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Abstract 

Despite nutrients supply through river discharge, atmospheric deposition and eddy-driven mixing, 
low primary production in the Bay of Bengal (BoB) is attributed to light limitation and non-
availability of nutrients during summer monsoon. We report here the first ever measurements of 
release of significant fraction of primary production as dissolved organic carbon (DOC) in the BoB 
through isotopic tracer experiments. Our results suggested that about half of the primary production 
is released as DOC due to existence of oligotrophic conditions, warm waters and dominance of 
picophytankton biomass during the summer monsoon. The mean Percentage of Extracellular Release 
(PER)ranged between 30 and 60% (mean of45±8%) suggesting that primary production through 
particulate organic matter measurements were significantly underestimated total primary production 
in the BoB. Higher DOC release compared to particulate organic carbon (POC) production was 
noticed in the cyclonic eddy (CE) regions, where high nutrients were found, than anticyclonic eddy 
(ACE) region, where balanced POC production and DOC release observed associating with warm 
waters and nutrient deplete conditions. This study suggests that primary production, including the 
DOC release, is not low than hitherto hypothesized due to lack of measurements on DOC and this 
study explains the paradox between low production and high sinking carbon fluxes to the deepBoB 
and underestimation of sequestration of atmospheric carbon dioxide through biological pump in the 
BoB. 
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1. Introduction 

Primary production in the ocean supports, either directly or indirectly, the majority of the food web 

in the marine ecosystem. The fraction of non-living organic carbon is an order of magnitude greater 

than the living organic carbon and the former is majorly in the form of dissolved organic matter 

(DOM) than particulate organic matter (POM)(Falkowski and Raven, 2007). DOM is used to transfer 

energy through planktonic food web (e.g. Azam et al. 1983, Legendre and Le Fèvre 1995) in 

oligotrophic regions due to domination of microbial food web (e.g. Kiørboe 1993, Legendre 

andRassoul- zadegan 1995). DOMis released to the water column through processes, such as cell 

lysis (e.g. Agustí et al. 1998), grazing (e.g. Nagata andKirchman, 1992), besides algal physiology 

withrelease of relatively large fluxes of recently photosynthesized organic matter to the DOM 

pool(see review of Nagata, 2000; Thornton, 2014).  

Dissolved organic carbon (DOC)release from phytoplankton cells may contribute to significant 

fraction of primary production(Myklestad, 1977; Williams, 1990; Malinsky-Rushansky and Legrand 

1996) whereas DOC released by phytoplankton may be taken up by bacteria and converted them to 

POC and supports food web (Fogg, 1966; 1983).The contribution of DOC release to primary 

production ranges between 4 and 42% in the oligotrophic Atlantic Ocean (Teira et al., 2001b) and 

further suggested that high DOC release occurs in the regions where small phytoplankton 

(picoplankton) produce primary production (Teira et al., 2001a,b). As a result, the rates of POC 

productionis not always related to Chlorophyll-aas part of the production releases in the form of 

DOC (Teira et al., 2003).  

Two models were proposed to explain DOC release by the phytoplankton and they are the overflow 

(Fogg, 1966; 1983; Williams, 1990) and the passive diffusion models (Bjornsen, 1988; Fogg, 1966).  

When both light and nutrients are available, phytoplankton produce more carbon than it can be 

incorporated and the excess is released into the water (Fogg, 1966; Wood and Valen, 1990). The 

DOC released in this mechanism correlates well with primary production (Baines and Pace, 1991) 

and this process does not work in the night. Therefore, both light and nutrients availability control 

the DOC exudation. In contrast, DOC release also occurs through passive diffusion due to the 

concentration gradient of low molecular weight photosynthate across phytoplankton cell membrane. 

In this case, only low molecular weight organic compounds diffuse through cell membrane and it 

occurs during night time also but at slower rate. In case of DOC released through passive diffusion, it 

correlates with phytoplankton biomass but not with primary production. The dominance of these two 

models are well debated (eg: Berman and Kalplan, 1984; Mague et al., 1980; Biddanda and Benner, 

1997; Lignell, 1990). Several experiments suggested that DOC accumulation was stopped at night 
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and reported that direct release of DOC from intact cells (overflow model) is the main pathway of 

DOC release (Maranon et al., 2005).  

The Bay of Bengal (BoB) is considered to be one of the low productive regions in the world ocean 

despite it receives nutrients through river discharge, atmospheric deposition, mixing due to eddies 

and depression/cyclones and it is attributed to light limitation due to high turbidity and light 

limitation(Prasanna Kumar et al., 2002; 2007; 2010; Madhupratap et al., 2003; Gauns et al., 2005). 

Recent estimations using geochemical tracers, i.e., isotopic composition of nitrogen in the particulate 

organic matter, found that f-ratios (ratio of new production to total primary production) in the mixed 

layer is found to be high in the cyclone and cyclonic eddy regions than outside (Sarma et al., 2016; 

2019; Sherin et al., 2018). In contrast, Anand et al. (2017) found that the export production at 100 m 

depth was <5% of the POC production and it was attributed that high heterotrophic activity 

consumed most of the production in the upper ocean. The integrated phytoplankton biomass in the 

upper 100 m was statistically insignificant between highly productive Arabian Sea (21±12 mg m-2) 

and BoB(14±5 mg m-2; tstat=1.37; p>0.11) (Gauns et al., 2005). In contrast, the integrated meso- and 

microzooplankton biomass in the upper 100m is ~2 times lower in the BoB than Arabian Sea 

whereas primary production is 5 times lower in the former than latter basin (Jyotibabu et al., 2004; 

Gauns et al., 2005). The size fractionated Chl-a and primary production suggests that microplankton 

dominated in the Arabian Sea (Owens et al., 1993; Sahay et al., 2017) whereas picoplankton was 

abundant in the BoBdue to prevailing eutrophic and oligotrophic conditions respectively (Sarma et 

al., 2016; 2020; Sherin et al., 2018). Ittekkot et al. (1991) reported higher sinking carbon fluxes to 

bottom in the BoB than even highly productive Arabian Sea. Therefore, it is hypothesized that 

significant fraction of the primary production may be released as DOC in the BoBdue to dominance 

of eddies that injects nutrients to the photic zone and also dominance of picophytoplankton. The 

objective of this study is to test the hypothesis through quantifying the 1) amount of DOC released 

from the phytoplanktonin the photic depth during light period and 2)the contribution of DOC release 

to the total primary production in the BoB to explain the paradox between primary and secondary 

production and also to understand high sinking carbon fluxes to bottom. 

2. Material and methods 

This study was conducted on board O.R.V. Sagar Nidhi (Cruise No. SN 142) during summer 

monsoon (11-29 June 2019) in the western and central BoB covering two cyclonic eddies (CEs) and 

one anticyclonic eddy (ACE) regions. A total of 18 stations were occupied for the collection of 

hydrographic parameters in the upper 100 m and incubation was conducted at 14 stations (Fig. 1; 

shown with while circles). Seawater samples from standard depths were collected using 
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Niskinbottles (5-L capacity) fixed to a rosette, along with conductivity–temperature-depth, (CTD, 19 

Plus, Sea Bird Electronics, USA), and Photosynthetic Active Radiation was measured using PAR 

Sensor(Chelsea Technologies Group, UK).Nutrients samples were collected in 100 ml plastic bottles 

and Primary production incubation samples were collected in 1L Nalgene bottles from different light 

depths.  

2.1Hydrographic measurements 

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

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

(1983) with the detection limits of 0.02 �M for all three nutrients. Phytoplankton pigments were 

measured using High Pressure Liquid Chromatography (HPLC) using the method described in Roy 

et al. (2015). The contribution of Chl-a by different phytoplankton groups were evaluated following 

CHEMTAX analysis (Mackey et al., 1996; Wright et al., 1996; 2009; 2010). The pigment 

biomarkers were grouped to assess the contribution of different size classes to total phytoplankton 

biomass (micro, nano and picoplankton) following Uitz et al. (2006).  

Dissolved organic carbon (DOC) samples were collected in pre-cleaned glass bottles with 3N 

Hydrochloric acid with Teflon septa. Sample is filtered through pre-combusted 0.7 �m Glass Fiber 

(GF/F) filter at low vacuum. Samples were preserved by addition of Hydrochloric acid to bring pH to 

3. The sample is purged with pure helium (99.99995%) to remove inorganic carbon before 

measurement of their content and isotopic composition. 

The initial concentration of particulate organic carbon (POC) and its isotopic composition was 

measured by passing sea water samples of 3 to 5 litres through pre-combusted GF/F filtersat gentle 

vacuum and material retained on the filter were dried at 60oC for 12 h and brought to the shore-based 

laboratory for analysis. The filters were exposed to the concentrated hydrochloric acid fumes to 

remove inorganic carbon before analysis.  

2.2. In Vitro DOC and POC Production Measurements 

The primary production in seawater at different light depths in the photic zone was measured using 

enriched sodium 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, in Nalgene transparent bottles and 0.2 mL of 

2 mM enriched sodium bicarbonate spike was added and incubated in triplicate light and dark bottles 

in the deck incubator. The temperature in the incubator was maintained with running water from sea 

surface for samples from the mixed layer whereas refrigerated close to the in situ temperature for 
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deeper samples. Different light screens were used to cut the light for the deeper samples. One set of 

samples filtered immediately on pre-combusted GF/F filter and sample retained on filter and filtrate 

was collected in pre-cleaned glass bottle with Teflon cap for initial concentration of POC, DOC and 

their atomic ratio of 13/12C measurements. DOC samples were acidified using Hydrochloric acid and 

POC filters were dried at 50o C in the oven and kept in the dry place until analysis. Samples were 

incubated for 12 h (from dawn to dusk) and filtered through pre-combusted GF/F filters in the same 

manner as initial and collected both filter and filtrate. In the shore laboratory, filters were acid-

fumigated (HCl) for 12 hours to remove inorganic carbon, and then dried again for 12 hours for 

analyses. The content of POC and their atomic ratios were measured using elemental analyzer 

coupled to an Isotope Ratio Mass Spectrometer (IRMS; Delta V Plus, Thermo Electron, Germany). 

The content of DOC and their atomic ratios were measured using total organic carbon analyzer 

(IsoToc, ElementarAnalysensysteme GmbH, Germany) coupled to the IRMS 

(ElementarAnalysensysteme GmbH, Germany).The seawater samples of ~50 �l is injected to the 

platinum catalyst bed at 900oC in an oxygen-rich atmosphere and the CO2 produced is passed 

through scrubber to remove interferences and measured by non-dispersive infrared absorption 

(NDIR). High purity helium (99.99995%) is used as a carrier gas and high purity (99.99995%) of 

oxygen used as flash of 15 seconds for combustion of organic matter. We injected 150 �l of sample, 

which have low concentrations of DOC for better precision. Based on the repeated injections of same 

sample, the precision of the DOC and atomic ratios were found to be 2 �M and 0.02% respectively. 

POC production and DOC release is computed from concentration of POC and DOC and enrichment 

of 13C/12C (atomic ratios) in the POC and DOC during before and after incubation using the 

methodology given by Hama et al. (1983). The precision of the primary production measurement in 

terms of the CV was 5%. 

Our DOC release rates may be underestimated, and therefore overestimation of POC production 

rates, due to filtration of samples through GF/F filters. It was noticed that DOC may be absorbed on 

the GF/F filters leading to enhanced POC production by 5 to 20% compared to filtration of samples 

using nucleopore filters (Karl et al., 1998; Viviani et al., 2015). In our technique, we need to 

introduce filter along with sample into elemental analyzer, therefore, we need to use only glass fiber 

filter as it gives low carbon blank. On the other hand, nucleopore or polycarbonate filters introduce 

significant carbon blank resulting in high errors in the measurements. Therefore, some error may be 

expected in the POC production and DOC release rate measurements due to adsorption of DOC on 

the filter, however, it will not impact the total primary production (POC production + DOC release) 

estimation. 
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2.3. Computations 

Percentage of Extracellular Release (PER) is computed using following equation proposed by 

Maranon et al. (2005) 

PER = [DOC release /(DOC release +POC production)] x 100 

3. Results 

3.1. Spatial variations in hydrographic characteristics 

The warm water column (>30oC) was observed in the upper 75 m of water column and decreased 

below with strong thermal stratification(Fig. 2a). The entire photic zone was warmer in the 

anticyclonic eddy (ACE) region whereas upsloping of cooler water was noticed inthe cyclonic eddy 

(CE) regions. Relatively low saline waters werefound from surface to up to 40m of water column 

due to influence of river discharge and entire photic depth was filled with low saline waters in the 

ACE region with weak stratification.  

The concentration of nitrate was low (<0.5 �M) up to 30m of water column from surface, whereas 

entire photic zone was filled with low nitrate in the ACE region (Fig. 2c). Increase in concentration 

of nitrate was observed in the CE regionscompared to ACE and no-eddy (NE) regions (Fig. 2c). 

Similarly, low concentration of phosphate (<0.1 �M)was observed between surface and 40m 

whereas entire photic zone was filled with ≤0.1 �M of phosphate in the ACE region (Fig. 2d). The 

concentration of dissolved inorganic silicate was low (<2 �M) in the upper 40m and increased with 

depth(Figure not shown).   

3.2. Spatial variations in phytoplankton biomass and phytoplankton size classes 

Phytoplankton biomass in the upper 100m varied between 0.1 to 0.9 mgm-3 in the study region with 

prominent subsurface Chl-a maxima between 40 and 90m depth (Fig. 3a). Upward transport of 

subsurface Chl-a to surface was observed between distance 500 and 1500 km associated with high 

local winds with peak in winds between 1100 and 1400 km (Figure not shown; Sarma et al., 2020). 

No significant increase in Chl-a was observed in the upper 20 m of water column associated with CE 

(Fig. 3a). CHEMTAX analysis suggests that dominant contribution of cyanobacteria to the Chl-a 

(20-80%) in the 50 m of water column (Fig. 4b) whereas higher contribution of diatoms to Chl-a is 

observed in the subsurface water (>40m) (Fig. 4a). The contribution by other groups to Chl-a is 

minimal (Fig. 4). The contribution of microplankton varied between 5 and 35% in the study region 

and <10% of their contribution is noticed in the upper 30 m of water column but it is increased to 20 

to 28% associated with upward movement of subsurface Chl-a to surface (Fig 3b). Higher 



7	
	

contribution of microplankton was observed (>20%) at depth below 40 m in the study region (Fig. 

3b). The contribution of microplankton was <20% in the upper 40m and 30-40% in the depth below 

40m in the entire study region. The contribution of nanoplankton was higher than microplankton and 

contributed from 10 to 40% in the study region with higher contribution in the upper 30 m associated 

with high Chl-a (Fig. 3c). The contribution of picoplankton was dominant (40-80%) with higher in 

the upper 40 m (50-80%) and lower in the depth below 40m (40-50%) in the study region, except in 

the ACE region (Fig. 3d). Similarly, the contribution of nanoplankton was low (<30%) in the upper 

30 m and 30-40% in the depth below 30m in the study region. The contribution of micro, nano and 

picoplankton were almost equal (30-40%) at depth below 40m in the entire study region (Fig. 3b-d).  

3.3. Spatial variations in concentration of POC and DOC in the BoB 

The concentration POC (DOC) ranged between 26 and 180�gl-1(870-1308 �g l-1) in the study 

region with relatively higher concentration in the upper 20 m (>75 �g l-1(>1000 �g l-1)) than depth 

below (Fig. 5a). Higher concentrations of POC were observed in the entire water column in the CE 

and no eddy regions and contrasting to that was observed in the ACE regions (Fig. 5a).  Lower 

concentrations of DOC were observed within the ACE than CE (Fig. 5b). Higher DOC 

concentrations were observed at stations 11-12 associated with low salinity (Fig. 2b).  

3.4. Spatial variation in POC production and DOCrelease in the BoB 

POC productionrates in the surface waters(100% light depth) varied between 3.6 and 14.5 mgC m-3 

d-1 in the study region. Higher surface production (4.6-14.5 mgC m-3 d-1) was noticed in the CE than 

ACE regions(4.5-9.9 mgC m-3 d-1; Fig. 5c). On the other hand, DOC releasein the surface waters 

were almost similar range of POC production and varied between 1.9 and 15.6mgC m-3 d-1 with 

higher release in the CE and NE than ACE regions (Fig. 5d). Higher DOC release is consistent with 

the higher contribution of picophytoplankton biomass (60-80%) to total phytoplankton biomass (Fig. 

3d). Photic zone integrated production ranged from 170 to 294 mgC m-2 d-1 whereas the release of 

DOC in the photic zone wasvaried from 127 to 409 mgC m-2 d-1 in the BoB. The total primary 

production (POC production + DOC release) ranged between 2.5 and 20 mgC m-3 d-1 in the study 

region (Fig. 5e) and photic zone integrated total primary production varied between 297 to 703 mgC 

m-2 d-1. The percentage of extracellular release (PER) varied between 18 and 67% with mean of 

45±8% and relatively lower PER were observed in the ACE (30-40%) than CE regions (>50%; Fig. 

5f). The concentrations of DOC in the photic zone displayed linear relationship with DOC released 

(r2=0.28; p<0.001; Fig. 6a) and similarly POC showed linear relationship with POC production 

(r2=0.44; p<0.001; Fig. 6b). The rate of DOC release showed inverse relation with salinity (r2=0.32; 
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p<0.001; Fig. 6c). Both photic zone integrated POC production and DOC release ratedisplayed linear 

relation with integrated Chl-a (r2=0.38; p<0.01 and r2=0.58; p<0.001 respectively) and nitrate 

(r2=0.28; p<0.05 and r2=0.42; p<0.01 respectively; Fig. 6d-g). Photic zone integrated POC 

production and DOC release rate showed significant linear relationship (r2=0.46; p<0.01; Fig. 6h) in 

the study region.  

4. Discussion 

4.1.Spatial variability in concentration of DOC and POC in the BoB 

The concentration of DOC and POC were higher within the CE and no eddy regions than ACE 

associated with low nutrients suggests that in situ production seems to be major source of organic 

matter in the study regions. The depth integrated Chl-a to the photic zone was significantly higher in 

the CE (23.35 mg m-2) than ACE (14.23 mg m-2; tstat=10.9; p<0.001). The concentration of POC 

contributed to ~6±2% of total organic carbon pool (DOC+POC) in the study region and it was 

slightly higher in the CE (7%) than ACE (6%) regions(Fig. 5a,b).Despite significant variability in 

Chl-a in the CE and ACE, neither concentration of DOC nor POC displayed significant relation with 

Chl-a (Figure is not shown) that could possibly due to time-scale representation of organic matter 

versus phytoplankton biomass as the former gives an average of several years whereas the latter is 

short-term of few hours to days.  DOC was higher at stations 11-12 associated with low salinity and 

displayed significant inverse relation with salinity (r2=0.32; p<0.001; Fig. 6c) indicating that river 

water brought significant amount of DOC to the BoB.  

4.2. Significant DOC release from POC production in the BoB 

The BoB is reported to be low productive region due to light limitation due to cloud cover 

(Madhupratap et al., 2003; Prasanna Kumar et al., 2002), in contrast,recently Sarma et al. (2020) 

found that nutrient, rather than light, control primary production.Recently Anand et al. (2017) 

noticed that <5% of POC production is sinking below the 100 m depth and it is contrasting to that of 

Ittekkot et al. (1991), who proposed that mineral ballast enhances sinking carbon fluxes. Anand et al. 

(2017) further hypothesized that primary production may be in the form of DOC leading in existence 

of microbial loop in the photic zone resulting in low organic carbon fluxes to deep. This is consistent 

with Sarma (2009),who found that undersaturation of dissolved oxygen(~95±2%) in the surface 

waters in the BoB during summer monsoon and it is attributed to possible existence of strong net 

heterotrophy. Fernandes et al. (2008) noticed higher bacterial abundance and respiration rates and 

microzooplankton abundance during summer monsoon associated with low salinity further confirms 

dominant heterotrophic activity involving microbial loop in the BoB. The above cited studies 
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suggested that high DOC release may be possible in the BoBto support high heterotrophic carbon 

demand.  

According to overflow model, DOC exudation occurs during day time, hence, DOC release rates 

were estimated from dawn to dusk.  This method may not account DOC released through passive 

diffusion from the cells during night, however, it is estimated to be low (Fogg et al., 1966). DOC 

release rates at the surface, 100% PAR region, is almost equivalent (2.0-15.6 mgC m-3 d-1) to POC 

production (3.9-14.5 mgC m-3 d-1). In contrast, the photic zone integrated DOC release(127-409 

(mean 280±80)mgC m-2 d-1) was slightly higher than POC production (136-295 (mean 216±38)mgC 

m-2 d-1) suggesting that significant fraction of primary production released as DOC.  The mean POC 

production in this study (216±38 mgC m-2 d-1) is close to that of earlier estimation (150±67 mgC m-2 

d-1; Gauns et al., 2005) during summer monsoon. The POC production in the CE regions was higher 

(29246mgC m-2 d-1) than NE (22620mgC m-2 d-1; tstat=4.2; p<0.01) and ACE (19943mgC m-2 d-1; 

tstat=1.6; p<0.01; Table 1). Similarly DOC release was higher in the CE (35245mgC m-2 d-1) than 

NE (30321 mgC m-2 d-1; tstat=2.5; p<0.005) and ACE (18254 mgC m-2 d-1; tstat=2.3; p<0.01; Table 

1) suggesting that higher DOC release associated with higher primary production. The higher 

primary production is also associating with higher nitrate availability in photic zone in the CE 

(8.56�M) than NE (4.54�M; tstat=12.2; p<0.001) and ACE (0.51 �M; tstat=8.04; p<0.001; Table 

1) due to occurrence divergence in the former regions leading to input of nutrients to the photic zone.  

This study further suggests that balanced POC production and DOC release is noticed in the ACE, 

where warmer waters,nutrients poor conditions and low picoplankton contribution was observed, 

compared to CE and NE, where excess DOC release was noticed compared to POC production, 

where relatively cooler, nutrient-rich and high picoplankton contribution is noticed (Table 1). PER is 

a useful parameter to understand the physiology of phytoplankton and the mean PER (45±8%) 

suggests about half of the total primary production is released in the form of DOC in the BoB (Fig. 

5f). The mean PER in the photic zone is higher in the CE (50±15) than NE (42±14; tstat=4.2; p<0.01) 

and ACE (38±16; tstat=3.8; p<0.02; Table 1) suggesting that higher PER is associating with high 

primary production (Table 1). Fogg (1983) concluded that phytoplankton exude contributes to 5% of 

the products of photosynthesis in eutrophic and up to 40% in oligotrophic waters. Teira et al. 

(2001a,b) found that higher PER in the region contributed by picophytoplankton than large cells in 

the Atlantic Ocean. The modelling efforts to examine the impact of cell size on DOC release 

revealed that small cells exude more than large cells and suggested that phytoplankton size structure 

is very much important on DOC release (Kriest and Oschlies, 2007).  Mongin et al. (2003) found that 

>30% of primary production is released as DOC when C:N ratio is >10. The CHEMTAX analysis 
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suggested that significant fraction of the Chl-a is contributed by cyanobacteria (20-80%) in the upper 

50 m of water column (Fig. 4b).The phytoplankton size class distribution also suggested that 60-80% 

of the total phytoplankton biomass was contributed by picophytoplakton in the upper 40 m of water 

column, except at stations 8-9 where its contribution decreased to 40-50% due to upward 

movementof subsurface Chl-a to surface due to prevailing high winds (>15 knots) due to local 

depression (Fig. 3a,c). Enhanced contribution of diatoms to Chl-a was also noticed at stations 8-9 

(Fig. 4a) due to upward mixing of subsurface chl-a maxima, where higher contribution of diatoms 

Chl-a to total Chl-a is noticed (Fig. 4a).The heavy winds brought nitrate and phosphate to the upper 

ocean that might have also promoted microplankton, such as diatoms in the stations 8-9.Similarly, 

more than 75% of picoplankton contribution to phytoplankton biomass was reported earlier in the 

BoB(Sarma et al., 2016; Sherin et al., 2018) due to existence of oligotrophic conditions during post 

monsoon period. Furthermore enhanced PER was reported under warmer waters and low nutrients 

conditions (Finkel et al., 2010) and prevalence of such conditions (>30oC of photic zone temperature 

and <0.1 �M of nitrate; Fig. 2) in the BoB might have favouredhigh DOC release in the present 

study (Fig. 5d). Higher PER in the BoB broadly coincide with the higher fraction of picoplankton 

contribution to the total phytoplankton biomass (Fig. 3d and 5f) and it is consistent with Teira et al. 

(2001a,b) who found that higher PER in the picoplankton dominant region than microplankton.  

The higher nutrient concentrations were observed in the photic zone in the CE (8.56 and 0.51 �M 

respectively for nitrate and phosphate) than ACE (0.50.5 and 0.11 �M respectively; Table 1) due 

to divergence and convergence of waters respectively. As a result of increase in nutrients, both POC 

production and DOC release at the surface, 100% PAR region, is higher in the CE(11.0±1 and 

6.8±1mgC m-3 d-1) than ACE(3.6±2 and 5.0±1mgC m-3 d-1 respectively; Fig. 5c,d). Similarly, photic 

zone integrated POC production and DOCrelease were also high in the CE (323±29 and 352±46 

mgC m-2 d-1 respectively) than ACE (224±27 and 182±54 mgC m-2 d-1 respectively; Table 1) 

suggesting that higher POC production in the CE is contributed by nutrients inputs to the photic zone 

resulting in higher DOC release. The photic zone integrated nitrate showed significant linear relation 

with DOC release(r2=0.42; p<0.01; Fig 6f) and POC productions (r2=0.28; p<0.05; Fig. 6g). 

Similarly, thephotic zone integrated Chl-a also displayed significant linear relation with DOC 

release(r2=0.58; p<0.001; Fig. 6d) and POC production(r2=0.38; p<0.01; Fig. 6e)indicating that 

nutrients supply through CE enhancing POC production and DOC release to the water column.The 

concentrations of POC displayed linear relation with POC production (r2=0.44; p<0.001; Fig. 6b), 

similarly DOC concentration showed linear relation with DOC release (r2=0.28; p<0.001; Fig. 

6a).Though POC and DOC produced by phytoplankton are labile and may be consumed rapidly by 
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heterotrophs, however, existence of such relationship between POC and DOC production with 

concentrations of POC and DOC indicating that freshly produced carbon is contributed significantly 

to the total pool and production of POC/DOC may be higher than their consumption. However, it can 

be confirmed only through analyzing components of the DOC released and their accumulation in the 

water column.  

DOC is released to water through exudation from phytoplankton cells, cell lysis and grazing (e.g. see 

review of Nagata, 2000). The significant linear relationship between DOC release and POC 

productions (r2=0.46; p<0.01) suggest that DOC may significantlybe produced through release of 

exudates from phytoplankton cells in the photic zone. Several reports suggested that under 

oligotrophic conditions DOC release may represent a significant fraction of total phytoplankton 

production (Myklestad, 1977; Williams, 1990; Malinsky-Rushansky and Legrand, 1996). It was 

reported that under nutrient limiting and light replete conditions,as it was observed in the study 

region, greater fraction of the primary production is released as DOC whereas less DOC is released 

in regions of nutrient-replete conditions (Carlson et al., 1998; Biddanda et al., 2001).  

It was further noticed that unlike POC production, DOC release did not show light dependent 

decrease as the POC production at ~25m (50% light depth) was ~30% of surface production whereas 

it was ~50% of surface DOC release, except in the ACE regions due to lack of nutrients. PER was 

relatively lower in the entire water column in the ACE regions due to severe nutrients limitation due 

to divergence of waters compared to CE regions(Fig. 5f). In addition to this increase in contribution 

of micro and nanoplankton due to mixing of subsurface Chl-a maxima due to prevailing high wind 

conditions further decreased DOC release and PER. Significant decrease in PER was observed close 

to photic zone (<20% of light depth) where subsurface Chl-a maxima was present, where dominant 

micro and nanoplankton biomass was observed, indicating that DOC release was low at this depth 

due to increase in nutrient levels and it is consistent with previous work that less DOC is produced in 

the eutrophic marine systems consists of bigger phytoplankton(e.g., Marañón et al., 2004).  

4.3. Importance of DOC release on microbial loop in the BoB 

Gauns et al. (2005) noticed that bacterial abundance was the highest during summer monsoon (June 

to September) in the BoB indicating that dominance of microbial loop during this period. Fernandes 

et al. (2008) observed that the concentration of DOC is higher in the BoB(100-150�M)during 

summer monsoon than elsewhere in the world (<90 �M; Hansell and Peltzer, 1998) and such high 

DOC concentrations may be caused by higher DOC release. It is also possible that part of the DOC 

may be contributed by river discharge. However, the mean carbon isotopic composition of DOC was 
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-25±2‰(our unpublished data) suggests that in situ production may be the major contributor,but the 

contribution of riverine origin cannot be negated as DOC displayed negative relation with salinity 

(Fig. 6c). The biomass of mesozooplanktonin the BoBwas 2 times lower than that of Arabian Sea 

whereas POC primary production was 5 times lower in the Bay than Arabian Sea(Gauns et al., 2005; 

Jyotibabu et al., 2012) suggesting that DOC released from primary production may be supporting 

heterotrophic activity through microbial loop. The total primary production (POC production +DOC 

release) was three times higher(296-660 meanof496±120 mgC m-2 d-1)than earlier report of POC 

production (150±67mgC m-2 d-1; Gauns et al., 2005)during summer monsoon suggesting that BoB 

may not be low productive zone. The high DOC releasefrom POC production is also supported by 

lower sinking carbon fluxes from below the photic zone in the BoB(< 5%) than Arabian Sea (5-

15%)(Anand et al., 2017; 2018) as most of the DOC released is utilized by bacteria within the upper 

ocean. Higher DOC release from primary production may support food web through microbial loop 

(bacteria-microzooplankton and mesozooplankton) and DOC is converted to POC that enhances 

sinking carbon flux to deep waters. However, this process decouples the relation between primary 

production and sinking carbon fluxes due to time-lag in conversion of DOC to POC through food 

web. The existence of dominant heterotrophy in the photic layer (Sarma, 2002)supports weaker 

oxygen minimum zone (OMZ) in the BoB(Naqvi et al., 1994; Sarma, 2002). Recently Sarma et al. 

(2019) found that DON supports primary production in the BoB in the absence of inorganic nutrients 

availability. Microplankton do not prefer DON and therefore picophytoplankton produces primary 

production, with significant fraction releases as DOC, in the BoB(Berg et al., 2003). Nevertheless, 

this study suggests that about half of the primary production is released as DOC and it is 

unaccounted as a part of primary production and therefore explains the higher sinking fluxes to deep 

BoB than even higher productive Arabian Sea. 

5. Summary and Ecological Implications 

The strong oligotrophic conditions occur in the BoB during study period and it is more severe in the 

ACE than CE regions. The DOC release rates are almost equivalent to the POC production rates with 

mean PER of 45±8% in the BoB. Such high PER may be driven by warm water column, oligotrophic 

conditions and dominant picophytoplankton production. The DOC released in the photic layer 

supports heterotrophic carbon demand in the water column.  

The DOM release through exudation of phytoplankton has a significant importance for secondary 

producers through microbial loop. However, contrasting statements have been made on involvement 

of DOM release by phytoplankton in the heterotrophic activity. For instance, it is reported that the 

released DOM by phytoplankton is sufficient to support bacterial growth in the Southern Ocean 
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(Moran et al., 2001; 2002b; Moran and Estrada, 2002) and coastal upwelling area off the Iberian 

Peninsula in the Atlantic (Teira et al., 2003b). In contrast, the DOC released by phytoplankton is 

reported to be insufficient to support bacterial growth in the Mediterranean Sea (Lopez-Sandoval, 

2011). Nevertheless, more work is required to examine the composition of DOC exuded by the 

phytoplankton and their fate in the BoB.  

Indian Ocean is rapidly warming due to climate change that would result in decrease in nutrients 

inputs to the surface ocean(Roxy et al., 2015)leading to decrease in marine primary production 

(Roxy et al., 2016). Both high temperature and nutrients limitation affect DOM release by 

phytoplankton and they expected to favour small-celled taxa (Finkel et al., 2010) with relatively 

large surface area to volume ratios and therefore greater potential for DOM loss via leakage. 

Laboratory experiments suggested that increase in 2oC of temperature enhanced PER from 35 to 54% 

in the Southern Ocean (Moran et al., 2006). The rapid warming of Indian Ocean may decrease 

nutrients input leading to severe oligotrophic condition resulting in decrease in DOC release. 

However, the model used to predict possible reduction in marine primary production due to rapid 

warming of Indian Ocean used only POC production (Roxy et al., 2016). Therefore, such 

interpretation needs to be taken with caution. On the other hand, the laboratory experiments indicated 

that decrease in pH (acidification)may enhance production of Transparent Exopolymer Particles 

(Mari, 2008; Thornton, 2009) and therefore DOC release.However, such experiments were not 

conducted in the BoB. Sarma et al. (2015) reported that rapid acidification of BoB due to deposition 

of atmospheric pollutants and they further noted that 3 to 5 times faster acidification occurs in the 

BoB than elsewhere in the world. Therefore, it is possible that DOC release may be enhanced in the 

future due to rapid acidification in the BoB as well. This study noted that DOC release rate is almost 

close to that of POC production and the total primary production indicate that BoBis notlow 

productive zone than hitherto hypothesized.It is further noticed that DOC release may be enhanced in 

the future due to climate change in the BoB. However, many numerical model do not use partition of 

primary production in to DOC and POC in the marine environment and such partition is highly 

important to understand present time food web and its changes in the future due to climate change, 

and also accurate estimation of carbon dioxide sequestration rates through biological pump.  
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Table 1: Photic zone mean nitrate (�M), phosphate (�M), and mean photic zone integrated, Chl-a 
(mg m-2), POC production (mgC m-2 d-1), DOC release (mgC m-2 d-1) and mean PER (%) in the 
photic zone in the CE, ACE and NE are given. The t-test for the data between CE to NE and ACE to 
NE are also given along with its significance. 
 
 
 
Parameter CE ACE NE CE vs NE 

t-test, p-value
ACE vs NE 
t-test, p-value 

NO3 (�M) 8.56 0.51 4.54 12.2; <0.001 8.04, <0.001 
PO4 (�M) 0.50.5 0.10.1 0.50.6 2.64, <0.01 2.81, <0.01 
Chl-a (mg m-2) 23.35 14.23 18.68 5.87, <0.001 15.5, <0.001 
PP_POC ( 
mgC m-2 d-1) 

29246 19943 22620 4.2. <0.01 1.6, <0.01 

DOC release 
(mgC m-2 d-1) 

35245 18254 30321 2.5, <0.005 2.3, <0.01 

PER 5015 3816 4214 4.1, <0.01 3.8, <0.02 
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Legend to figures 

Figure 1: The station location map with the back ground of sea level anomaly (SLA) and surface 
ocean currents. The nature of eddy (CE and ACE) are shown. The stations where primary production 
experiments were conducted were circled with white line. 
 
Figure 2: Spatial variations in a) temperature, b) salinity, c) nitrate, and d) phosphate along the cruise 
transect in the photic zone. The x-axis shows the distance from station 1 and station numbers are 
shown on the upper axis. The white line denotes depth of euphotic zone.  
 
Figure 3: Spatial variations in a) Chl-a (mg m-3), contribution of b) microplankton (%), c) 
nanoplankton (%) and d) picoplankton biomass (%) to the total phytoplankton biomass.  
 
Figure 4: Spatial distribution of contribution of main phytoplankton groups to Chl-a (�g l-1), as 
estimated by pigments using the CHEMTAX program. A) diatoms Chl-a (�g l-1), b) cyanobacteria 
(�g l-1), c) dinoflagellates (�g l-1), d) chlorophytes (�g l-1), e) prochlorophytes (�g l-1) and f) 
prasinophytes (�g l-1). 
 
Figure 5: Spatial variations in concentration of a) POC (�g l-1), b) DOC (�g l-1), c) POC 
production(mgC m-3 d-1), d)DOC release(mgC m-3 d-1), e) total primary production (mgC m-3d-1) and 
f) PER (%) in the BoB. The x-axis shows distance from the station 1 and the depth of euphotic zone 
is given as while line. 
 
Figure 6: The relationship between a) DOC concentration and DOC release rate, b) POC 
concentration and POC production rate, c) DOC release rate and salinity, in the photic zone and d) 
photic zone integrated DOC release rate and photic zone integrated Chl-a, e) photic zone integrated 
POC production and photic zone integrated Chl-a, f) photic zone integrated DOC release rate and 
photic zone integrated nitrate, g) photic zone integrated POC production and photic zone integrated 
nitrate and h) photic zone integrated POC production and DOC release rate in the BoB.  
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