxanthin), Prymnesiophytes (19’ hexanoyloxyfucoxanthin), and 
Chlorophytes (Chl b) contributed to the major share of phytoplankton 
biomass (Refer Table 1). 

3.3.1. Phytoplankton pigments in the NEAS 
Fucoxanthin, a photosynthetic marker pigment for diatoms was the 

most dominant among accessory pigments in the coastal waters of the 
EAS (Fig. 4f) with higher values in the NEAS (0.68±0.53 μg l-1). The 
second dominant pigment was Chl C2 (0.41±0.34 μg l-1, Fig. 4c). The 
fucoxanthin: TChl a (0.17±0.11) and Chl C2: TChl a (0.19±0.05) ratios 
were high in the water column indicating the dominance of diatoms. 
Zeaxanthin was recorded in low concentration (0.19±0.05 μg l-1). All 
other diagnostic pigments were recorded in trace or very low 
concentrations. 

Table 4 
Physico-chemical characteristics in the mixed layer waters of the EAS during 
WM 2018  

Parameters Offshore Coastal 

SEAS NEAS SEAS NEAS 

Temperature 28.0±0.3 26.0±0.8 28.0±0.3 24.7±1.1 
Salinity 33.5±0.8 36.1±0.2 33.4±0.6 35.6±0.2 
NO3

- 0.2±0.3 1.7±2.6 0.2±0.2 5.7±5.9 
NO2

- 0.04±0.1 0.5±0.2 0.2±0.3 0.5±0.4 
NH4

+ 1.3±0.5 0.9±0.4 1.1±0.4 0.6±0.1 
PO4

3- 0.3±0.1 0.5±0.2 0.4±0.2 0.9±0.3 
SiO4

2- 2.0±0.4 3.3±1.8 4.2±2.0 9.5±6.8 
N/P 5.8±2.1 4.9±2.3 4.0±2.3 6.7±3.8 
Si/N 1.6±0.9 1.6±0.8 4.4±3.4 1.8±0.9 
Si/P 8.7±5.0 6.4±1.6 13.0±5.5 9.7±4.6  
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In the NEAS, the accessory pigments were higher in the surface 
waters, which gradually decreased with depth. The marker pigments for 
prymnesiophytes were recorded in higher concentration (up to 50 m 
depth) in the offshore regions of the NEAS (19’hexanoyloxyfucoxanthin: 
0.41±0.004 μg l-1; 19’butanoyloxyfucoxanthin: 0.06±0.05 μg l-1; Chl 
C3: 0.14±0.09 μg l-1) (Fig. 4.h, i, d). Elevated concentrations of zeax
anthin (≥0.1 μg l-1) were observed in the ca. 30 m (Fig. 4g) while Chl b 
(≥0.05 μg l-1) recorded up to ca. 50 m water column (Fig. 4b). Divinyl 
Chl a showed very low to below detectable levels in the NEAS (Fig. 4e). 
Fucoxanthin (0.08±0.06 μg l-1) and Chl C2 (0.10±0.07 μg l-1) were 
observed at significant levels in the NEAS offshore stations also. Peri
dinin was consistently a minor pigment and showed a maximum of 0.04 
μg l-1 off Okha. The marker pigments neoxanthin, prasinoxanthin, vio
laxanthin, antheraxanthin, alloxanthin, lutein, etc. were recorded in 
very low or trace concentrations. 

3.3.2. Phytoplankton pigments in the oligotrophic waters of the SEAS 
Fucoxanthin was the dominant photosynthetic marker pigment 

(0.15±0.14 μg l-1) in the coastal waters of SEAS (Fig. 4f). The Chl b 
(0.13±0.24 μg l-1) and zeaxanthin (0.13±0.09 μg l-1) were found to be 
subdominant accessory pigments in the coastal waters of SEAS (Fig. 4b, 
g). Chl b showed its peak values (≥1 μg l-1) at surface layers (<10 m) in 
the inner shelf regions (up to 30 m station) off Goa. Concurrent strong 
signals of lutein (≥0.3 μg l-1), neoxanthin (≥0.1 μg l-1), violaxanthin 
(≥0.1 μg l-1), and zeaxanthin (≥0.2 μg l-1) were also recorded, which 
points towards the dominance of chlorophytes and cyanobacteria. 
Similarly, elevated concentrations of zeaxanthin (max. 0.2 μg l-1) and 
DVChl a (max. 0.1 μg l-1) along with low concentrations of Chl b (≤0.05 
μg l-1) were observed in the surface waters off Mangalore, suggesting a 
subdominant population of prochlorophytes. But the subsurface waters 
of this region showed diatom dominance, as revealed by high fucoxan
thin (≥0.2 μg l-1) which coincides with the SCM. The other diagnostic 
pigments were recorded in trace or very low concentrations in the 
coastal waters of the SEAS. 

In the offshore waters of the SEAS, zeaxanthin, a photoprotective 
pigment, and biomarker for Prochlorococcus, Synechococcus, and present 
in cyanobacteria was abundant (~0.05 μg l-1) in the upper 50 m. In the 
upper 20 m, the water column zeaxanthin concentration exceeded 
≥0.15 μg l-1 with low total Chl b (which is inclusive of divinyl form) 
concentrations (≤0.05 μg l-1). Between ca. 20 m to ca. 50 m, moderately 
high levels (~0.05 μg l-1) of zeaxanthin was observed. Another inter
esting observation was the build-up of DVChl a (≥0.1 μg l-1) which is an 
unequivocal marker pigment for prochlorophytes in the upper 50 m. The 
biomarker pigment 19’hexanoyloxyfucoxanthin was relatively low 
compared to the NEAS offshore (~0.05 μg l-1). The co-occurrence of high 
concentration of the pigments 19’butanoyloxyfucoxanthin and Chl C3 
(0.02±0.02 and 0.04±0.04 μg l-1, respectively) indicate the abundance 
of prymnesiophytes in the subsurface layer which coincides with the 
SCM. 

3.4. Characteristics of subsurface chlorophyll maxima (SCM) 

The SCM was not observed in the NEAS offshore waters where Chl a 
was found well-distributed in the upper 50 m water column with a 
maximum observed in the surface layers (Fig. 4a). In the coastal waters, 
the SCM was located just above the bottom. The offshore waters of the 
SEAS are characterised by warm, oligotrophic surface layers where the 
SCM was observed at ca. 20–80 m (Fig. 4a). In coastal waters of the 
SEAS, the Chl a concentration of SCM variability was more (0.12–1.69 
μg l-1), while in the offshore waters the variability was marginal 
(0.3–0.8 μg l-1). Fucoxanthin was the dominant pigment in the SCM of 
coastal waters (Fig. 4f). In the stratified offshore regions of the SEAS, the 
SCM was primarily constituted by DV Chl a (≥0.1 μg l-1) followed by 
19’hexanoyloxyfucoxanthin (≥0.05 μg l-1), Chl C3 (≥0.05 μg l-1), and 
Chl b (≥0.05 μg l-1). 

3.5. Spatial distribution of pigment indices and phytoplankton community 
structure 

For a meaningful interpretation of pigment data, pigment indices 
were calculated. A good correlation (linear) was obtained between DP 
and Chl a (r2 = 0.90, n = 260, p<0.001) which indicates the DP as a 
valid proxy for phytoplankton biomass. The basin-wide distributional 
pattern of pigment indices DiatDP, FlagDP, ProkDP revealed that large 
cells were abundant in the coastal regions while smaller cells flourished 
in the offshore waters of the EAS (Fig. 5). In the SEAS, the upper 30 m 
water column was dominated by prokaryotes (ProkDP >0.6) below 
which flagellate abundance (FlagDP >0.8) was observed. The CHEMTAX 
program was used to determine the contribution of 8 major taxonomic 
groups to the TChl a. 

3.5.1. Phytoplankton community structure in the NEAS 
The CHEMTAX program was used to determine the contribution of 8 

major taxonomic groups to the TChl a. The analysis showed that diatoms 
were the major contributor to TChl a in the coastal waters of the NEAS 
(max. 3.92 μg l-1) followed by cyanobacteria (max. 0.36 μg l-1) (Fig. 6g, 
h). The NEAS offshore regions were dominated by cyanobacteria (max. 
0.47 μg l-1) and diatoms (max. 0.25 μg l-1) followed by haptophytes 
(max. 0.20 μg l-1) and prasinophytes (max 0.11 μg l-1). All these groups 
were concentrated in the upper 75 m layer. The prochlorophytes were 
absent in the NEAS particularly north of 19◦N (Fig. 6d). 

3.5.2. Phytoplankton community structure in the SEAS 
Diatoms were the dominant phytoplankton group in the SEAS coastal 

waters with the highest abundance near the bottom layers (max. 1.41 μg 
l-1). The second dominant group was cyanobacteria (max. 0.88 μg l-1) 
and their aggregation was mostly found in the surface layer. A spike in 
the abundance of chlorophytes was observed in the coastal waters off 
Goa (max. 4.31 μg l-1) (Fig. 6f). The SEAS offshore regions were char
acterised by a dominance of prochlorophytes (max. 0.26 μg l-1) and 
cyanobacteria (max. 0.15 μg l-1), which were more prominent in the 
SCM layer. This region has also shown diatom abundance (0.06±0.06 
μg l-1), but with significantly less dominance compared to the similar 
regions of the NEAS. The haptophytes were a less significant group and 
were associated with SCM in the SEAS offshore region. The cryptophytes 
and dinoflagellates were consistently a minor group in the SEAS offshore 
and in the entire EAS respectively. 

3.6. Statistical analysis 

The difference in the influence of physico-chemical parameters on 
phytoplankton community structure between regions (NEAS and SEAS), 
was tested using PERMANOVA analysis and it was found to be statisti
cally significant (pseudo-F= 28.23, p=0.001). In the PCA analysis, five 
principal components together explained 91.8% variance among the 
samples (Fig. 7). Out of these, PC 1 (Eigenvalues = 5.69) and PC 2 
(Eigenvalues= 1.5a) together explained 72% variance in the data. The 
statistical analysis revealed a significant role of silicate in controlling the 
micro phytoplankton in the coastal areas of NEAS. At the same time, the 
Si/N ratio played a key role in the SEAS coastal waters. The physico- 
chemical factors like temperature, salinity, DIN, DIP, N/P ratios 
played a significant role in defining the pico-nano phytoplankton in the 
offshore waters. 

4. Discussion 

Phytoplankton responds rapidly to variations in ambient environ
mental conditions, which affects their distributional pattern, including 
the community structure (Chisholm, 1992). The difference in physico- 
chemical characteristics divided the EAS basin into two distinct eco
systems SEAS and NEAS during WM. While the SEAS was characterised 
by a warm, low-saline oligotrophic environment; a cold, high-saline, 
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nutrient-rich condition prevailed over the NEAS waters. This difference 
in physico-chemical condition significantly altered the phytoplankton 
distribution and its community structure over the EAS basin. 

4.1. Influence of hydrographic features to the phytoplankton community 
in EAS 

The distribution of phytoplankton communities and its variabilities 
are largely related to changes in environmental conditions (Barlow 
et al., 2002; Trees et al., 2000) including temperature (Bouman et al., 
2003, 2005), irradiance, and vertical transport of nutrients from deeper 
water masses to surface layers (Legendre and Demers, 1984). During the 
WM, convective mixing is the major physical process that prevailed over 

the NEAS and was responsible for the nutrient entrainment to the sur
face layer. However, in the SEAS, strong stratification caused by the 
warmer surface water and low saline BoB water restricted the nutrient 
supply from the subsurface layer. This led to the formation of a SCM in 
the SEAS waters. While the persistence of SCM (~1.0 mg m-3) was re
ported throughout the year in the EAS (Matondkar et al., 2006), the 
present study observed significant variability in SCM magnitude both 
zonally and meridionally. Chl a concentration of the SCM ranged from 
0.12-1.69 μg l-1 in the coastal waters of the SEAS while in the offshore 
waters the values were 0.3-0.8 μg l-1. The SCM closely followed the 
thermal inversion layer along the SEAS offshore waters. 

The prochlorophytes which were recorded in higher abundance in 
the warmer (>27 ◦C), low saline waters (<33.5) of the SEAS offshore, 

Fig. 3. Distribution of nutrients along the EAS during WM 2018.  
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decreased gradually towards the north and were completely absent in 
colder (<25 ◦C), high saline (>36) waters. Previous studies in AS indi
cated that temperature (Shalapyonok et al., 2001; Chndrasekhararao 
et al., 2018) and irradiance, together with biogeochemical conditions 
(Roy and Anil, 2015) control the distribution of Prochlorococcus pop
ulations. Review of literature also reveals that the occurrence of Pro
chlorococcus cells are not restricted to offshore regions but that they are 
able to thrive in a wide range of salinity conditions (0.06–35). Pro
chlorococcus (like) cells are reported from estuaries (Mitbavkar et al., 
2012), river plumes (Vaulot et al., 1990; Jochem, 2003) and atolls/la
goons (Charpy and Blanchot, 1996). However, the influence of salinity 
on the distribution of Prochlorococcus is not reported so far. The present 
study recorded a significant influence of salinity (p<0.01) on this group, 
suggesting that in addition to light, temperature and biogeochemical 
conditions, salinity is also a major factor in controlling the population of 
prochlorophytes in the AS. Along the coastal region of the EAS, diatom 
abundance was high. From the cooler waters of NEAS to the warmer 
SEAS waters, the diatoms showed a decreasing trend in their contribu
tion to total phytoplankton pigment biomass. Though statistical analysis 
showed a significant negative (positive) correlation with temperature 

(salinity) (Pearson’s test, p<0.01) on a basin scale, such significant re
lations were not observed within the SEAS or NEAS. This suggests that 
diatom abundance could have a bearing on the ambient nutrient 
conditions. 

4.2. Phytoplankton community structure in contrasting biogeochemical 
regimes 

Nutrients play a crucial role in regulating the productivity of the 
photic zone in the marine environment (Redfield, 1958). The prolifer
ation of diatoms is generally associated with the nutrient status of the 
ecosystem. In our observation, their abundance was high in the nutrient- 
rich, waters in the NEAS and decreased towards oligotrophic waters of 
the SEAS. The strong coastal-offshore gradient in diatom distribution in 
both SEAS and NEAS ecosystem and little (significant) variability in 
coastal-offshore physical (chemical) parameters suggests that, the 
nutrient stoichiometry primarily defined the dominance of photosyn
thetic eukaryotes along the EAS (Fig. 7). The higher nutrient concen
tration in the mixed layer of the NEAS resulted in enhanced 
phytoplankton biomass in the surface layers, whereas the oligotrophic 

Fig. 4. Spatial distribution of (a) Chl a (b) Total Chl b (c) Chl C2 (d) Chl C3 (e) DVChl a along the EAS during WM 2018. Spatial distribution of (f) Fucoxanthin (g) 
Zeaxanthin (h) 19’ hexanoyloxyfucoxanthin (i) 19’ butanoyloxyfucoxanthinalong the EAS during WM 2018. 
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conditions in the SEAS mixed layer led to the formation of SCM close to 
the bottom of the MLD where relatively higher nutrients were recorded. 
Subsequently, the chlorophyll a was four times higher (1.54±1.31) in 
the NEAS than the oligotrophic SEAS (0.38±0.45 μg l-1). Diatoms 
contributed up to 96% in the coastal stations of NEAS while its contri
butions decreased in the NEAS offshore stations (max. 40%). Diatoms 
continued to be the major group in the SEAS coastal (max. 55%) and 
offshore waters (max. 31%). Enhanced nutrient concentration associ
ated with the macro-tidal environment of NEAS coastal waters signifi
cantly supported the proliferation of diatoms, particularly in the 
northernmost transects (Fig. 6g). The difference in nutrient concentra
tion between SEAS and NEAS resulted in nearly 5–10 times lower diatom 
abundance in the former region than the latter. The statistical analysis 
revealed a significant role of silicate in controlling the micro 

phytoplankton in the coastal areas of NEAS. However, the Si/N ratio 
played a key role in the SEAS coastal waters (Fig. 7). 

Though EAS is characterised by a considerable amount of silicate 
(SEAS: 2.0±0.4 μM; NEAS: 3.3±1.8 μM) in the mixed layer, the Si/N 
(SEAS: 1.6±0.9; NEAS: 1.6±0.8) and Si/P (SEAS: 8.7±5.0; NEAS: 
6.4±1.6) ratios suggest that the relative abundance of silicate to other 
nutrients is less in the offshore waters, particularly in the NEAS. This 
may be the reason for a decrease in diatoms population in the nutrient- 
rich offshore regions of NEAS. This observation is supported by earlier 
studies that linked the decrease in diatom concentration in the offshore 
waters to its growth limitation due to the less availability of silicate in 
the MLD (Prakash et al., 2017; Sarma et al., 2019) while it provided a 
competitive advantage for prokaryotic groups. 

In the EAS basin the pigments associated with nanoflagellates 

Fig. 4. (continued). 
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(19’hexanoyloxyfucoxanthin, 19’butanoyloxyfucoxanthin, Chl C3), 
showed clear vertical segregation in their distribution in both the SEAS 
and NEAS. These biomarker pigments for prymnesiophytes were more 
abundant in shallow layers of the mesotrophic NEAS water (Roy et al., 
2015) and were confined to the SCM layer in the SEAS. The picoplankton 
community was represented by two major groups, Prochlorococcus and 
Synechococcus, which showed distinct spatial heterogeneity in their 
distributional pattern. The nutrient-rich offshore waters of the NEAS 
recorded a higher cyanobacterial population, particularly in the upper 
50 m. Though the nitrate concentration was high (>1.5 μM) in the NEAS 
offshore waters (MLD), a low N/P ratio (4.9±2.3) supports the suste
nance of a mix of eukaryotic and prokaryotic phytoplankton groups. The 
higher abundance of cyanobacteria in the NEAS region compared to the 
SEAS could be due to their preference to cool, high-saline, mesotrophic 
waters (Liu et al., 1998; Roy et al., 2015) over the oligotrophic condi
tions (Rajaneesh et al., 2020). The major factors found to affect the 
distribution of prochlorophytes are temperature and ambient nutrient 

conditions. The prochlorophytes recorded higher abundance (up to 
84%) in the warmer (>27 ◦C), low saline (<33.5) SEAS offshore waters, 
decreased gradually towards the north and was completely absent in 
colder (<25 ◦C), high-saline (>36) waters. Shalapyonok et al. (2001) 
and Chndrasekhararao et al. (2018) reported Prochlorococcus prolifera
tion in the warmer environment of AS. However, the present study 
recorded a statistically significant influence of salinity (p<0.01) in 
controlling the distribution of prochlorophytes in the AS. Earlier, Pra
sannakumar et al. (2004) and Narvekar et al. (2017) suggested an in
crease in chlorophyll in the SEAS waters associated with the intrusion of 
low saline waters from BoB during WM. This increase in chlorophyll a 
was attributed to the strengthening of West India Coastal Current that 
transported more chlorophyll as well as nutrient-rich waters from the 
Indo-Sri Lanka region toward the southern part of the EAS (Prasanna
kumar et al., 2004). A relatively higher nutrient supply (nitrate>0.5) 
associated with BoB waters was reported during early WM, December 
(Prasannakumar et al., 2004). Such an increase in nitrate levels was not 

Fig. 5. Distribution of diagnostic pigment indices following Barlow et al. (2007) for (a) Diatoms (b) Flagellates (c) Prokaryotes along the EAS during WM 2018.  
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observed in the present study which was carried out during the peak WM 
(January); instead, higher levels of ammonium (>1 μM) were recorded 
(Fig. 3). Therefore, it is likely that the stratification induced by a warmer 
and low-saline environment of the SEAS significantly supported the 
proliferation of prochlorophytes which had a competitive advantage 
over other autotrophic groups in utilising inorganic nutrients like 
ammonium (Zubkov et al., 2002; Mouriño-Carballido et al., 2016). 

In the present study, the zeaxanthin/DVChl a ratio was used as an 
index for the presence of prochlorophytes and was observed in trace or 
below detectable levels in the waters north of Mumbai. The absence of 
prochlorophytes in the NEAS waters could be due to water column 
instability associated with convective mixing that strongly regulates the 
picophytoplankton community composition (Roy and Anil, 2015; Bemal 
et al., 2018). However, the prochlorophytes thrived well in the relatively 
stable, stratified oligotrophic surface waters of the SEAS (Fig. 6d). This 
may be due to the competitive advantage of smaller Prochlorococcus cells 
over the other phytoplankton communities to efficient utiliation of nu
trients even in oligotrophic waters (Mouriño-Carballido et al., 2016). 

4.3. The relevance of phytoplankton community structure to food-web 
dynamics 

The planktonic food-web structure primarily controls carbon cycling 
and the potential for a downward flux of carbon in the marine ecosystem 
(Garrison et al., 2000; Michaels and Silver, 1988). The present study 
shows the dominance of larger phytoplankton like diatoms in coastal 
waters of EAS, which suggests a herbivorous control on the food web 
(Legendre and Rassoulzadegan, 1995). The micro phytoplankton can 
sink directly and contribute more to the sinking flux of organic matter 
compared to the smaller fractions due to the longer food chain they are 
involved with. The picoplankton which formed a major group in 
offshore waters was earlier assumed to be a negligible component of the 
zooplankton diet (Kiørboe, 2011) and hence thought to have little 
contribution to sinking material. Ever since their link with meso
zooplankton through micro grazing was established, they have risen in 
importance with respect to carbon sink and food web dynamics (Roman 
et al., 1995; Motwani and Gorokhova, 2013) especially in regions with 
severe nitrogen limitation (Sohm et al., 2011). A recent study conducted 

Fig. 6. The distribution of contribution of major phytoplankton groups (a) Prasinophytes (b) Haptophytes (c) Cryptophytes (d) Prochlorophytes (e) Dinoflagellates to 
TChl a, as estimated by interpretation of pigment HPLC data using the CHEMTAX program in μg l− 1. The distribution of contribution of major phytoplankton groups 
(f) Chlorophytes (g) Diatoms (h) Cyanobacteria to TChl a, as estimated by interpretation of pigment HPLC data using the CHEMTAX program in μg l− 1

. 
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during WM in the NEAS reported significantly higher carbon contribu
tion by picoplankton (Synechococcus) (1.37 μg C l-1) (Bemal et al., 2018). 
The large proportion of pico-nano plankton in the offshore waters in
dicates a transition of the ecosystem to a mixotrophic condition, where 
the micro fraction of phytoplankton still has a significant contribution. 
Moreover, the coastal waters are dominated with large phytoplankton 

like diatoms, more prominently in the NEAS, which are suggested to 
favour herbivorous food-web. On the other hand, a long-standing hy
pothesis attributes carnivorous fishery in the NEAS to longer food chains 
(Madhupratap et al., 2001; Shankar et al., 2019). The reason for this 
discrepancy needs further investigation, giving due consideration to the 
seasonal dynamics at different levels of the food-web. 

Fig. 6. (continued). 
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5. Conclusion 

The present study detailed the distribution of phytoplankton com
munity structure (using HPLC- based pigment analysis) along the 
eastern Arabian Sea (EAS). The NEAS was characterised by the cold, 
high saline, nutrient-rich environment while warm, low saline, oligo
trophic conditions prevailed over the SEAS. This difference in physico- 
chemical settings was found to be responsible for the variability in 
phytoplankton communities in the two regions. Diatoms were the 
dominant group in the coastal regions of the entire EAS basin with a 
maximum abundance observed in the NEAS waters and were found to be 
chiefly controlled by nutrient availability. The dominance of cyano
bacterial and prymnesiophyte population in the NEAS offshore and 
prochlorophytes in the SEAS offshore were predominantly influenced by 
both physical and chemical conditions during WM. The warm oligo
trophic environment led to a stratified condition with well-defined SCM 
in the SEAS, which was dominated by picophytoplankton abundance. 
The large proportion of pico-nano plankton in the offshore of EAS 

suggests a transition of the ecosystem to a mixotrophic condition where 
micro-fraction of phytoplankton continued to contribute to the total 
phytoplankton biomass. The dominance of large phytoplankton like 
diatoms indicates a herbivorous control in the food chain in coastal 
waters of EAS. Its implication on food web dynamics should be studied 
further, considering annual cyclicity in phytoplankton community 
structure. 
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