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Abstract : 

The Bay of Bengal (BoB) is a low productive, oligotrophic ecosystem. Picophytoplankton (Pico) 

plays a significant role in the biogeochemistry of such ecosystems. As the information on the Pico is 

exiguous from this Bay, seasonal and spatial variations in abundance and carbon biomass of Pico 

groups were investigated (July '08 to April  '09) in the central and northern BoB in relation to the 

environmental conditions. Surface samples were collected from twenty-two stations across the 

Chennai-Port Blair-Kolkata sector. The Synechococcus group was dominant during most of the year, 

both in abundance and biomass, with few exceptions when Prochlorococcus dominated the Pico 

community. The Synechococcus abundance and carbon biomass were higher in the nutrient-rich 

coastal regions and correlated negatively with salinity. The Picoeukaryotes exhibited a distribution 

pattern similar to Synechococcus, although relatively lower in numbers and biomass. The 

Prochlorococcus abundance and biomass were higher in the open ocean regions of the central BoB. 

The relatively lower abundance of Prochlorococcus in the northern BoB implies an influence of the 

freshwater influx, as depicted from the positive correlation with salinity. During the winter monsoon, 

a cyclonic storm coincided with a deep mixed layer characterized by high concentrations of nutrients 

and chlorophyll-a in the CBoB.  The Pico abundance and biomass were relatively higher during this 

period, with the Prochlorococcus dominating the former and Synechococcus, the latter. The real-time 

observations of the surface distribution of Pico abundance and carbon biomass in the BoB revealed 

seasonal variations that were modulated by the episodic mesoscale features.  
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Introduction  

The Bay of Bengal (BoB), the largest Bay globally, forms the Indian Ocean's northeastern part. The 

semi-enclosed basin, which extends from 6o N to 24o N, and 80o E to 92o E, occupies 2,172 x 103 km² 

and is about 1,600 km wide with an average depth exceeding 2,600 m. The Andaman and Nicobar 

Islands, the Bay's only islands, separate it from the Andaman Sea (AS) to the southeast. The BoB 

comes under the influence of the semi-annual seasonality of the Asian monsoon system characterised 

by two distinct monsoon periods, the winter monsoon (WiM) and the summer monsoon (SuM). 

During the dry, relatively calm WiM (from November to February), winds from the northeast 

dominate, while the SuM (from June to September) is characterised by higher precipitation and 

stronger winds from the southwest. The Bay receives freshwater from oceanic precipitation (5900 

km3 yr-1) and runoff from continental river systems, the Ganga-Brahmaputra (annual mean 16186 

and 11892 m3 s-1, respectively), Irrawaddy (13018 m3 s-1), Mahanadi (1710 m3 s-1), Godavari (3180 

m3 s-1) and Krishna (1730 m3 s-1), which substantially lowers the salinity (Varkey et al., 1996). 

Oceanic circulation is characterised by a semi-annual reversal of flow pattern, controlled by the 

seasonally changing wind fields (Shetye et al. 1991). Cyclones occur during the spring intermonsoon 

(SpIM; March to May) and fall intermonsoon (FIM; October) periods (Rao et al. 2006; Girishkumar 

and Ravichandran 2012). The monsoonal regime primarily governs the temperature, salinity, and 

density in the BoB and the AS. The annual mean sea surface salinity (SSS) ranges from 30 in the 

north to 34 towards the southern part (Prasanna Kumar et al. 2007). During the SpIM, the surface 

waters in the BoB and AS become warmer and more saline, reaching to the year's maximum 

temperature and salinity in May. During the SuM, south-westerly wind-driven upwelling is confined 

very close to the coast (mostly within 40 km) along the southwestern boundary and seems to be 

episodic (Murty and Varadachari 1968; Shetye et al. 1991). However, despite the upwelling-

favourable south-westerly winds, the equator-ward flow of the freshwater plume overwhelms the 

offshore Ekman transport, resulting in weakening of the upwelling intensity (Gopalakrishna and 

Sastry 1985). Thus, intense stratification and lack of nutrient influx to the surface waters leads to a 

low productive (Prasanna Kumar et al. 2002; Madhupratap et al. 2003), oligotrophic system 

(Radhakrishna et al. 1978; Bhattathiri et al. 1980).  

Due to its specific characteristics, the BoB represents a unique setting to examine the effect of 

seasonally changing oceanographic processes on biology, which is less explored. In this regard, most 

of the studies on phytoplankton biomass are based on remote sensing and modelling, wherein 

extensive bloom occurrences in the northern and southern BoB are reported (Vinayachandran 2003, 

2005). However, in situ observations on the phytoplankton community structure encompassing the 
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coastal and offshore regions of the Bay are rare (Paul et al. 2007 and references therein; Naik et al., 

2011). Considering the predominant nature as a primary producer under diverse hydrological 

conditions (Platt et al. 1983), the picophytoplankton (< 3 µm; Pico) can play an essential role in 

shaping productivity and eventually biogeochemistry in the oligotrophic BoB waters. Preliminary 

reports on the picoplankton from the BoB through microscopic and flow cytometric observations 

were given by Madhupratap et al. (2003) and Mitbavkar and Anil (2011). Naik et al. (2011), through 

high performance liquid chromatographic (HPLC) analysis, showed that the contribution of Pico to 

the total phytoplankton biomass could be as high as 70% in the oceanic region. Generally, the 

phytoplankton community structure in the BoB is dominated by prokaryotes followed by flagellates 

and diatoms, with low total chlorophyll a (Chl-a) biomass (Naik et al. 2011). Wei et al. (2020) 

reported high depth-integrated abundances of Pico in the central BoB during October-December 

2016. However, no extensive studies are available on the seasonal Pico abundance, community 

structure, carbon biomass, and responses to the environmental conditions in the BoB. 

Here we present a detailed study on the Pico community to investigate (i) the seasonal patterns of 

Pico community structure and carbon biomass in the central and northern BoB, (ii) and influence of 

environmental factors and hydrography on the Pico distribution. In attainment, Pico samples were 

collected monthly via ships of opportunity from the BoB under the Indian Expendable 

Bathythermograph (XBT) programme. To the best of our knowledge, this is the first extensive study 

on Pico spatial and temporal variation from the surface waters of the BoB.  

Materials and methods 

Study area and sampling 

The surface seawater samples were collected from the BoB along two transects, one in the central 

BoB (CBoB) from Chennai to Port Blair (13o00' N / 81o00' E to 11o23' N / 92o00' E) and the other in 

the northern BoB (NBoB) from Port Blair to Kolkata (12o00'N / 93o14' E to 21o00'N / 88o23'E) at 

monthly intervals from July 2008 to April  2009 on-board passenger vessels operating between these 

routes (Fig. 1). The monsoon seasonality controls the oceanographic and biological characteristics of 

this region. Thus to evidence, the influence of the seasonally varying environmental factors on the 

Pico community, the sampling months were demarcated as per the standard four monsoon seasons in 

the North Indian Ocean, i.e., SuM (July 2008 to September 2008), FIM (October 2008), WiM 

(November 2008 to February 2009), and SpIM (March 2009 to April 2009). The spatial resolution of 

the sampling was of one-degree interval (1o longitude or latitude, about 60 nautical miles) along both 

the transects [twelve stations (S1 to S12) along the CBoB transect and ten stations (S13 to S22) 
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along the NBoB transect, which includes the Andaman Sea (AS; S13-14) and the river plume (RP; 

S22) regions]. The sampling was carried out from a moving ship, with a navigation time of 4 to 6 

hours between consecutive stations. The vertical temperature profiles of the water column were 

recorded through the deployment of XBT-MK21-T7 probes (Sippican Inc. USA) from which the sea 

surface temperature (SST) was acquired, and the mixed layer depth (MLD; depth at which the 

temperature change from the surface temperature is 0.5oC) was calculated. The collected surface 

seawater samples (100 mL) were stored for salinity measurements and later analysed in the 

laboratory using Guildline's Autosal 8400B. For nutrient analyses, seawater samples were collected 

into sterile 10 mL cryovials, capped, and immediately frozen in liquid nitrogen until analysis. In the 

laboratory, the samples were analysed for nitrate (NO3
-), nitrite (NO2

-), phosphate (PO4
3-), and 

silicate (SiO4
4-) using an autoanalyzer (Technocon; Parsons 1984). Surface seawater samples (4 mL) 

for the Pico analysis were collected (in triplicates) into sterile cryovials and preserved in 

paraformaldehyde (0.2% final concentration). The cryovials were subsequently flash-frozen in liquid 

nitrogen and stored at -80oC in the laboratory until further analyses. The samples (2.5 to 5 L) for Chl-

a estimation were filtered through Whatman GF/F filter papers, along with the addition of a few 

drops of MgCO3, and stored at -20oC until analysis. In the laboratory, filter papers were extracted in 

90% acetone at 4oC in dark conditions for 24 h. Subsequently, Chl-a concentrations were determined 

on a Turner Design 10-AU fluorometer calibrated with commercial Chl-a standards (Parsons et al., 

1984). 

Flow cytometric analysis of picophytoplankton 

A BD FACSAriaTM II flow cytometer equipped with a laser emitting at 488 nm and a 70 µm nozzle 

was used for the Pico analysis. The emitted light was collected through the following set of filters: 

488/10 bandpass (BP) for side scatter, 575/26 BP for orange fluorescence, 530/30 BP for green, and 

695/40 BP for red fluorescence. The Pico groups were enumerated according to their specific 

autofluorescence properties, and the light scatter differences. Fluorescent beads (2 µm; Fluoresbrite® 

Microspheres, Polysciences) were used as internal standards for calibration of the above parameters. 

Flow cytometric data were collected and saved as list mode files.  

Picophytoplankton carbon biomass 

The Pico abundance data were converted to carbon biomass using the abundance-to-carbon 

conversion factors given by Wei et al. (2020) (32, 129, and 160 fg C cell-1 for PRO, SYN, and PEUK, 

respectively). 
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Data analyses 

The flow cytometry data were processed with the BD FacsDiva (Version 6.2) software. Three groups 

of Pico were identified in the BoB, Prochlorococcus (PRO), Synechococcus (SYN), and 

picoeukaryotes (PEUK). The PRO cells were determined based on the small right-angle light scatter 

(which is a proxy for cell size) compared to the other groups, red autofluorescence of Chl-a and lack 

of orange fluorescence. The PEUK were identified based on their larger side scatter, red 

autofluorescence of Chl-a, and lack of orange fluorescence. The SYN group was determined based on 

the orange phycoerythrin pigment fluorescence.   

  The monthly abundance data were subjected to two-way analysis of variance (ANOVA) based on 

months and stations to ascertain the monthly variability within each season. The seasonal average 

values for the environmental and Pico abundance data (for each group separately) were obtained. 

Furthermore, the seasonal data were subjected to ANOVA to assess the seasonal and regional 

variability (Statistica software V7) followed by the Tukey post-hoc tests to estimate the significant 

differences. The average abundance and carbon biomass data were subjected to Redundancy analysis 

(RDA) to evaluate the relationship between environmental parameters and each of the three Pico 

group's abundance and biomass with the CANOCO software version 4.5 (ter Braak and Smilauer 

2002). Before analyses, the Pico abundance and carbon biomass data were log (x+1)-transformed. 

Results 

Hydrography, nutrients, and Chl-a distribution in the Bay of Bengal 

During the SuM, the SST (Fig. 2a, b; 3a, b) and SSS (Fig. 2c, d; 3c, d) ranged from 28.8 to 29.3oC 

and 33.9 to 34.2 respectively, with relatively higher values in the CBoB. The MLD ranged from 

62±17 m in the CBoB to 29±22 m in the NBoB (Table 1). The relatively deeper MLD with 

corresponding higher NO3
- (0.71 ± 0.78 µM; Fig. 4) and Chl-a concentrations (Fig. 2e, f; 3e, f) in the 

CBoB indicates vertical mixing. The lowering gradient of SSS in the AS and NBoB towards the RP 

(MLD: 19 m) indicates a freshwater influence from the Irrawaddy and Hooghly Rivers, respectively 

(Fig. 2c, d; 3c, d). During the FIM, the SSS was relatively lower than the SuM with corresponding 

higher NO3
- concentrations (Fig. 4a, b) and a shallower MLD (Table 1). The SST in the NBoB was 

relatively higher (29.5 to 30oC), whereas the SSS was relatively lower (32 to 34) than the SuM. The 

relatively lower SSS in the NBoB (28.2 to 32.28) and RP (18.9) than in the CBoB, with a 

corresponding increase in NO3
- (0.52 µM), silicate (0.4 µM), and Chl-a concentrations in the RP 

(MLD: 22 m), indicates riverine influence. During the WiM, SST and SSS declined, recording the 

lowest annual temperature. The SST ranged from 25.4 to 28.3oC, with the lowest in the NBoB and 
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RP. The SSS showed a declining trend from the CBoB (31.7 to 33.8) to the AS (31.4 to 32.2) and 

NBoB (30.2 to 31.5) with the lowest salinity at the RP (30). The concentrations of NO3
- (0.4 ± 0.7 

µM; Fig. 4a) and Chl-a in the CBoB were higher, with a MLD of 65 ± 15 m (from 85 to 91oE). In the 

NBoB, high NO3
- concentrations (0.58 ± 0.64 µM; Fig. 4b) corresponded with a shallow MLD. The 

vertical profile of temperature during January and February 2009 in the NBoB depicted the presence 

of a barrier layer with a warm layer (26.6oC) sandwiched between surface and subsurface colder 

(25oC) waters (Fig. 5). The Chl-a values were higher in the CBoB (from 85 to 88oE) and AS, with 

peaks towards the RP region (Fig. 2e, f; 3e, f). During the SpIM, the highest seasonal SST (28.4 to 

29.7oC) with lower SSS (31.2 to 33.3) was recorded. In the CBoB and AS, the NO3
- concentrations at 

81oE were high with intermittent peaks (Fig. 4c). In the NBoB and RP, the relatively lower SSS, 

shallower MLD (28±4 m), higher PO4
3- (0.22 ± 0.25 µM; Fig. 4d), and Chl-a concentrations (Fig. 2e, 

f; 3e, f) indicate riverine influence.  

The two-way ANOVA revealed significant inter-seasonal variations in the SST (P < 0.001). The 

ANOVA revealed significant inter-seasonal variations in the SSS (P < 0.001) wherein the SuM 

differed from the other three seasons (Tukey HSD test). The inter-regional variations showed that the 

RP was different from the other regions (P < 0.001). Similar results were obtained for the Chl-a 

concentrations (P < 0.001; Tukey HSD test). The NO3
-, PO4

3- (P < 0.001) and SiO4
4- (P < 0.005) 

concentrations exhibited inter-seasonal variability. 

Picophytoplankton community structure in the central and northern Bay of Bengal 

During the SuM season, the highest SYN abundance was observed in August at the RP, coinciding 

with the lowest salinity (Fig. 6a, b). This also represented the highest seasonal abundance for SYN. 

Furthermore, high SYN abundance was also observed in the western CBoB (81 to 82oE) and AS in 

July and August, respectively. PRO was observed in higher numbers during July and August in the 

eastern CBoB (Fig. 6c, d). The PEUK were higher during August in the RP, similar to SYN (Fig. 6e, 

f). The two-way ANOVA did not reveal significant intra-seasonal and regional variations in the SYN, 

PRO, and PEUK abundances. The average values of total Pico abundance ranged from 2.7 to 86.1 x 

103 cells mL-1 with SYN as the dominant contributor (21 to 99%; 2.3 x 103 to 64.8 x 103 cells mL-1; 

Fig. 7a, b). PRO was the second-highest contributor (0.2 to 49.7%; 0.09 x 103 to 33.9 x 103 cells mL-

1; Fig. 7c, d) and PEUK contributed the least (0.9 to 39.6%; 0.1 x 103 to 34.1 x 103 cells mL-1; Fig. 

7e, f). Spatially, the Pico abundance was highest in the RP (15.6 x 103 cells mL-1; Fig. 7g, h). The 

SYN abundance was higher in the RP and CBoB (especially at the westward coastal stations) (Fig 7a, 

b), whereas PRO in the CBoB.  
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During the FIM (October), the average total Pico abundance ranged up to 91.8 x 103 cells mL-1 

with SYN as the dominant contributor (1.2 to 98.6 %; 0.3 x 103 and 30.7 x 103 cells mL-1) followed 

by PEUK (0.8 to 62.2%; 0.04 to 30.8x 103 cells mL-1) and PRO (0 to 50.4%;  0 to 30.3x 103 cells mL-

1). The SYN abundance peaked in the eastern CBoB. It was higher at 81oE (S1) followed by a 

subsequent decline, and an increasing trend from 87oE (S7) with a peak at 91oE (S11). The PEUK 

showed similar distribution throughout the transect, except at 19oN in the NBoB (S20), where it 

peaked. The PRO abundance increased in the eastern CBoB (S9 to S12). Regionally, the highest 

average abundance of the total Pico was observed towards the eastern CBoB (91.8 x 103 cells mL-1), 

especially at S11, with the dominance of SYN and PRO.  

During the WiM, SYN was the dominant contributor (31.9 to 97.7%; 2.4 x 103 to 42.3 x 103 cells 

mL-1), with some exceptions. The SYN abundance was relatively higher from November to February 

in the RP along with peaks in the CBoB in January (Fig. 6a, b). In the latter period (January), PRO 

abundance was higher at 81oE (S1) and declined at the subsequent stations from 82oE (S2) to 83oE 

(S3), followed by an increase from 84 oE to 88oE (S4 to S8). The three Pico groups contributed to the 

latter increase, with PRO dominating the Pico community (54 to 61%). In the NBoB, subsequent 

Pico abundance peaks were observed from 89oE to 91oE, including the AS and RP regions. Although 

the PRO abundance reduced in the NBoB and the RP, SYN and PEUK contributed to the increased 

abundance during December and January. The two-way ANOVA revealed significant intra-seasonal 

and intra-regional variations (P < 0.005) in the SYN abundance. The Tukey Post-Hoc tests showed 

that the variation was due to the January month and the RP region. The total average Pico abundance 

ranged from 3.3 x 103 to 43.5 x 103 cells mL-1 with SYN dominance (31.9 to 97.6%; 2.4 x 103 and 

42.3 x 103 cells mL-1) followed by PRO (1.1 to 60.9%; 0.15 x 103 and 9.2 x 103 cells mL-1). The 

PEUK contribution was the least (0.97 to 37.2%; 0.06 to 8 x 103 cells mL-1). Spatially, the highest 

average Pico abundance was observed in the RP (43.5 x 103 cells mL-1), mainly contributed by the 

SYN.  

During the SpIM, the Pico abundance was relatively higher in March than April (Fig. 6g, h). The 

SYN abundance was highest at the RP and then from 92oE (S15) to 93oE (AS) (Fig. 6b). The PRO 

abundance was higher in the AS and NBoB, while the PEUK were higher in the CBoB (S6), AS, and 

RP. The ANOVA revealed significant intra-seasonal (P < 0.005) and regional variations (P < 0.05) in 

the SYN and PEUK abundances. The total Pico abundance ranged from 1.9 to 32.3 x 103 cells mL-1 

with SYN as the dominant contributor (56 to 98%; 1.4 x 103 to 30.8 x 103 cells mL-1). The PEUK 

formed the second dominant group (1.7 to 42.8%; 0.2 x 103 and 3.2 x 103 cells mL-1) whereas the 

least contribution was from PRO (0.09 to 8.5%; 0.2 x 103 and 0.36 x 103 cells mL-1). On a regional 
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basis, the highest average Pico abundance was observed in the RP (32.2 x 103 cells mL-1), with SYN 

as the dominant group followed by PRO.  

The inter-seasonal total Pico abundance revealed the highest seasonal average during the FIM. 

Spatially, the highest abundance was observed in the RP. The two-way ANOVA revealed inter-

seasonal (P < 0.01) and inter-regional variability in the SYN abundance (P < 0.001). The Post-Hoc 

Tukey HSD tests showed that the regional variability was due to the higher abundance in the RP, 

while inter-seasonal variability was due to the difference in the FIM and SuM. The PRO abundance 

exhibited intra-seasonal variability (P < 0.001) due to the difference of SpIM from the other three 

seasons and regional variability (P < 0.001) due to the higher abundance in the NBoB than CBoB. 

The PEUK were equally distributed during all the seasons, except SpIM. The PEUK did not exhibit 

significant inter-seasonal or regional variability. 

Overall, the total (annual) Pico abundance ranged from 0.32 to 91.8 x 103 cells mL-1 with an 

average of 10.6 x 103 cells mL-1 (Fig. 7g, h). SYN was the major contributor to the total annual Pico 

abundance (7.6 x 103 cells mL-1; 71%) followed by PRO (1.9 x 103 cells mL-1; 17.5%) and PEUK 

(1.2 x 103 cells mL-1; 11%). 

Picophytoplankton carbon biomass in the central and northern Bay of Bengal 

The total Pico carbon biomass ranged from 0.1 to 8.3 µg C L-1 with an annual average of 1.1µg C L-1 

(Table 2). The highest seasonal average occurred during the WiM (1.3 µg C L-1) and SpIM (1.1 µg C 

L-1), whereas regionally, it was observed in the RP (4.4 µg C L-1) followed by AS (1.1 µg C L-1). 

SYN was the major contributor to the total Pico carbon biomass (0.9 µg C L-1; 89%), followed by 

PRO (0.06 µg C L-1; 5.3%) and PEUK (0.05 µg C L-1; 4.75%). 

Relationship between the picophytoplankton groups and environmental variables 

The influence of the seasonally and regionally changing environmental factors on the Pico 

population and their carbon biomass was evidenced in the RDA analyses.  During the SuM, the first 

two RDA axes (RDAs 1 and 2) of the Pico population explained 62.3% and 35.8% of the species-

environmental relation, respectively, with 26.1% of the cumulative variance (Fig. 8a). The SYN 

group positively correlated with nutrients and negatively with salinity, which supports its dominance 

in the RP and AS (Fig. 8a). Similarly, the PRO population was also supported by the nutrient 

enrichment in the RP and AS (Fig. 8a). The orientation of PEUK dominant stations in the AS (S14) 

and RP (S22) towards the nutrient vectors as opposed to the other stations with low PEUK 

abundance suggests their sustenance under higher nutrient conditions (Fig. 8a). In the RDA of Pico 

carbon biomass, the RDAs 1 and 2 represent 99.3% and 0.5% of species-environment relation, 
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respectively, with 46.3% of the cumulative variance in the model (Fig. 9a). The SYN carbon biomass 

(Fig. 9a) showed similar trends to the SYN population in the RDA triplots (Fig. 8a, 9a). The low 

saline and nutrient-rich regions (RP, western CBoB, and AS) supported SYN and PEUK carbon 

biomass, whereas low nutrient, oceanic waters favoured the PRO carbon biomass (Fig. 9a).  

During the FIM, the RDA results of the Pico population revealed that NO3
-+NO2

- explains a 

significant (p<0.05) part of the data variation (Fig. 8b; Table 3). The SYN abundance in the CBoB at 

81oE (S1) and from 87 oE to 91oE (S7 to S11) was positively correlated with the NO3
-+NO2

-, PO4
3- 

and salinity vectors (Fig. 8b). The PRO dominance towards the eastern CBoB was also positively 

influenced by NO3
-+NO2

-. The orientation of PEUK dominant stations towards the PO4
3- and SiO4 

vectors suggest the influence of nutrients on their growth. In the RDA triplot of carbon biomass, the 

first two axes represent 70.5% and 5.7% of the variance, respectively (Fig. 9b). Overall, in the 

carbon biomass RDA, the orientation of all three Pico groups at the sampling regions was similar to 

the Pico population RDA triplot (Fig. 8b). However, unlike the Pico population, the SYN carbon 

biomass was positively correlated with the Chl-a (at RP and CBoB), depicting its role as a significant 

contributor to the total phytoplankton biomass (Fig. 9b).  

   During WiM, in the RDA analysis of the Pico population and carbon biomass, the first two axes 

(RDAs 1 and 2) represent 62.7% and 47.9% of the total cumulative variance, respectively (Fig. 8c, 

9c). Among the environmental variables, SSS controls a significant (p<0.05) part of the Pico 

population and biomass variation during the WiM (Fig. 8c, 9c; Tables 3 and 4). The orientation of 

PRO dominant stations from CBoB (S4 to S8) towards the SSS and SST vectors emphasizes the 

influence of relatively higher salinity and temperature than in the NBoB. The increased nutrient 

concentration positively influenced the SYN and PEUK populations and their carbon biomass in the 

AS, NBoB, and RP regions (Fig. 8c; 9c). In the carbon biomass triplot, SYN's positive correlation 

towards Chl-a signifies its contribution to the total phytoplankton carbon biomass (Fig. 9c).  

During the SpIM, the RDA analysis showed that SSS explains a significant variation (p<0.05) in 

the Pico population and their carbon biomass distribution in the BoB (Fig. 8d, 9d; Table 3 and 4). 

The SYN abundance in the AS and RP regions was positively correlated with nutrients and negatively 

with SSS (Fig. 8d), suggesting the influence of riverine influx. Similar to the FIM season, the PRO 

population was orientated opposite to SSS, towards SYN in both the RDA triplots (Pico population 

and carbon biomass), suggesting their survival capabilities in low saline, nutrient-rich waters (Fig. 

8d; 9d). The PEUK population and their carbon biomass exhibited adaptability to diverse 

environments with the nutrient-rich freshwater influx in the RP and warm saline waters in the CBoB. 
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In the carbon biomass triplot, the positive correlation of SYN and PEUK towards Chl-a signifies its 

contribution to the total phytoplankton carbon biomass (Fig. 9d).  

Discussion 

The seasonally changing monsoonal pattern and resultant freshwater influx (from the Himalayan and 

peninsular rivers) have a strong bearing on the spatio-temporal variability within the abiotic and 

biotic characteristics of the BoB. Here we present the Pico community's response to such dynamic 

monsoonal interventions in the oligotrophic waters of the BoB. The Pico abundance observed in our 

study was within the range of an earlier report (Madhupratap et al., 2003) from this region, with the 

Pico community exhibiting a strong regional variability. 

During the SuM, in the CBoB (13oN, 81oE), the lower SST and higher SSS coincided with higher 

concentrations of NO3
-
 and Chl-a (Fig. 2a, c, e; 4a). Since the sampling region was away from the 

influence of rivers, the increase could very well indicate the prevalence of upwelling signatures, 

usually restricted to a 40 km wide band along most of the coast (Shetye et al., 1991). Earlier, Gomes 

et al. (2000) also reported high concentrations of Chl-a along the western BoB during this season. 

The dominance of SYN towards the western CBoB (81oE to 82oE) signifies the influence of nutrient 

enrichment on their growth. Furthermore, in the CBoB, Prasanna Kumar et al. (2002) reported MLD 

values and a nitracline depth of around 50 to 100 m along 88oE during the SuM.  In the present 

study, the increasing trend in NO3
-
 and Chl-a concentrations with deeper MLD's (Table 1) could 

emphasize the nutrient supply from the subsurface waters due to water column mixing. This could be 

due to the occurrence of transient mesoscale features such as eddies, which are common in the BoB 

(Prasanna Kumar et al., 2004; 2010). Jyothibabu et al. (2015) reported the occurrence of an eddy at 

10oN 85oE in July 2009 with a corresponding increase in phytoplankton abundance. As the SYN are 

known to respond positively to nutrient inputs even under disturbed conditions in coastal and open 

ocean waters (Agawin 2000a), higher abundance was observed with intermittent decline. The 

declining SYN abundance suggests a dilution effect due to the vertical mixing and/or loss due to 

heterotrophic grazers (Stockner and Antia 1986; Simek et al. 1997). In the CBoB (S6 to S12), the 

surface PRO abundance was relatively higher than SYN (Fig. 7c). PRO appears highly adapted for 

growth in a nutrient impoverished environment, having a minimal genome that presumably helps 

minimize N and P requirements (Dufresne et al., 2003). In the southern BoB, the dominance of PRO 

in the Pico community was observed in the oligotrophic oceanic regions earlier (Wei et al., 2020). In 

the RDA triplot, PRO dominant stations from CBoB (S6 to S12) oriented towards the SSS, however 

opposite to the NO3
-+NO2

- vector (Fig 8a). This observation could suggest their introduction from 

the deeper waters due to vertical mixing.  
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In the AS, the high NO3
-
 concentrations indicate the influence of precipitation induced terrigenous 

inputs (Khodse et al. 2009) through the Irrawaddy River flow, flowing along the eastern BoB. In the 

NBoB, the lowest SSS values from 19oN up to the RP indicates a freshwater influence from the 

Hooghly estuary, which was substantiated by the higher PO4
3- concentrations. The stratification due 

to riverine influx was reflected in the shallower MLD. The coinciding higher Chl-a concentrations 

and the lower NO3
- and SiO4

4- concentrations indicate nutrient consumption by phytoplankton such 

as diatoms, which proliferate in this region (Madhu et al. 2006; Paul et al. 2007; Naik et al. 2011). 

The higher Chl-a concentrations in the offshore NBoB (20oN) could be due to the offshore spread of 

the freshwater plume as reflected in the salinity values (Fig. 2d). These observations corroborate with 

those of Gomes et al. (2000). The area between 21o and 19oN lies in a salinity front at the outer edge 

of the upwelling band and the river plume, where the river plume gets pushed offshore by the band 

(Shetye et al. 1991). The freshwater leads to the formation of a strong halocline below the mixed 

layer (Vinaychandran et al., 2002). The stratification is so strong that even the strong southwest 

monsoon winds cannot break it (Shenoi et al. 2002). Like Chl-a, the SYN abundance and biomass 

were relatively lower in the NBoB but higher from 19oN with peaks at 20oN and in the RP, 

suggesting a preference for stratified, low-saline, nutrient-rich surface water layers (Fig. 8a, 9a). The 

relatively higher abundance of SYN at the coastal than the offshore stations indicates an overriding 

influence of the nutrient concentrations than the turbidity/cloud influenced light conditions. The SYN 

was positively correlated with turbidity, PO4
3- and dissolved oxygen in the southeast coast of India 

(Jyothibabu et al. 2013). Although SYN are known to dominate in waters with <1 µM NO3
- + NO2

- 

(Agawin 2000a), nutrient pulses in the oligotrophic ocean is also known to increase their population 

size preceding the re-establishment of balanced growth and grazing rates (Agawin et al. 2000b). The 

small size of Pico also confers a higher efficiency to absorb and use the incident light compared to 

larger autotrophs (Agusti et al. 1994).  

During the FIM, the relatively lower SSS with higher NO3
- concentration indicates freshwater 

influx due to precipitation and land runoff from the northern and eastern regions. The relatively 

lower SSS (18) in the RP shows strong haline stratification of the water column. The relative 

increase in SYN abundance towards the AS and RP corresponded with high nutrient concentrations 

depicting riverine influence from the north (Prasanna Kumar et al. 2007; Sardessai et al. 2007) and 

eastern region (Khodse et al., 2009). The nutrient availability strongly influences the productivity 

changes in this region more than the negative impact of cloud cover and low light conditions 

(Prasanna Kumar, 2002). Our observations also revealed that SYN abundance and biomass were 

higher in the nutrient-rich zones (Fig. 7; Table 2). The higher Pico abundance (SYN and PRO) was 
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observed towards the eastern CBoB, especially at 12ºN (S11). Prasanna Kumar et al. (2007) 

identified that the cyclonic eddy-pumping of nutrients controls the biological production during the 

FIM period in this region (12ºN to 14ºN). Here, the deeper MLD (> 35m), elevated Chl-a, and 

nutrient concentrations than the surrounding area (Fig. 2e; Fig. 4) could indicate vertical water 

column mixing. The optimum PO4
3- (>0.07 µM) and NO3

-+NO2
- (>0.9 µM) concentrations could 

significantly support the coexistence of SYN and PRO strains (Fig. 8) in this eddy prone region. The 

positive correlations of PRO abundance and biomass with the environmental parameters suggest that 

NO3
- could play a significant role in the PRO distribution in the BoB (Wei et al. 2020). However, 

this aspect needs to be investigated in detail on a larger scale. 

During WiM, the lower SST suggested the cooling of surface waters by the northeasterly winds 

(Shetye et al. 1996; Gomes et al. 2000). In the CBoB, the increase in NO3
-, SiO4

4-
 and Chl-a 

concentrations corresponded with relatively lower SST, higher SSS, and deeper MLD (compared to 

NBoB), indicating vertical mixing. The biological productivity in the BoB is enhanced due to the 

transport of nutrient-rich water from the deep layer into the euphotic zone by tropical cyclones, 

which occur more frequently during OctoberïDecember (Vinayachandran and Mathew, 2003; Rao et 

al., 2006; Tummala et al., 2009; Girishkumar and Ravichandran 2012). These cyclonic circulations 

occur in this location every year during the WiM and lead to the winter bloom from September 1997 

to December 2010 (Chen et al., 2013). During January '09, in the CBoB (84 to 88oE), the Pico 

community's dominance by PRO and a high contribution from the SYN coincided with a relatively 

higher microphytoplankton abundance in a concurrent study (Chitari 2019). Wei et al. (2020) also 

reported high abundances of PRO and SYN in the BoB, along 10oN during October-December, 

coinciding with a cyclonic eddy. Sarangi (2016), through satellite images, showed an increase in the 

chlorophyll concentrations due to the occurrence of a cyclonic storm (Nisha) in the BoB (off the 

Tamil Nadu coast) in November (25th to 27th) 2008. The cyclonic storm's effect was also reflected in 

the Chl-a concentrations in our study (Fig. 2e). The elevated Pico abundance during January '09 

(instead of December '08) could depict a temporal succession of phytoplankton community structure, 

from micro- to Pico as the water column stabilized after the cyclone effect. Generally, higher PRO 

abundance is observed in the core of an eddy in a decaying phase compared to that in the fresh phase 

(Jing and Liu, 2012). However, entrainment of subsurface populations from subsurface maximum 

could also be a possibility (Vinayachandran et al. 2005), as PRO was observed in higher 

concentrations in the subsurface depths ~ 50 m, close to the observed MLD (Wei et al. 2020). The 

positive correlation of PRO with elevated SSS and decreased temperature, especially from 84oE to 

88oE (S4 to S8) (Fig. 8c), could corroborate this hypothesis.  
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In contrast, in the NBoB, the prevailing environmental conditions indicated the winter cooling and 

riverine influence with a lack of convective mixing due to intense stratification by the freshwater cap 

(Gomes et al. 2000). During this period, a barrier layer formation is reported in this region (Shetye et 

al. 1996; Thadathil et al. 2002), which was also evident in our study during January and February '09 

from the vertical temperature profile (Fig. 5). Under such a scenario, the source of the high NO3
- and 

SiO4
4- concentrations in the NBoB is the freshwater influx from the neighbouring rivers and not 

vertical mixing. The SYN cell abundance and biomass were higher in the NBoB and the RP than in 

the CBoB, whereas PRO was the lowest (Fig. 6b, d; Table 2). The differential response between the 

two groups indicates that SYN is tolerant to variable environmental conditions as corroborated by the 

negative correlation with temperature and salinity (Fig. 8c) as compared to PRO (Partensky et al. 

1999; Flombaum et al. 2013; Mourino-Carballido et al. 2016). SYN's ubiquitous presence suggests 

the coexistence of different strains in coastal and offshore ecosystems (Jiao et al. 2005). In contrast, 

temperature and salinity are implicated as key ecological determinants of PRO (Liu et al. 2016). The 

positive correlation of PRO with salinity explains its lower abundance in the RP and coastal stations 

(Fig. 8c, 9c). Several studies have reported low numbers of PRO in the RP (Vaulot et al. 1990; 

Shimada et al. 1995; Shang et al. 2007; Mitbavkar et al. 2012) including the same study area (Naik et 

al. 2011) and implied that river inputs might inhibit the growth of PRO (Chisholm et al. 1992; Jiao et 

al. 2005). The response of the PEUK was similar to that of SYN (Fig. 8c), suggesting co-occurrence 

in low saline, high PO4
3- coastal regions (Mackey et al. 2009; Jyothibabu et al. 2013). The highest 

contribution of the PEUK and SYN to the Pico carbon biomass during this season at the coastal 

stations (Table 2) indicates their significant role as primary producers.  

During the SpIM, the weaker winds are unable to erode the prevalent stratification (Shetye et al. 

1993), which leads to shallow MLD and oligotrophic, low productive conditions over the large Bay 

area (Prasanna Kumar et al. 2010; Vidya et al., 2013). However, the eddies or recirculation zones 

support the localized high production in the offshore areas (Prasanna Kumar et al. 2007). The 

Trichodesmium sp. (cyanobacteria) blooms, which are known to occur in oligotrophic conditions, 

have been observed in the coastal and oceanic regions of the BoB (Madhu et al., 2006; Hegde et al. 

2008). The nitrogen fixation or the decay of the subsiding blooms aids in primary production 

(Capone et al. 1997) in this area (Madhu et al., 2006). The localized increase in nutrients moderates 

the patchiness in the SYN and PEUK abundance in the CBoB. The higher Chl-a concentrations in the 

NBoB and RP corresponding to lower SSS indicated riverine influence, as reported earlier (Gomes et 

al. 2000; 2016). The higher nutrient concentration in these zones harbored higher SYN abundance. 

Interestingly, in the SpIM, PRO abundance was more in the RP and AS regions than the CBoB (Fig. 
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6c, d). In the RDA triplot, PRO's orientation towards the SYN emphasizes its coexistence in low 

saline, nutrient-enriched environments (Fig. 8d, 9d). Some PRO strains could adapt to coastal 

environments due to their metabolic capabilities (Biller et al. 2015) as they can be cultivated in the 

laboratory using coastal seawater (Moore et al. 2007). Here possibly, the different PRO strains could 

express seasonal dominance in the NBoB; however, this hypothesis needs to be investigated further.      

Conclusions 

The present real-time observations at a monthly scale were made possible through ships of 

opportunity, considering the constraints related to open ocean sampling. The study depicts the 

seasonal variations in the Pico community structure and biomass modulated by the episodic events 

and mesoscale processes such as cyclones and eddies. Compared to the open ocean, the higher 

abundance and carbon biomass of SYN and PEUK at the coastal stations indicate an overriding 

influence of nutrients over irradiance. In contrast, PRO proliferated in the open ocean regions, even 

during the vertically mixed, nitrate enhanced, episodic events. In the constantly changing climate 

scenario, where stratification is considered to promote Pico growth, even episodic cyclonic events 

can increase their abundance and biomass, thereby indicating the adaptability of the Pico community 

to environmental changes.  
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Legend to Figures 

Fig. 1. The location map showing the sampled stations in the Bay of Bengal.  

Fig. 2. The Sea Surface Temperature (a, b), Sea Surface Salinity (c, d) and chlorophyll-a 

concentrations (e, f) in the CBoB, AS, NBoB and RP during the SuM, FIM, WiM and SpIM. 

Fig. 3. The seasonal mean of Sea Surface Temperature (a, b), Sea Surface Salinity (c, d) and 

chlorophyll-a concentrations (e, f) in the CBoB, AS, NBoB and RP during the SuM, FIM, WiM and 

SpIM (Vertical lines indicate standard deviation). 

Fig. 4. The seasonal mean of nutrient concentrations [nitrate+nitrite (a, b); phosphate (c, d); silicate 

(e, f)] in the CBoB, AS, NBoB and RP during the SuM, FIM, WiM and SpIM. 

Fig. 5. The vertical profile of temperature during January 2009 depicting barrier layer in the NBoB. 

Fig. 6. Synechococcus (a, b), Prochlorococcus (c, d), picoeukaryotes (e, f) and total 

picophytoplankton (g, h) cell abundance (x 103 cells mL-1) in the CBoB, AS, NBoB and RP during 

the SuM, FIM, WiM and SpIM. 

Fig. 7. The seasonal mean of Synechococcus (a, b), Prochlorococcus (c, d), picoeukaryote (e, f) and 

total picophytoplankton (g, h) cell abundance (x 103 cells mL-1) in the CBoB, AS, NBoB and RP 

during the SuM, FIM, WiM and SpIM (Vertical lines indicate standard deviation). 

Fig. 8. Redundancy Analysis (RDA) triplot for picophytoplankton (Synechococcus, 

Prochlorococcus, and picoeukaryotes) abundance in relation to the physicochemical variables (SST, 

SSS, NO3
-+NO2

-, PO4
3-, SiO4

4- and Chl-a) in the CBoB, AS, NBoB and RP during the SuM (a), FIM 

(b), WiM (c) and SpIM (d). The sampling stations from the different regions are colour coded 

[CBOB (S1 to S12)-blue circles; AR (S13-S14)-orange circles; NBOB (S15 to S21)-violet circles; 

PR (S22)-pink circle. 

Fig. 9. Redundancy Analysis (RDA) triplot for picophytoplankton (Synechococcus, 

Prochlorococcus, and picoeukaryotes) carbon biomass in relation to the physicochemical variables 

(SST, SSS, NO3
-+NO2

-, PO4
3-, SiO4

4- and Chl-a) in the CBoB, AS, NBoB and RP during the SuM 

(a), FIM (b), WiM (c) and SpIM (d). The sampling stations from the different regions are colour 

coded [CBOB (S1 to S12)-blue circles; AR (S13-S14)-orange circles; NBOB (S15 to S21)-violet 

circles; PR (S22)-pink circle]. 
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Table 1. Seasonal variations in the mixed layer depth (m)

 along the different regions in the Bay of Bengal during 

summer monsoon, fall intermonsoon, winter monsoon and

 spring intermonsoon seasons.

SuM FIM WiM SpIM

CBoB 62±17 31±13 65±15 30±15

AS ND ND ND ND

NBoB 29±22 26±5 Barrier layer 28±4

RP 19 22 ND ND

ND = No data

Table 2. Carbon biomass of picophytoplankton along the different regions in the Bay of Bengal during summer monsoon, fall intermonsoon, winter monsoon 

and  spring intermonsoon seasons.

Annual average (µg C/L)

Annual %

SuM FIM WiM SpIM SuM FIM WiM SpIM

Seasonal range (µg C/L) 0.1 to 8.3 0.1 to 5 0.1 to 8.3 0.1 to 7.8 0 to 0.67 0 to 0.97 0 to 1.02 0 to 0.017

Seasonal average (µg C/L) 0.7±1.4 0.9±1.0 1.1±1.6 1.0±1.3 0.045±0.11 0.122±0.24 0.086±0.2 0.004±0

Seasonal % 91.65 84.74 87.34 93.18 5.03 10.49 6.63 0.34

CBoB AS NBoB RP CBoB AS NBoB RP

Zonal range 0.1 to 7.3 0.1 to 4.5 0.1 to 8.3 0.4 to 8.3 0 to 1.02 0 to 0.093 0 to 0.13 0 to 0.05

Zonal average 0.7±0.93 1.1±1.2 0.8±1.23 4.3±3.3 0.097±0.2 0.014±0.02 0.01±0.02 0.008±0.02

Zonal % 82.62 96.35 93.61 97.55 10.61 1.09 1.06 0.18

Annual average (µg C/L)

Annual %

SuM FIM WiM SpIM SuM FIM WiM SpIM

Seasonal range (µg C/L) 0 to 0.19 0 to 0.3 0 to 1.34 0 to 0.13 0.1 to 8.3 0.1 to 5 0.1 to 8.3 0.1 to 7.8

Seasonal average (µg C/L) 0.02±0.03 0.04±0.06 0.07±0.19 0.07±0.15 0.8±1.4 1.1±1.2 1.3±1.7 1.1±1.3

Seasonal % 2.05 3.38 5.60 6.48

CBoB AS NBoB RP CBoB AS NBoB RP

Zonal range 0 to 1.34 0.005 to 0.06 0 to 0.88 0.01 to 0.22 0.1 to 7.3 0.1 to 4.5 0.1 to 8.3 0.4 to 8.3

Zonal average 0.06±0.17 0.03±0.01 0.05±0.12 0.1±0.07 0.9±1.09 1.1±1.2 0.9±1.2 4.4±3.3

Zonal % 6.47 2.19 5.02 2.27

89.24 5.3

SYN carbon PRO carbon

0.9 0.056

PEUK carbon Total Pico carbon

4.75

0.05 1.1
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Table 3: Marginal and conditional effects obtained from the summary of forward selection during the 

Redundancy Analysis (RDA) of Pico population during the different seasons. Lambda (1) is the 

eigenvalue explained by the environmental variables. P-values Ò 0.05 are statistically significant and 

highlighted in bold red colour. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Seasons Marginal Effects 

 

Conditional Effects     

  
Variable Lambda-1 

  
Variable 

Lambda-

A 

P-

value 

F-

value 

SuM SSS      0.09 

 

SSS      0.09 0.09 1.91 

 

Chla      0.05 

 

Chla      0.05 0.262 1.17 

 

SST      0.03 

 

PO4
3- 0.06 0.25 1.39 

 

NO3
-+NO2

-  0.02 

 

NO3
-+NO2

-  0.05 0.376 0.99 

 

PO4
3- 0.01 

 

SST      0.01 0.664 0.36 

  SiO4
4- 0.00   SiO4

4- 0.01 0.942 0.07 

FIM  NO3
-+NO2

-  0.25 

 

NO3
-+NO2

-  0.25 0.004 6.54 

 

Silicate 0.17 

 

SSS      0.07 0.144 2.07 

 

SSS      0.12 

 

PO4
3- 0.08 0.148 2.23 

 

SST      0.11 

 

SST      0.05 0.204 1.53 

 

PO4
3- 0.08 

 

Chla      0.04 0.292 1.26 

  Chla      0.01   SiO4
4- 0.01 0.574 0.53 

WiM  SSS      0.51 

 

SSS      0.51 0.002 21.2 

 

Chla      0.09 

 

NO3
-+NO2

-  0.06 0.086 2.65 

 

PO4
3- 0.06 

 

PO4
3- 0.04 0.174 1.72 

 

NO3
-+NO2

-  0.06 

 

Chla      0.01 0.616 0.46 

 

SST      0.05 

 

SiO4
4- 0.01 0.54 0.59 

  SiO4
4- 0.02   SST      0.01 0.96 0.08 

SpIM SSS      0.22 

 

SSS      0.22 0.004 5.8 

 

Chla      0.14 

 

PO4
3- 0.05 0.338 1.25 

 

SST      0.12 

 

SST      0.04 0.372 0.92 

 

PO4
3- 0.03 

 

Chla      0.03 0.496 0.85 

 

NO3
-+NO2

-  0.02 

 

NO3
-+NO2

-  0.01 0.792 0.32 

  SiO4
4- 0.01   SiO4

4- 0.03 0.606 0.56 
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Table 4: Marginal and conditional effects obtained from the summary of forward selection during the 

Redundancy Analysis (RDA) of Pico carbon biomass during the different seasons. Lambda (1) is the 

eigenvalue explained by the environmental variables. P-values Ò 0.05 are statistically significant and 

highlighted in bold red colour. 

 

 

 

 

 

 

Seasons 
Marginal 

Effects     
Conditional Effects 

    

  Variable Lambda-1   Variable Lambda-A P-value F-value 

SuM SSS      0.3 

 

SSS      0.3 0.034 8.47 

 

SST      0.11 

 

PO4
3- 0.11 0.066 3.52 

 

NO3
-+NO2

-  0.01 

 

Chla      0.01 0.52 0.29 

 

PO4
3- 0.01 

 

NO3
-+NO2

-  0.01 0.578 0.35 

 

SiO4
4- 0.00 

 

SST      0.01 0.654 0.19 

  Chla      0.00   SiO4
4- 0.00 0.928 0.03 

FIM  SST      0.4 

 

SST      0.4 0.002 13.45 

 

Chla      0.35 

 

Chla      0.21 0.044 10.12 

 

NO3
-+NO2

-  0.24 

 

NO3
-+NO2

-  0.07 0.078 3.65 

 

SiO4
4- 0.14 

 

PO4
3- 0.05 0.062 3.52 

 

SSS      0.02 

 

SiO4
4- 0.03 0.212 1.82 

  PO4
3- 0.02   SSS      0.00 0.618 0.35 

WiM  SSS      0.25 

 

SSS      0.25 0.006 6.64 

 

PO4
3- 0.23 

 

PO4
3- 0.13 0.054 4.13 

 

SST      0.14 

 

NO3
-+NO2

-  0.07 0.166 2.21 

 

Chla      0.11 

 

SiO4
4- 0.02 0.478 0.57 

 

NO3
-+NO2

-  0.04 

 

Chla      0.01 0.672 0.24 

  SiO4
4- 0.03   SST      0.00 0.752 0.17 

SpIM SSS      0.49 

 

SSS      0.49 0.002 19.6 

 

Chla      0.29 

 

Chla      0.05 0.166 1.97 

 

SST      0.18 

 

SST      0.03 0.256 1.15 

 

NO3
-+NO2

-  0.01 

 

NO3
-+NO2

-  0.02 0.382 0.78 

 

PO4
3- 0.00 

 

SiO4
4- 0.01 0.534 0.45 

  SiO4
4- 0.00   PO4

3- 0.01 0.666 0.29 
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                       Fig. 1. Location map showing the sampled stations 
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Fig. 2
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Fig. 8 
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Fig. 9 

                                                                                                                                                                                           

                                                                                                                                              

 

 


