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Abstract 

In order to examine the role of eddies on total and size-fractionated primary production, two cyclonic 
(CE),one anticyclonic (ACE) and no-eddy (NE) regionswere sampled in the BoB during pre-summer 
monsoon (June 2019). The upper ocean is strongly stratified due to freshwater discharge from major 
rivers. Low (high) nutrients concentrations were noticed in the ACE (CE) regions due to 
convergence(divergence). Prominent existence of deep Chlorophyll-amaximum (DCM)was observed 
and its depth is governed by mixing associated with eddies. High concentration of zeaxanthin and 
fucoxanthin was observed in the upper 50m and DCM respectively. The dominant contribution of 
picoplankton biomass(40-80%) to total phytoplankton biomass was observed in the photic zone 
whereas micro and nanoplankton contributed between 10 and 30%. The photic zone integrated total 
primary production was higher in the CE and NE than ACE regions associating with higher nutrients 
in the former than latter region. The primary production by microphytoplankton was higher in the CE 
and NE than ACE regions. Higher picophytoplankton production was observed at depth below 10 m 
from surface(10-80%) than nano and microphytoplankton (1-30%). The microphytoplankton 
production was higher in the CE (164±16mgC m-2d-1) than ACE (60±26mgC m-2d-1)due to 
availability of nutrients in the former region resulted from upwelling of subsurface waters. The 
photic zone integrated total and microphytoplankton primary production displayed linear relation 
with nutrients (nitrate and phosphate) and inverse relation was observed with picophytoplankton 
suggesting that the availability of nutrients due to eddy-driven mixing determined the contribution of 
primary production by different size classes. This study suggests that eddy-driven nutrients 
increasedcontribution of primary production by microphytoplankton leading toenhancedexport 
production under CE in the BoB and therefore, these regions can be considered as an efficient 
regions of carbon sequestration for the atmospheric CO2. More than 30 eddies form every year with 
life time of 3-6 months and its impact on sinking carbon fluxes and atmospheric CO2 sequestration in 
the BoB needs evaluation using numerical modelling. 
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1. Introduction 

Eddies are generally formed by baroclinic and barotropic instabilities. In the case of BoB, local 

Ekman pumping, remote forcing from equatorial Indian Ocean and internal instability together play 

important role in the formation of eddies (Cheng et al., 2018). The coastal poleward propagating 

Kelvin waves along the eastern boundary of the BoB radiate Rossby waves towards west into the 

interior Bay (Chatterjee et al., 2017). Due tointeraction with the coastal currents, these Rossby waves 

generate weaker baroclinic instabilities leading to formation of eddies (Chen et al., 2012; Cheng et 

al., 2013; Chatterjee et al., 2017; Cheng et al., 2018). In additionto this, Rossby waves are 

significantly altered by the Andaman Nicobar Islands and increase eddy activity in the BoB (Cheng 

et al., 2018; Mukherjee et al, 2019). 

The primary production in the Bay of Bengal (BoB) is considered to be low due to weak nutrients 

supply through vertical mixing, cloud cover and turbidity (Gomes et al., 2000; Madhupratap et al., 

2003; Gauns et al., 2005)Large spatial variability in primary production was reported in the BoB (89 

to 221 mgCm-2d-1; Gauns et al. (2005), however, potential reasons for such variability is not 

explained. Doubling of primary productiondue to nutrients injection in cyclonic eddies (CE)(Kumar 

et al., 2004) resulting in increase in f-ratio is reported than no-eddy (NE)region in the BoB (Sherin et 

al., 2018; Sarma et al., 2019a). Increase in sinking biogenic carbon fluxes under the CE was found in 

the BoB (Vidya and Kumar, 2013) and attributed to possible increase in primary production caused 

by divergence of waters. The sinking carbon fluxes in the BoB to sea bottom are higher than highly 

productive Arabian Sea and it is attributed to ballast of organic matter in association with river-borne 

mineral particles (Ittekkot et al., 1991). Recently Anand et al. (2017) reported low sinking carbon 

fluxes at 100 m depth in the BoB and attributed to possible primary production by picophytoplankton 

leading to decomposition of organic matter within the photic zone itself. 

Waga et al. (2019) reported that mesoscale eddies modify size structure of the phytoplankton with 

large cell sizes in the eutrophic CEs and oligotrophic ACEs.  Waite et al. (2019) noticed that equal 

productivity per unit Chlorophyll-a (PB) in both cyclonic (CE) and anticyclonic (ACE) whereas 

depth-integrated primary production is greater in the former than latter regions. It was further noticed 

that dinoflagellates were dominant in CEs and diatoms in the ACEs compared to subtropical front in 

the south-eastern Indian Ocean (Waite et al., 1992; 2007; 2019; Thompson et al., 2007).Thompson et 

al. (2007) noticed higher primary production by diatoms in the ACEs whereas contribution by nano 

and picoplankton dominated in the CEs in the subtropical Indian Ocean. Nevertheless, the response 

of size classes is depended on the availability of nutrients and mixing conditions within the eddies. 

The sinking carbon fluxes below the photic zone is governed by the size and density of 
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phytoplankton, therefore, primary production by microplankton may sink faster than 

picophytoplankton (Suess et al., 1980; McDonnell et al., 2012; Omand et al., 2020). Sherin et al. 

(2018) reported that >70% of the phytoplankton biomass is contributed by picophytoplankton due to 

low nutrients concentrations in the BoB.Loganathan et al. (2019) noticed that unique ecosystem 

exists in the eddies compared to NE region in the BoB. Therefore, concentrations of nutrients, 

phytoplankton composition and contribution of primary production by different size classes are 

expected to be different from that of outside and it is important to evaluate their role on carbon 

sequestration in the BoB. 

In addition to the nutrients limitation, light is reported to be strong controlling factor for 

phytoplankton biomass and primary productivity due to suspended particulate matter (SPM)load 

through river discharge and thick cloud cover over the Bay (Radhakrishna et al., 1978; Gomes et al. 

2000; Madhu et al., 2006; Paul et al., 2007; 2008; Jyothibabu et al., 2008; Kumar et al., 2010). 

Qasim (1977; 1982) observed absence of photoinhibition in the phytoplankton in the surface waters 

of the BoB due to intense cloudcover during summer monsoon (June to September).Gomes et al. 

(2000) reported lowbiomass normalized primary production during summer monsoon due to severe 

light limitation of primary productionresulting in less phytosynthetic efficiency in the 

BoB.Interestingly the role of light on primary production was hypothesized based on atmospheric 

cloud measurements and SPM as photosynthetic active radiation (PAR) was never measured. 

Recently, Jyothibabu et al. (2018) observed that increase (decrease) in phytoplankton biomass in the 

upper 40 m of water column is associated with cloudy (sunny) sky during summer 

monsoonindicating strong role of light on distribution of phytoplankton in the BoB. The objective of 

this study is to 1) evaluate role of eddies on source of nutrients and primary production, 2) examine 

the impact of eddies on variability of primary production by different size classes of phytoplankton 

and 3) estimate the role of light, suspended particulate matter (SPM) and nutrients on limiting 

primary production in the BoB during summer monsoon.  

2. Material and methods  

2.1. Study area and sampling 

The northeastern Indian Ocean (the Bay of Bengal; BoB) is covered by landmasses in three 

directions and opened to the south Indian Ocean in the south. It receives significant amount of fresh 

water from major rivers, such as the Ganges, Brahmaputra Godavari, Mahanadi etc (1.6 x 1012 m3 y-

1; Unger et al., 2003) and sediment (1.1 x 109 tonnes) during summer (June to September) (Milliman 

and Syvitski, 1992; Milliman and Meade, 1983). The river discharge is a source of nutrients to the 
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BoB (Krishna et al., 2015) and most of the riverine nutrients are utilized within 10-20 km from the 

coast (Sarma et al., 2013). Both river runoff and precipitation peaks during summer monsoon 

resulting in strong stratification that inhibits vertical mixing of nutrients to surface. More than 30 

eddies (CE and ACE) forms in the BoB due to local Ekman pumping, remote forcing from equatorial 

Indian Ocean and internal instability together play important role to the formation of eddies (Chen et 

al., 2012; Cheng et al., 2018). The formation of eddies and their physical characteristics are well 

understood in the BoB, however, the importance of biogeochemistry of eddies are less understood in 

the BoB. 

This study was conducted on board O.R.V. Sagar Nidhi (Cruise No. SN142) during summer 

monsoon (11-29 June 2019) in the western and central BoB.The aim of this cruise was to sample 

within CE, ACE and no-eddy (NE) region to examine the variability in physico-biogeochemical 

characteristics of the water column , a total of 18 stations were occupied for collection of 

hydrographic parameters in the upper 100 m and incubation of primary production(both total and 

size-fractionated) was conducted at 14 stations (Fig. 1; shown as white circles). Seawatersamples 

from standard depths were collected using Niskin bottles (10L capacity) fixed to a rosette, along with 

conductivity–temperature-depth, (CTD, 19 Plus,SeaBird Electronics, USA) sensors. The detection 

limits for temperature, salinity, and pressure are 0.001
o
C, 0.001, and 0.1m respectively The 

photosynthetic active radiation (PAR) was measured using PAR sensor (Chelsea Technologies, UK). 

Nutrients samples were collected in 100 ml plastic bottles, pigment samples were collected in 10L 

black plastic bottles and primary production (both total and size-fractionated) incubation samples 

were collected in 5L plastic bottles and subsampled to 1 L Nalgene plastic bottles.  

2.2 Hydrographic measurements 

The concentration of nutrients (nitrate, phosphate and silicate) were measured onboard, within one 

hour after sampling, using EcoLab autoanalyzer following the methods given in Grasshoff et al. 

(1983). The autoanalyzer is calibrated with the certified reference materials (CRMs) supplied by the 

Dr. M. Aoyama. We had prepared the working standards, which were calibrated with CRM and they 

are used for every profile. The detection limits for nitrate+nitrite, phosphate and silicate were 0.02, 

0.02, and 0.02 M respectively. About 10 L of water was filtered through GF/F (0.7 m pore size; 

Whatman)in the dark and pigments retained on the filters were frozen in the liquid nitrogen until 

analysis. The pigments retained on the filters were first extracted to 90% acetone and measured using 

High Pressure Liquid Chromatography (HPLC) following Roy et al. (2015). SPM in the water is 

estimated by filtering ~5 litres of water through pre-weighted 0.22 m polycarbonate filter 
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(Millepore) and dried at 50oC for over night (12 h). The weight of the SPM retained on the filter was 

measured by subtracting weightof the filter before filtration from that of after filtration. About 5 

litres of the sample was filtered through pre-combusted (at 450o C for 6 hours) GF/F filters and dried 

at 50o C for 12 h. These filters were exposed to the concentrated hydrochloric acid for 12 hours to 

remove inorganic carbon on the filter. The content and atomic ratios of carbonof particulate organic 

matter (POM) retained on the filter was determined using Elemental analyser connected to Isotope 

Ratio Mass Spectrometer (IRMS; M/s. Elementar Analysensysteme, GmbH, Germany). 

2.3. In vitro total primary production measurements 

The totalprimary production, defined as all size classes of phytoplankton, in seawater at different 

light depths in the photic zone was measured using enrichedsodium bicarbonate (NaH13CO3; 99%; 

Sigma Aldrich, USA) tracer following procedures given by Hama et al. (1983). Briefly, 1 L of 

seawater sample was taken from depths, where 100%, 90%, 75%, 50%, 25% and 1% of surface PAR 

reaches, into Nalgenetransparent bottles and 0.2 mL of 2 mM enriched sodium bicarbonate spike was 

added and incubated in triplicatelight and dark bottles in the deck incubator. The temperature in the 

incubator was maintained with runningwater from sea surface. Different light screens were used to 

cut the light for the deeper samples. One set of sample filtered immediately on pre-combusted GF/F 

filter and sample retained on filter was stored at -20o C until analysis for initial concentration of 

particulate organic carbon (POC) and atomic ratio of 13/12C measurements. Samples were incubated 

for 12 h (from dawn to dusk) and filtered through pre-combusted GF/F filters, dried at 50o C and 

exposed to the HCl fumes to removed inorganic carbon. In the onshore-based laboratory, the entire 

filter waspacked in tin cups and introduced to Elemental analyser (Pyrocube; Elementar 

Analysensysteme, GmbH, Germany) coupled to a mass spectrometer (Isoprime 100, UK) to 

determine content and atomic ratios (13/12C) of particulate organic carbon. 

About 1 L of sea water samples from different light depths were filtered through 10 m, 2 m and 

0.2 m filters (Millepore) and 0.2 ml of 2 mM of enriched sodium bicarbonate spike was added and 

incubated in triplicate in light and dark bottles for 12 h (dawn to dusk). As mentioned above for total 

primary production experiments, samples were filtered through pre-combusted GF/F filter, after 

incubation, and stored at -20C until analysis in the shore-based laboratory. The filters were treated in 

the same manner of total primary productivity measurement for measurement of organic carbon 

content and atomic ratios of carbon retained on the filter using elementalanalyzer coupled to 

IRMS.Primary production (both total and size-fractionated)is computed from concentration of POC 

and atomic ratio of 13C/12C using the methodology given by Hama et al. (1983). The precision of the 

primary production measurement in terms of the CVwas 5%. 
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2.4. Impact of cloud cover (light) on primary production 

The surface water from different stations was collected in six 1L Nalgene bottles and was spiked 

with 13CNaHCO3. Three bottles were kept in the deck incubator at the natural light whereas the other 3 

bottles were kept at high light (981 mole photonm-2s-1) for 12 hours. After incubation time, samples 

were processed, as described in section 2.3,to examine the impact of light on primary production.  

2.5. Computations 

The mixed layer depth (MLD) was determined following Shankar et al. (2015) by estimating density 

at in situtemperature, salinity and pressure and subtracting 0.5 °C from temperature profile and 

estimated againdensity. The depth of MLD is taken where the difference in density atin situ 

temperature and 0.5 °C becomezero. In this manner, the influence of changes in temperature and 

salinity on MLD is accounted (Shankar et al., 2015). The depth of nitracline was computed as the 

depth where the concentration of nitrate is 1 M. The photic zone depth was computed as the depth 

where 1% of surface light is observed. The statistical analysis was carried out using STATISTICA 

software and graphical representation was done using Ocean Data View (3-D plots) and Grapher (2-

D plots). 

3. Results 

3.1 Hydrographic characteristics of the study region 

Two CE and one ACEs were sampled during this study and all these eddies formed in the east or 

northeastern BoB (Fig. 1). The ACE was formed about 6 months before it was sampled whereas CEN 

and CES were formed 3 and 2 months before they were sampled (Fig. 1). The vertical temperature 

structure indicates that the upper 60 m of water column is warm and highly mixed in the entire study 

region (Fig. 2a). Relatively cooler water was observed between 900 and 2000 kms of distance 

(stations 7 to 12) associating with high winds (>30 knots) caused by local depression (Figure is not 

shown). Decrease in temperature was observed below 60 m in CE and NE regions, in contrast, the 

entire 100 m of water column was warm in the ACE region (stns 4 to 7 and 17 to 18) (Fig. 2a). 

Upsloping of cooler waters were observed associated with CE (CEN and CES). Similar to 

temperature, salinity was lower by 1 psu in the upper 60 m of water column compared to depth 

below in the CE, but the entire water column was filled with low salinity (~33.5) in the upper 100 m 

in the ACE region (Fig. 2b). Relatively low saline (<32) waters were observed in the northern BoB 

(stns. 11 to 13) compared to south (Fig. 2b). Increase in salinity was observed at stations between 14 

and 15 associated with CES(Fig. 2b). The depth of mixed layer varied between 22 and 66m and 

deeper mixing was observed in the ACE and shallower in the CE regions (Fig. 2a).The depth of 28oC 
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isotherm was at 50 m depth under the CE, where sea surface level anomaly (SLA) was -0.2 m, and it 

was deepened to 90 to >100 m under the ACE region (Fig. 2a) associating with high SLA of >0.3m 

(Fig. 1).  Similarly, the depth of 34 psu isohaline was at 40 m and it was deepened to 90->100 m 

under ACE and followed the 28 oC isotherm.  

The photosynthetic active radiation (PAR) at surface varied between 82 and 850 mol photonsm-2d-1 

in the entire cruise track and the least PAR was observed at stations 4 to 8 and the highest PAR was 

noticed between station 1-3 (Fig. 2c). The depth of photic zone (depth of 1% of surface PAR) was 

ranged between 48 and 68m and it was shallow in the northern Bay (Stations 10-12) associated with 

high SPM. The concentration of SPM varied between 3.2 and 31.2 mgl-1 and higher concentration of 

SPM (>20 mgl-1) was observed in the northern (stations 8 to 12) compared to southern Bay (Fig. 2d). 

The inverse relation was observed between photic zone integrated SPM and photic depth (Fig. 3; 

r2=0.55; p<0.001). 

The concentration of nitrate was low (<0.5 M) in the upper 80m of water column in the ACE region 

and up to 30 m in the NE region (Fig. 4a). Higher nitrate (>0.5 M) concentrations were observed in 

the CES and CENthan ACE region (Fig. 4a). Deepening of low nitrate contours to depth of 80 m was 

observed in the ACE region (Fig. 4a). Concentration of phosphate was low (<0.1 M) in the upper 

40 m of water column with low in the ACE and high in the CE regions (Fig. 4b). Dissolved inorganic 

silicate was low (<2 M) in the upper 30 m of water column along the entire transect and increased 

with depth. No significant increase in silicate concentration was observed in CE region (Fig. 4c).  

3.2. Spatial variations in phytoplankton pigments and size-fractionated biomass 

Low concentration of Chl-a was observed between surface and 30 m of water column with 

prominent deep Chl-a maxima (DCM) between 40 and 90m depths (Fig. 5a). The concentration of 

Chl-a in DCM varied between 0.3 and 0.9 mg m-3 with large spatial variability associating with 

mixing. Surfacing of DCM was observed between 1000 and 1300 kms distance (Stn 8 and 9) 

associated shallowing of mixed layer depth (Fig. 2c). Increase in Chl-a was observed in the upper 50 

m of water column in the ACE associated with convergence. Slight increase in Chl-a was observed 

in the CE region associating with increase in nutrients (Fig. 5a). The concentration of fucoxanthin 

(marker pigment for diatoms) was high in the DCMregion and surfacing of the same was noticed at 

stations 8-9 associating with high Chl-a (Fig. 5b). The concentration of zeaxanthin (marker pigment 

for cyanobacteria) was high in the upper 50 m and decreased with depth (Fig. 5c). Low concentration 

of zeaxanthin was observed at stations 8, 9 and CEN and CES region. The contribution of micro- and 

nanophytoplankton biomass to the total phytoplankton biomass was low 10-40% with higher 
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contribution in the DCMthan surface waters (Fig. 5d,e). The picophytoplankton contributed 

significantly (40-80%) to the total phytoplankton biomass in the entire study region with dominant 

contribution in the CE than ACEregion (Fig. 5f).  

3.2.Spatial variation in total primary production in the BoB 

The total primary productivity in the surface waters varied between 3.6 and 14.5 mgC m-3 d-1 in the 

study region. Higher surface production (4.6-10.3 mgC m-3 d-1) was noticed in the CE region than 

ACE region(Fig. 6a). The high total primary production (10-14.5 mgC m-3 d-1) was observed with 

high Chl-a in the upper 10 m of water column and decreased with depth with no subsurface maxima. 

Photic zone integrated total primary production varied between 190 and 390 mgC m-2d-1 in the Bay 

with high production in the CE (323±29mgC m-2d-1) than ACE (224±27mgC m-2d-1) and NE 

(260±37mgC m-2d-1) regions (Table 2). Photic zone integrated primary production displayed linear 

relation with photic zone integrated Chl-a (r2=0.78; p<0.001; Fig. 7a), nitrate (r2=0.80; p<0.001; Fig. 

7b), and phosphate (r2=0.85; p<0.001;Fig. 7c) and inverse relationship with depth of euphotic depth 

(r2=0.48; p<0.001; Fig. 7d), mixed layer (r2=0.62; p<0.001; Fig 7e) and nitracline depth (r2=0.48; 

p<0.001; Fig. 7f; Table 3).  

3.3.Spatial variation in size-fractionated primary production in the BoB 

The primary productivity by microphytoplankton in the surface waters varied between 1.3 and 13.8 

mgC m-3 d-1 in the study region with relatively higher in the CE (5.5±4 mgC m-3 d-1) than ACE 

(2.7±2 mgC m-3 d-1) followed by pico and nanophytoplanktons (Fig. 6b-d).The depth integrated 

primary production by microplankton was higher in the CE (164±16mgC m-2d-1) than ACE 

(60±26mgC m-2d-1) and NE (140±32mgC m-2d-1) associating with higher nutrient concentrations in 

the photic zone (Table 2). The higher picophytoplankton primary production was observed in 

ACE(140±20 mgC m-2d-1) followed by microplankton (60±26mgC m-2d-1) and nanoplankton 

(28±19mgC m-2d-1) associating with lower nutrients concentrations (Table 1,2). The photic zone 

integrated nutrients (nitrate and phosphate) displayed linear relation with photic zone integrated 

microphytoplankton production (r2=0.58 and 0.49 with nitrate and phosphate respectively; Table 3) 

and inverse relation with photic zone integrated picophytoplankton production (r2=0.48 and 0.37 

respectively; Table 3). The nanophytoplankton production did not display significant relation with 

nutrients.   

3.4. Impact of cloud cover (light) on primary production 

The nitrate and phosphate concentrations of the surface water incubated at natural and artificial light 

varied between 0.02 to 1.6 M and 0.04 to 0.22 M respectively (Fig. 8a,b). Lower concentrationof 
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nitrate was observed at stations 7 and 8 (<0.1M) whereas it was above limiting levels at other 

stations. Similarly, phosphate was low at station 7 (<0.05 M)and it was above 0.05 M in other 

stations incubated. The in situ PAR varied from 120 to 818 mol photon m-2s-1, and artificial light 

was kept at constant PAR of 891mol photon m-2s-1 (Fig. 8c). Insignificant variations in surface 

primary production was observed for samples incubated at natural light and artificial light at all 

stations (Fig. 8d). Neither surface primary production nor column production showed significant 

relation with surface PAR or photic zone integrated PAR in the study region (Figure not shown; 

r2=0.08).  

Discussion 

4.1. Eddy-driven modifications innutrients and pigments distribution in the BoB 

The depth of both 28 oC isotherm and 34 psu isohaline were found at shallow depth (40-50 m) under 

the CE whereas it was deepened to 90 to >100 m under ACE (Fig. 2a,b), associating with low 

(negative) SLA (-0.3 m) and high (positive) SLA (0.3 m) respectively (Fig. 1), suggesting occurrence 

of divergence and convergence respectively.  Since eddies are formed in the BoB due to remote 

forcing through Rossby waves, the local wind impact is minimal (Chatterjee et al., 2017; Cheng et 

al., 2018). Mixed layer depth was shallow in the CE (353 m) and deepened in the ACE (624 m) 

further confirm the variable mixing within the CE and ACE (Fig. 2). High mixed layer mean 

concentrations of nutrients (1.26±0.2 and 0.1±0.01 M of nitrate and phosphate respectively; Fig. 4; 

Table 1) were observed in the CE region associated with divergence of high saline, cold and nutrient-

rich waters from the depth below 50 to 100 m (Fig. 2). In contrast, the entire upper 100 m of water 

column is filled with low saline, warm and nutrient-poor waters (0.02±0.01 and 0.04±0.01 M of 

nitrate and phosphate respectively; Table 1) in the ACE region due to convergence of surface waters 

than NE region (0.43±0.2 and 0.06±0.01 M respectively; Table 1).Low nitrate concentrations in the 

ACE indicates possible role of nitrogen (N2) fixers (Fig. 4a). ACEs are reported to be regions of N2 

fixation in the Pacific and Atlantic Oceans due to lack of dissolved inorganic nitrogen and warm 

water column(Fong et al., 2008; Loscher et al., 2016).Perennial occurrence of N2 fixers, such 

asTrichodesmium sp.,were reported in the BoB during spring intermonsoon (Jyothibabu et al., 2006; 

Shetye et al., 2013), postmonsoon (Hedge et al., 2008) and summer monsoon (Paul et al., 2007; Wu 

et al., 2019) in the BoB indicating possible occurrence of N2 fixation.Based on observed high 15N 

values of suspended particulate matter (6 and 9‰; Sherin et al., 2018; Sarma et al., 2019a), the 

occurrence of N2 fixation can beruled out in the BoB.  Recently, Loscher et al. (2020) reported 

absence of N2 fixation and it is attributed to limitation of micronutrients, other than iron, in the 
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BoB.Recently Sarma et al. (2019b) found that dissolved organic nitrogen (DON) supports primary 

production in the BoB in the absence of inorganic nitrogen. The concentration of DON in the BoB is 

reported to be ranged between 3 to 10 M and they are an order of magnitude higher than inorganic 

nitrogen. Therefore, nitrogen may not be severely limiting primary production in the BoB.  

Slight increase in Chl-a concentrations was observed in the ACE (stations 4-7) and part of NE 

(stations 8-9) due to mixing caused by convergence and high local winds (wind speed >10 m/s; 

Figure not shown) respectively as evidenced from surfacing of fucoxanthin fromthe depth of DCM 

(Fig. 5b).The higher depth integrated fucoxanthin was observed in CE (2.0±0.3 g m-2) than NE 

(1.6±0.5 g m-2) and ACE (1.2±0.8 g m-2; Table 1), in contrast, higher zeaxanthin was observed in 

ACE (4.0±0.9 g m-2) than CE (2.8±0.5g m-2) and NE (2.2±0.5 g m-2) suggesting that dominant 

microphytoplankton in the CE and picophytoplanktokn in the ACE. The distribution of size-

fractionated phytoplankton biomass is not uniform within the ACE as the fraction of 

nanophytoplankton biomasswas higher (20-35%) in the eastern part of ACE (stations 4-7) than 

western region (10-15%; stations 17-18) (Fig. 5d-f). Similarly, higher picophytoplankton biomass 

contribution was observed in the western (70-80%) than eastern ACE (50-55%) due to variable 

mixing within theACE as evidenced from deeper mixed layer in the latter (60-68 m) than former 

region (50-55 m) (Fig. 5d-f).The mean concentrations of nitrate in the photic zone were higher in the 

CE (1.26±0.2 M)thanNE (0.43±0.2 M) and ACE regions (0.02±0.01 M; Table 1). Similarly, the 

photic zone integrated Chl-a was also higher in the CE (23.3±5 mg m-2) than in the NE (18.6±8 mg 

m-2) than ACE (14.2±3 mg m-2) region and it is consistent with the low nutrients in the ACE region 

(Table 1). The photic zone integrated Chl-a displayed linear (positive) relation with photic zone 

integrated nitrate (r2=0.78; p<0.001), and phosphate (r2=0.85; p<0.001) (Fig. 7; Table 3) and 

insignificant relation was noticed with silicate indicatingthat dominant control of nitrate and 

phosphate on phytoplankton biomass over silicate. 

4.2. Impact of eddies on total and size-fractionated primary production 

The primary production was high at surface and decreased with depth with slight increase in 

subsurface between 25 and 50m depth is associated with subsurface Chl-a maxima in the study 

region (Fig. 5a). The photic zone integrated primary production was significantly higher in the CE 

(323±29 mgC m-2 d-1) than ACE (224±27mgC m-2 d-1) and NE (260±37mgC m-2 d-1) (tstat=3.76; 

p<0.001; Table 2). This study suggested that low (high) primary production occurs in the ACE (CE) 

due to convergence (divergence) of waters leading to depletion (repletion) of nutrients in the mixed 

layer (Kumar et al., 2007; Sarma et al., 2016; 2018). Kumar et al. (2004; 2007) reported 100% 
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increase in primary production in the CE region (221 mgC m-2 d-1) compared to outside (107 mgC m-

2 d-1) in the BoB whereas the increase was only 20-40% in the present study. The difference in 

response of primary production within and outside eddy is caused by intensity of mixing and amount 

of nutrients brought to the photic zone by CE. It is further noticed that enhanced microphytoplankton 

production was observed in the CE (164±16mgC m-2 d-1) than ACE (60±26mgC m-2 d-1; Table 2) 

suggesting that increase in nitrate and phosphate due to upwelling supported microplankton 

production as significant amount of silicate is available in the mixed layer (Fig. 2). Since diatoms 

require more nitrate and phosphate than cyanobacteria (Lovstad and Bjondalen, 1990; Balode et al., 

1998), the conducive conditions occurs for diatoms to grow in the CE, associating with high nitrate 

and phosphate concentrations, as evidenced from higher fucoxanthin (marker pigment for diatoms) 

than in the ACE. In contrast, the primary production by picophytoplankton was high in the ACE 

(148±20 mgCm-2d-1) than CE (105±12 mgCm-2d-1; Table 2) suggesting that low concentrations of 

nitrate and phosphate are sufficient for picophytoplankton production in ACE. Increase in f-ratio in 

the mixed layer within the CE (0.31) than ACE (0.19) was reported in the BoB and attributed to 

increase in nutrients inputs to the photic zone in the former region (Sherin et al., 2018; Sarma et al., 

2019a). Vidya and Kumar (2013) found that 43% of increase in biogenic sinking carbon flux to deep 

waters is observed under the influence of CE than NE regions in the BoB. Sarma et al. (2018) 

noticed existence of intense oxygen minimum zone below the CE and attributed to enhanced sinking 

carbon fluxes. Ittekkot et al. (1991) found higher sinking carbon fluxes to the deep BoB, than even 

highly productive Arabian Sea, and attributed to ballast of organic matter in association with mineral 

particles. Though such impact is visible in the northern BoB, where high SPM is noticed (Ittekkot et 

al., 1991), on the other hand, high sinking carbon fluxes in the southern BoB is found to be sourced 

from in situ processes (Unger et al., 2006). This study, therefore, suggests that CEs enhance not only 

primary production but also the contribution by microphytoplankton production leading to increase 

in sinking carbon fluxes to the deep BoB.  

Photic zone integrated primary production displayed linear relation with photic zone integrated Chl-a 

(r2=0.78; p<0.001; Fig. 7a), nitrate (r2=0.80; p<0.001; Fig. 7b), and phosphate (r2=0.85; p<0.001;Fig. 

7c) and inverse relationship with depth of euphotic depth (r2=0.48; p<0.001; Fig. 7d), mixed layer 

(r2=0.62; p<0.001; Fig 7e) and nitracline depth (r2=0.48; p<0.001; Fig. 7f) suggest that nutrients 

brought by vertical mixing in the CE enhanced primary production in the BoB. Similarly, photic-

zone integrated microphytoplankton production showed linear relationship with photic zone 

integrated nitrate (r2=0.58; p<0.001) and phosphate (r2=0.49; p<0.001) whereas picophytoplankton 

production showed inverse relation with nitrate (r2=0.48; p<0.001) and phosphate (r2=0.37; p<0.05) 
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indicating that low nutrients concentrations in the ACEs supported picophytoplankton productionand 

vice versa for microphytoplankton production (Table 3). This study suggests that mixing in the upper 

ocean associated with eddies played significant role on controlling total and size fractionated primary 

production in the BoB.  

4.3. Influence of PARon primary production in the BoB 

Surface production, at 100% PAR,ranged from 4.6 to 14.5 mgC m-3 d-1with relatively higher 

production in the CE regionassociated with higher nutrients than ACE region (4.5-9.9 mgC m-3 d-1; 

Fig. 2c, 6a). The primary production (both total and size fractionated) showed maximum at surface 

and decreased with depth suggesting that absence of photoinhibition in the study region. Qasim 

(1982) reported absence of photoinhibition due to cloud cover in the BoB. The surface primary 

production showed weak inverse relation with surface PAR (r2=0.28; p<0.02) whereas positive 

(linear) relation with surface Chl-a (r2=0.48; p<0.001), nitrate (r2=0.47; p<0.001),and phosphate 

(r2=0.50; p<0.001)indicating that availability of nutrients are crucial for primary production than 

availability of light (Table 2).  

Increased concentrations of SPM were observed in the northern Bay (Stations 10-12; Fig. 2d) 

compared to south leading to shallow photic depth in the former region. The inverse (negative) 

relationship was observed between depth of photic zone and photic depth integrated SPM indicating 

that SPM shallowed depth of photic zone at the rate of 0.02 m per 1 g m-2 of SPM increased (Fig. 3). 

Though depth of photic zone was decreased in the northern Bay by 20 m (stations 10-12) due to high 

SPM (Fig. 3), the depth of photic zone showed inverse (negative) relation with photic zone 

integrated production (Fig. 7d) suggesting that decrease in photic depth in the northern Bay did not 

decrease photic zone production as major fraction of primary production occurred in the upper 25 m 

(Fig. 6a).  

Jyothibabu et al. (2018) found that increase in Chl-a in the upper 40 m water column and decrease in 

depth below 40 m was observed associated with low underwater PAR and suggested that 

phytoplankton adopt to large changes in PAR. The ACE region was sampled twice with different 

light conditions. For instance, eastern part of ACE was sampled (stations 4 to 7), when underwater 

PAR at surface was 50-60 mole photons m-2 s-1and western part of ACE was sampled (stations 17-

18), when surface PAR was >500 mole photons m-2 s-1(Fig. 2c). Slight increase in Chl-a was 

observed in the upper 60m of water columnin the eastern ACE associated with low PAR (stations 4 

to 7) and low Chl-a in the western ACE region associated with high PAR (>500 mole photons m-2 s-

1). The higher Chl-a in the eastern ACE is associated with deeper mixed layer (60-68 m) than 
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western ACE (50-55m) due to variable mixing rates within the ACE. Therefore, the changes in 

vertical distribution of Chl-a within the ACE may be influenced by physical mixing than under water 

PAR in the BoB (Fig. 2c and 5a). 

The total photosynthesis per unit Chl-a (PB; in mgC(Chl-a)-1 d-1) is ranged between 8.0 and 16.2 

mgC(Chl-a)-1 d-1 in the study region and the mean PB in the ACE (14.1±1.5 mgC (Chl-a)-1 d-1) and 

CE (11.0±3 mg (Chl-a)-1 d-1) are statistically insignificant. Waite et al. (2019) also noticed 

insignificant differences in PB in the CE and ACE in the southwestern Indian Ocean. The mean PB 

values observed in this study are significantly higher than Gomes et al. (2000) during peak southwest 

monsoon period (7.0±14 and 5.6±4.0 mgC (Chl-a)-1 d-1 respectively in the inshore and offshore 

regions) but within the range found during non-monsoon seasons (10-40 mgC (Chl-a)-1 d-1; Gomes et 

al., 2000). Such difference may probably be caused by variations in SPM concentration in the water 

column. Gomes et al. (2000) study was conduced close to coast during peak summer monsoon period 

when higher SPM concentrations were reported in the coastal waters (Sarma et al., 2012). 

Occurrence of coastal upwelling is reported along the east coast of India during summer resulting in 

enhanced nutrients and Chl-a in the inshore waters (Shetye et al., 1991; Sarma et al., 2013).Based on 

the SeaWiFS images, the offshore advection of upwelled water possibly increased phytoplankton 

biomass in the offshore region (Gomes et al., 2000). Though high Chl-a concentrations were 

observed by Gomes et al. (2000), however low PB values were caused by increase in suspended 

matter. On the other hand, the PB values for microphytoplankton was significantly higher in the 

microplankton (50±8, 42±6 and 36±8 mg (Chl-a) d-1) in ACE, CE and NE regions respectively) than 

nano (3±1, 5±2, 4±1mg (Chl-a) d-1 respectively) and picoplankton (11±4, 16±5, 11±3mg (Chl-a) d-1 

respectively) suggesting that microplankton efficiently fix inorganic carbon than other size classes in 

the BoB. The mean PB in the picoplankton and total phytoplankton were almost same as 

picoplankton contributed >70% to the total phytoplankton biomas. The variability in PB in any size 

class is not significantly different within CE, ACE and NE regions.  

It is further noticed that despite high PAR and nutrients is available during northeast (winter) 

monsoon, the primary production was almost equal to that of summer monsoon (300 mgC m-2 d-1 

during both seasons; Gomes et al., 2000), clearly indicating that light is not controlling primary 

production in the BoB. 

In order to further confirm the impacts of cloud cover or PAR on primary production, laboratory 

experiment was conducted for the surface samples collected from different stations at in situ (natural) 

and artificial light conditions. The nitrate and phosphate concentrations in the surface waters 

incubated varied from 0.04 to 1.6 M and 0.04 to 0.23 M respectively (Fig. 8a,b). The artificial 
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light in the incubation bottle was more than 10 to 60% from that of natural PAR (Fig. 8c). Despite 

increase in PAR, the changes in primary production was within the measurement errors (Fig. 8d). It 

is also possible that insignificant difference in PPunder natural and artificial PAR may be caused by 

nutrient limitation. The Figure 8 suggests thatdespite increase in PAR by artificial light did not 

increase primary productionin the entire study region strongly indicating that light is not limiting 

primary production in the BoB (Fig. 8). This experimentstrongly suggested that primary production 

in the BoB is strongly controlled by availability of nutrients, but not light during study period. 

5. Summary and Conclusions 

In order to examine the spatial variability and limitation factors of primary production, 18 stations 

were occupied during summer monsoon (11-29 June 2019) in the BoB. The upper ocean was 

strongly stratified due to freshwater discharge from major rivers. Low nutrients concentrations were 

noticed in the ACE regions due to downwelling and contrasting conditions were observed in the CE 

region due to upwelling of subsurface waters. Prominent existence of deep Chl-a maximum (DCM) 

was foundat the depth of 40 to 90 m in the study region and its depth seems to be controlled by 

mixing associated with either eddy (CE or ACE) or local winds. Dominant fucoxanthin (marker 

pigment for diatoms) concentration was found in the DCM and zeaxanthin in upper 50m of water 

column. The depth of photic zone showed inverse relation with SPM with shallow in the north. The 

high rate of primary production by microplankton was observed in the CE whereas picoplankton 

production in the ACE. The photic zone integrated primary production displayed linear relation with 

photic zone integrated nutrients (nitrate and phosphate) and Chl-a but inverse relation with photic 

depth, mixed layer depth and nitracline depth suggesting that nutrients availability due to mixing 

controls the primary production in the BoB than light.The photic zone integrated microplankton 

production showed linear relation with photic zone integrated nutrients (nitrate and phosphate) 

whereas inverse relation with picoplankton production suggesting that availability of nutrients by 

eddies modify primary production by different size classes. The primary production measurements 

under controlled and in situ light conditions suggest that light did not affect rate of primary 

production in the BoB. This study strongly suggests that eddies modify availability of nutrients in the 

photic zone resulting in variations in primary production by different size classes than hitherto 

hypothesized as light limitation in the BoB. 
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Table 1: The photic zone mean concentrations of nutrients and photic zone integrated concentrations 
of pigments in the CE, ACE and NE regions. 
 
Region Temp 

(oC) 
Salinity 

(psu) 
NO3 
(M) 

PO4 
(M) 

SiO4 
(M) 

Chl-a 
(mg m-2) 

Fuco 
(g m-2) 

Zea 
(g m-2) 

CE 30.01±0.1 33.68±0.02 1.26±0.2 0.10±0.01 1.9±0.8 23.3±5 2.0±0.3 3.0±0.9 
ACE 30.29±0.1 33.50±0.02 0.02±0.01 0.04±0.01 1.8±0.6 14.2±3 1.2± 4.0±0.9 
NE 29.92±0.2 33.08±0.01 0.43±0.2 0.06±0.01 2.3±0.4 18.6±8 1.6±0.5 2.2±0.5 
 

 
Table 2: The  mean photic zone integrated total primary production, micro-, nano- and       

picophytoplankton production in the CE, ACE and NE regions. 
 

Region Total PP 
(mgC m-2 d-1) 

Microplankton PP 
(mgC m-2 d-1)

Nanoplankton PP 
(mgC m-2 d-1)

Picoplankton PP 
(mgC m-2 d-1) 

CE 323±29 164±16 38±28 105±12 
ACE 224±27 60±26 28±19 148±8 
NE 260±37 140±32 20±8 99±22 

 
 
 
                  Table 3: Spearmen correlation among different parameters in the study region 
 

Relation r2 p-value 
Photic depth vs photic zone integrated SPM 0.55 <0.001 
Photic depth integrated Chl-a vs nitrate 0.78 <0.001 
Photic depth integrated Chl-a vs phosphate 0.85 <0.001 
Surface PAR vs Surface total primary production 0.28 <0.02 
Surface total PP vs surface Chl-a 0.48 <0.001 
Surface total PP vs surface nitrate 0.47 <0.001 
Surface total PP vs surface phosphate 0.50 <0.001 
Photic depth integrated total PP vs Chl-a 0.78 <0.001 
Photic depth integrated total PP vs nitrate 0.80 <0.001 
Photic depth integrated total PP vs phosphate 0.85 <0.001 
Photic depth integrated total PP vs photic depth 0.48* <0.001 
Photic depth integrated total PP vs mixed layer depth 0.62* <0.001 
Photic depth integrated total PP vs nitracline depth 0.48 <0.001 
Photic depth integrated microplankton PP vs nitrate 0.58 <0.001 
Photic depth integrated microplankton PP vs phosphate 0.49 <0.001 
Photic depth integrated picoplankton PP vs nitrate 0.48* <0.001 
Photic depth integrated picoplankton PP vs phosphate 0.37* <0.05 

               * indicates inverse relation  
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Legend to Figures 
 
Figure 1. The study region with station locations and identified station numbers. The color shading 
shows the Sea Level Anomaly (SLA) variations depicting the surface circulation and meso-scale 
cyclonic eddies (CEN and CES) and anticyclonic eddy (ACE) in the Bay of Bengal. Vectors denote 
the direction and speed of the geostrophic currents at the surface. The magnitude of current vector is 
shown in the left-top corner. The track of each eddy is shown as a line and the date of origin and date 
of sampling. The Primary production experiments were conducted at stations marked with white 
closed circles. 

Figure 2: Vertical distribution of (a) temperature (°C), (b) Salinity, c) photosynthetic active radiation 
(PAR; mol photons m-2 s-1), and d) Suspended Particulate Matter (SPM; mg l-1) along the cruise 
track in the BoB. Station numbers and stations considered under CES, ACE, and CEN regions are 
shown. The depth of photic zone (white line) and mixed layer depth (black line) are shown. 

Figure 3: The relationship between depth of photic zone and concentration of SPM in the BoB. 

Figure 4: Vertical distribution of (a) nitrate (M), (b) phosphate (M), and (c) Silicate (M) in the 
color scale along the cruise track in the BoB. Station numbers and stations considered under CES, 
ACE and CEN regions are shown.  

Figure 5: Vertical distribution of a) Chlorophyll-a (mg m-3), b) fucoxanthin (g m-3), c) zeaxanthin 
(g m-3), contribution of d) microplankton (%), e) nanoplankton (%) and f) picoplankton (%) to the 
total phytoplankton biomass.Station numbers and stations considered under CES, ACE and 
CENregions are shown. 

Figure 6: Vertical distribution of (a) total primary production rates (mgC m-3d-1), (b) 
microphytoplankton c) nanophytoplankton and d) picophytoplankton production. All production 
rates in mgC m-3 d-1. Station numbers and stations considered under CES, ACE and CENregions are 
shown.  

Figure 7: Relationship of photic zone integrated primary production with a) Chl-a (mg m-2), b) 
Nitrate (mM m-2), c) phosphate (mM m-2), d) euphotic depth (m), e) mixed layer depth (m), and f) 
nitracline depth (m) in the BoB. 

Figure 8:  The concentration of a) nitrate, b) phosphate, in the surface waters and primary 
production (red bars) incubated a) under surface PAR (natural light) and d) under artificial light 
(blue).Variation in triplicate incubation primary production are shown as error bars. The station 
numbers are also given on the upper axis. 
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                                                                Figure 1 
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Figure 2 
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                                                                                Figure 3 
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Figure 4 
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                                                                     Figure 5 
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                                                                            Figure 6 
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Figure 7 
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Figure 8 
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Supplementary Figure S1:The SLA and surface circulation variations on the day of each station 
collection is depicted and black dot represents the station location and number represent the station 
number. Vectors denotes the direction and speed of the geostrophic currents at the surface.  
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Supplementary Figure S2: Mean vertical variations in physical and biogeochemical parameters in 
the ACE (red), CE (blue) and NE (black) regions. 
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