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Abstract 

N2 fixation rates were measured at 18 stations in the western coastal Bay of Bengal (BoB) to 

evaluate its contribution to the external source of nitrogen and its controlling factors. During the 

study period (fall monsoon), East India Coastal Currents (EICC) flows equatorward resulting in 

spreads of low saline water along the coast. This leads to stratification and inhibition of nutrient 

supply to the mixed layer through vertical mixing, resulting in the existence of nitrogen-poor and 

warm waters in the upper layer. Such conditions may trigger N2 fixation in the upper ocean. To 

examine such possibility, the N2 fixation rates were measured and found to vary between 0.4 and 

14.8 mol N m-2 d-1 in the photic layer during the fall monsoon. A linear relationship was observed 

between photic zone integrated N2 fixation rates and phosphate suggesting a possible severe 

limitation of phosphate in the BoB. Low N2 fixation rates were observed at off Godavari, Krishna 

and Mahanadi River estuaries in the inshore than offshore regions associated with low phosphate and 

high suspended matter. This suggests that phosphate may be removed through adsorption on the 

suspended matter resulting in severe limitation of N2 fixation in the western BoB. Based on the 

available seasonal data, 0.01 to 0.94 Tg/y of N2 fixation occurs and contributes to <1% of the 

primary production in the BoB.    
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1. Introduction 

Nitrogen is one of the essential nutrients for living organisms as it is an essential component of the 

bodybuilding of the cell such as genetic material (DNA, RNA), amino acids, proteins and energy 

molecules (ATP). In the marine environment, most of the inorganic nitrogen is in the form of 

nitrogen gas, which is not bioavailable to all organisms. On the other hand, the reduced form of 

nitrogen nutrients, including NO3
-, NH4

+, and organic nutrients, such as dissolved organic nitrogen 

(DON) and phosphorus (DOP), are readily bioavailable and control the oceanic primary production 

(Broecker, 1974; Smith, 1984). Primary production in the tropical and subtropical surface ocean is 

mainly limited by the availability of nitrogen nutrients (Moore et al., 2013). The deficiency in 

nitrogen nutrients create a niche for nitrogen (N2) fixer to grow and fix atmospheric N2 and it is an 

important process in the oligotrophic surface waters (Sohm et al., 2011; Luo et al., 2012; Wang et al., 

2019).  The N2 fixation is considered to be a significant external source of nitrogen to the ocean (eg: 

Deutsch et al., 2007) to sustain ocean fertility (Tyrrell, 1999) when enough phosphate is available 

(Singh et al., 2017). The N2 fixation is carried out by some groups of cyanobacteria, mainly 

Trichodesmium spp., and it is the dominant diazotroph in the marine environment. The occurrence of 

N2 fixation by non-cyanobacterial diazotrophs, which do not require light, can also fix nitrogen in the 

twilight zones (Zehr et al., 1998; Riemann et al. 2010; Luo et al., 2012).  

The availability of the macro (N and P) and micronutrients (Fe) limits the primary production in the 

tropical ocean as enough sunlight is available throughout the year (Capone et al., 2008). The Bay of 

Bengal (BoB) houses oligotrophic conditions due to strong stratification caused by river discharge 

leading to low primary production (Gauns et al., 2005). Though BoB receives nutrients from various 

sources, such as river discharge (Krishna et al., 2016), atmospheric deposition (Srinivas et al., 2013; 

Yadav et al., 2016), eddies (Sarma et al., 2018; 2019) and cyclones (Maneesha et al., 2011), 

however, they are either seasonal or episodic. For instance, nutrient flux from rivers peaks during the 

summer monsoon (Krishna et al., 2016) whereas atmospheric deposition is high during winter 

(Yadav et al., 2020). Atmospheric deposition of nitrogen is estimated to be minor (<3%; Singh et al., 

2012) whereas river contribution is high on the coasts (Singh and Ramesh, 2011). Despite various 

sources of nutrients being identified, the upper 50 m of the water column is devoid of nutrients, 

except silicate, in the BoB (Sarma et al., 2016; 2018; 2019) suggesting that input of nutrients is less 

than demand (Gauns et al., 2005; Dalabehera and Sarma, 2021).  

Diazotrophs normally dwell under warm, stratified and N poor environments (Capone et al., 2008), 

and they conduct N2 fixation if sufficient concentration of phosphate and Fe is available (Sanudo-

Wilhelmy et al., 2001; Mills et al., 2004). Perennial occurrence of diazotrophs, Trichodesmium, in 
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the BoB is reported (Jyothibabu et al., 2006; Mulholland and Capone et al., 2009; Shetye et al., 2013; 

Sahu et al., 2017; Wu et al., 2019), further confirming the possible occurrence of N2 fixation.  The 

warm upper ocean (>30oC), close to detection limits of nitrate and measurable concentration of 

phosphate (Sarma et al., 2016; 2018) and Fe (0.5-0.6 nM; Chinni et al., 2019) suggests the existence 

of a conducive environment for the occurrence of N2 fixation during intermonsoon periods in the 

BoB. Unlike Pacific and Atlantic Oceans, studies on N2 fixation are limited in the BoB (Sarma et al., 

2020; Saxena et al., 2020). Sarma et al. (2020) suggested that phosphate is a limiting nutrient for N2 

fixation whereas Saxena et al. (2020) attributed it to light availability during the monsoon period. 

Loscher et al. (2020) noticed that insignificant N2 fixation occurs in the subsurface water in the BoB. 

The N2 fixation in the photic zone contributes to <1% of primary production in the Bay during pre-

summer and summer monsoon periods (Sarma et al., 2020; Saxena et al, 2020). Basin-wide N2 

fixation rates were estimated based on indirect approaches. For instance, Naqvi et al. (2011) 

estimated that N2 fixation contributes to 1 TgN y-1 to the BoB using nitrogen mass balance approach 

whereas Srinivas and Sarin (2013) estimated to 0.6 to 4 TgN/y based on the dry-depositional flux of 

phosphate and iron. Based on the sources and sinks of inorganic nitrogen, Loscher et al. (2020) 

estimated that the N2 fixation can account for 3.22 TgN y-1 in the BoB. Gaye-Haake et al. (2005) 

measured the low 15NNO3 values (3.2 to 5‰) in the surface waters of the BoB suggesting possible 

N2 fixation. All these estimations were based on a mass balance approach that may carry significant 

errors. The objective of this work is to present new N2 fixation results in the coastal BoB during the 

fall intermonsoon season and compile all the available N2 fixation data information from the 

literature to quantify the spatial and seasonal variability in the rate of N2 fixation, controlling factors 

and estimate its contribution to the entire BoB.  

2. Material and methods 

2.1. Water sampling and nutrient analysis 

Seawater samples were collected in the upper 100 m depth at 18 stations from close to coast (25 m of 

water column depth) to offshore (1000 m of water column depth) along 6 transects and 3 stations in 

each along the transect (See Fig. 1) during October 2019 onboard ORV Sindhu Sadhana (SSD 066) 

in the BoB. Samples were collected at 7 depths in the upper 100 m of the water column, including 

one depth from deep chlorophyll maxima (DCM). Samples were collected from a 10 L Niskin bottle 

attached to the CTD rosette sampler. Temperature, salinity, depth, dissolved oxygen and 

fluorescence (chlorophyll-a) were measured using sensors connected to the CTD rosette. Nutrient 

samples were collected in 50 ml plastic bottles and were measured immediately using an 

autoanalyzer (Eco Lab, USA) on board. Detection limits for nitrate, phosphate and silicate were 0.10, 
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0.02 and 0.11 M respectively. About 2-5 litres of a water sample was filtered through a pre-

weighed 0.22 m polycarbonate filter and dried at 50oC for 24 h and reweighted. The difference in 

weight after and before filtration of the sample is taken as suspended particulate matter in the 

sample.  

2.2. Incubation experiments 

Triplicate samples were collected from each depth in the precleared 2.5 L air-tight-rubber stoppered 

glass bottles and filled up to the brim without headspace. The incubation was performed following 

Mohr et al. (2010), as described in Grosskopf et al. (2012). The nutrient-poor (under detection limits 

of dissolved inorganic nitrogen and phosphorus) aged surface seawater was filtered through 0.2 m 

and purged with high purity (99.9995%; M/s Med Gases limited) helium gas over 30 minutes 

(Ahmed et al., 2017; Sarma et al., 2020).   15N2-gas enriched (Cambridge Isotopes, USA) water was 

prepared by dissolving 1 ml of 15N2-gas (98 atom%; Cambridge Isotope Laboratories, 

Massachusetts, USA) to 100 ml of degassed water and mixed vigorously until the gas bubble was 

completely dissolved. About 2 ml of 15N2 gas (98 atom% 15N, final enrichment of 9.3% in each 

bottle) was injected using a syringe to the sample. Incubation was performed in the incubator for 24 

hours in triplicate. After incubation, samples were filtered through pre-combusted (450oC for 6 h) 

25mm diameter glass fibre (GF/F; Whatman) under a gentle vacuum (200 mbar). Filters were dried 

at 50oC onboard and stored until analysis in the shore-based laboratory. Untreated seawater sample 

was also filtered through the GF/F filter to obtain background natural abundance values.  

2.3. Isotopic analysis 

An aliquot of the dried filter was taken and packed in the tin tups and introduced to the elemental 

analyser (Vario-Pyrocube; Elementar, Germany) coupled to Isotope Ratio Mass spectrometer 

(Isoprime, UK) for measurement of the concentration of particulate organic nitrogen (PON) and 

atomic ratios of 15/14N. The N2 fixation rates were computed following Montoya et al. (1996): 

N2 fixation =(1/t) *((APNf-APNo)/AN2-APNo))* [PONf] 

Where t is incubation time (24 h), APNf and APNo are 15N atom% in PON at the end and beginning of 

incubation experiment respectively, AN2 is 15N enrichment in the dissolved form after tracer addition 

to the incubation sample. In this equation, all other parameters are measured whereas AN2 is 

estimated as: 

AN2 = (15Ntracer x N2tracer conc. +
15Nnatural x N2natural conc.)/(N2tracer conc + N2natural conc.) 
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where N2natural conc. is dissolved N2 in the sample water and it is calculated based on Weiss (1970). 

The 15N2 concentration in the incubation bottle was measured by membrane inlet mass spectrometry 

(MIMS; Hiden Technologies; UK). The depth-integrated N2 fixation rates were computed by the 

trapezoidal integration. The error in 15Natom%, expressed as standard deviation, was <1% 

2.4. Statistical analysis and graphical representation 

The statistical analysis of the data was carried out using Statistica software and 2 and 3-dimensional 

plots were drawn using Grapher and Ocean Data View (ODV) software respectively. 

3. Results 

3.1. Hydrographic conditions 

Sea surface temperature (SST) was >29oC at all stations occupied in this study (Fig. 2) and ranged 

between 29.03 and 30.63 with a mean of 29.830.1oC with the lowest in the HG transect (HG2) and 

the highest in the VD transect (VD3). Salinity varied between 20.99 and 33.89 (28.324) in the study 

region with the lowest in the HG and highest in the KN transects (Fig. 2). Through north-south 

gradient in SST was not observed however clear gradient in salinity with lower in the north and 

increase towards the south was observed (Fig. 2). The concentration of Chlorophyll-a (Chl-a) varied 

between 0.05 and 1.6 mg m-3 with prominent deep chlorophyll maxima (DCM) between 20 and 80 m 

(Fig. 2). 

3.2. Nutrients 

The concentration of nitrate and phosphate were above the detection limits in the study region with 

lower in the surface and increased with depth (Fig 3). The concentration of nitrate and phosphate in 

the upper 25m of the water column increased from transect HG to KN (Fig. 3). The N:P ratio was 

low at the surface (0.5 to 7.3 with a mean of 2.92) and increased with depth to 16 (Fig. 4) whereas 

the N: Si ratio is 0.02 to 0.5 in the surface waters (Figure is not shown). Both N:P and Si: N were 

lower than Redfield values at all stations in the upper 25 m of the water column. P*, calculated as 

[PO4
3-]-[NO3

-]/16, assuming nutrients follow the Redfield ratio, was positive throughout the study 

region (Fig. 5).  

3.3. N2 fixation rates 

The volumetric N2 fixation rates varied from 0 (under detection limit) to 1.6 mol m-3 d-1 with the 

higher rates in the HG and VS transects (Fig. 4). The N2 fixation rates were higher at the surface and 

decreased gradually with depth (Fig. 4). The photic zone integrated N2 fixation rates varied between 

0.7 and 14.8 mol m-2 d-1 in the study region (Table 1) with relatively higher rates in the offshore 
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than coastal regions. The N2 fixation rates in the upper 25 m of the water column contributed 

between 30 and 68% of the photic zone N2 fixation with the higher contribution in the HG and lower 

in the KN transect. N2 fixation rates were positively correlated with integrated phosphate, Chl-a and 

N:P ratios (Fig. 6).   

The minimum quantifiable rate and limit of detection were estimated following Gradoville et al. 

(2017) that amounted to 0.16 and 0.17 nM N d-1 respectively. Most of the N2 fixation rate 

measurements were within the minimum quantifiable rate of 0.16 nM N d-1 except for a few 

measurements in the upper 10 m of depth (Fig. 4).  

4. Discussion 

4.1. Hydrographic conditions in the BoB  

Low saline water (<28 to 32) was observed in the upper 10-25 m water column during the study 

period leading to strong stratification (Fig. 2). The East Indian Coastal Currents (EICC) flow 

equatorward during the fall monsoon (October to December) leading to the spread of freshwater 

along the east coast of India, which are poor in nutrients and stratifies the water column (Sarma et 

al., 2018). As a result, low nitrate (<0.5 M), phosphate (<0.2 M) and Chl-a (<0.2 mg m-3) 

concentrations were noticed in the upper 25 m of the water column associated with prominent deep-

Chl-a maxima (0.5 to 0.8 mg m-3) at all stations between 20 and 50 m depth (Fig. 2). The 

stratification of the upper layer warmed up (>29oC; Fig. 2) due to inhibition of vertical mixing 

resulting in low nutrient concentration in the upper 25m of the water column (Fig. 3). Though N:P 

ratios were <16 (0.5 to 8.6) in the study region in the upper 25 to 50 m of the water column, above 

detection limits of phosphate (0.07 and 0.23 M) and positive P* values (0.02 and 0.15 M) suggest 

the possible occurrence of N2 fixation in the study region (Fig. 5). The positive P* values in the 

upper 50 m of the water column indicates that PO4
3- concentration is over NO3 (Deutsch et al., 2007) 

in the study region. Saxena et al. (2020) found higher P* concentrations in the BoB during the 

summer monsoon and suggested that phosphate may not be limiting the N2 fixation. The estimation 

of P* is dependent on the assumption of the N:P ratio of 16 in the study region. The wide variability 

in N:P ratios, between <5 and >50, was reported in the nutrient-limited environments (Goldman et 

al., 1979; Geider and La Roche, 2002) including in the BoB (Sahoo et al., 2021), hence the estimated 

P* may be biased due to the assumption of fixed N:P ratio of 16. The occurrence of N2-fixers, 

Trichodesmium spp. blooms were reported in the BoB throughout the year (Jyothibabu et al., 2006; 

Paul et al., 2007; Hedge et al., 2008; Mulhlland and Capone, 2009; Shetye et al., 2013; Sahu et al., 

2017; Wu et al., 2019) suggesting the possible occurrence of N2 fixation in the BoB. 
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4.2. Controlling factors on N2 fixation in the BoB 

The N2 fixation in the water column is controlled by several factors such as temperature, salinity, 

dissolved Fe, phosphate concentrations and abundance of N2 fixing organisms, such as 

Trichodesmium. The potential responsibility of each of these factors on controlling N2 fixation is 

discussed. 

The surface temperature could be another potential controlling factor on N2 fixation. During the 

study period, the surface temperature varied between 29.03 and 30.63 and it is well within the 

favoured range of its growth (Hedges et al., 2008). Capone et al. (1997) suggested that 

Trichodesmium have wide temperature tolerance between 28 and 36oC. No significant relation was 

observed between temperature and N2 fixation in the study region. Tyrrell et al. (2003) found a lack 

of relation of temperature with neither Trichodesmium cells nor N2 fixation.   Since the temperature 

of the mixed layer is well within the favoured range, the temperature may not be a controlling factor 

of N2 fixation in the BoB.  

Trichodesmium can grow actively over a wide range of salinity between 22 and 43 with an optimum 

salinity between 30 and 37 (Fu and Bell, 2003; Bell et al., 2005; Hedge et al., 2008). The surface 

water salinity in the study region mostly varied 22 and 34, except one station in the HG transect, 

which falls within the salinity range for active growth of N2 fixers. Though salinity at several stations 

was below the optimum salinity range (30-37), however, no relation was observed between salinity 

and N2 fixation suggesting that salinity may not be a controlling factor in the BoB.   

The concentration of Fe is also one of the crucial micronutrients in controlling N2 fixation in the 

BoB. The dissolved Fe concentration in the BoB varied between 0.5 and 0.6 nM during the non-

monsoon period (Chinni et al., 2019), which is above the limiting levels for N2 fixation (Morel et al., 

1991; Schoffman et al., 2016). Srinivas and Sarin (2013) found that the dry-depositional flux of Fe is 

higher in the BoB compared to the other regions in the tropical Indian Ocean with higher solubility 

in the former region. These results suggest that dissolved Fe may not limit N2 fixation in the BoB 

(Loscher et al., 2020).  

The abundance of N2 fixing organisms also controls the rate of N2 fixation. The Trichodesmium 

abundance was reported to vary between 400-4500 trichomes per liter (Hedges et al., 2008; Shetye et 

al., 2013). Similar abundance was also reported in the Arabian Sea during spring intermonsoon 

(Ahmed et al., 2017) however the rate of N2 fixation is an order of magnitude higher in the Arabian 

Sea than BoB suggesting that the abundance of N2 fixing organisms may not be a controlling factor 

in the latter basin.  
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The availability of phosphate is a crucial nutrient for the fixation of atmospheric nitrogen. The higher 

N2 fixation rates at the surface were observed in the offshore (0.450.07 mol m-3 d-1) than inshore 

(0.210.05 mol m-3 d-1) waters along the MN, GD and KN transects associated with higher 

phosphate concentration in the offshore (0.260.03 M) than inshore (0.150.1 M) waters. In 

contrast, higher N2 fixation rates were observed in the inshore (1.10.4 mol m-3 d-1) than the 

offshore region (0.13 mol m-3 d-1) along the HG, VD and VS transect where higher phosphate 

concentration was observed in the inshore (0.250.1 M) than offshore (0.130.08 M) regions 

(Figs. 3 and 4). This suggests that N2 fixation in the BoB may be limited by phosphate in the BoB. 

The N2 fixation rates were positively correlated with depth-integrated PO4 in the upper 50 m of the 

water column (Fig. 6) strongly suggesting that phosphate may be severely limiting the N2 fixation in 

the BoB. Though correlation analysis may mislead the cause and effect (Cloern, 2021), however, 

Sarma et al. (2020) conducted in vitro N2 fixation experiments by addition of inorganic phosphate. 

They found an increase by 2 to 7 times of N2 fixation in the phosphate addition compared to control 

during the early summer monsoon period strongly suggesting severe limitation of phosphate in the 

BoB. Though such an experiment was not conducted during the fall monsoon period, N2 fixation 

may be severely limited by the availability of inorganic phosphate in the BoB.  

Recently Rao et al. (2021) found that 20-40% of the dissolved inorganic phosphate is removed from 

the water column through adsorption onto the suspended particulate matter and displayed a 

significant relationship of the amount of phosphate removed with a concentration of suspended 

particulate matter and total suspended particulate matter (TSP) in the atmosphere.  Removal of 

phosphate from the water column to sediment was reported in the riverine, estuarine and coastal 

environments (e.g., House et al. 1998; Pant and Reddy 2001; Al-Enezi et al. 2016; Rao et al., 2021). 

Since a high concentration of suspended matter is observed in the BoB (10-30 mg l-1) due to 

discharge by several rivers, the removal of phosphate may be higher through adsorption in the BoB. 

Higher concentrations of suspended matter in the coastal waters than offshore were reported in the 

BoB (Sarma et al., 2012; 2013) resulting in a higher amount of removal of phosphate in the coastal 

Bay than offshore. The lower phosphate concentrations were found in the inshore (0.150.1 M) 

than offshore (0.260.03 M) along with KN, GD and MN transect where river discharge occurs by 

Krishna, Godavari and Mahanadi rivers respectively, resulting in higher suspended matter and more 

removal of phosphate compared to HG, VD and VS region where there is no direct discharge occurs, 

hence higher phosphate was observed in the inshore (0.250.1 M) than offshore (0.130.08 M) 

regions. The total suspended matter concentrations were higher in the inshore (4.3 to 19.1 mg l-1) 

than offshore waters (3.1 to 9.1 mg l-1) along the KN, GD and MN transect and it was lower in the 
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HG, VD and VS transects (5.2 to 7.8 and 6.1 to 14.2 mg l-1 in the inshore and offshore respectively) 

suggesting that significant removal of phosphate in the water column leading to limitation of N2 

fixation in the coastal BoB.  

4.3. Estimation of nitrogen fixation in the BoB 

The N2 fixation rates in the western BoB varied between 0.7 and 14.8 mol m-2 d-1 in the photic zone 

during the study period (Table 1). N2 fixation rates in the BoB are much lower than many regions in 

the world ocean (Table 2) but close to that reported in the BoB during pre-summer monsoon (June 

2019; Sarma et al., 2020), summer monsoon (July-August 2018; Saxena et al., 2020) and winter in 

the equatorial and south Indian Ocean (Shiozaki et al., 2014). The measured N2 fixation rates were 

close to or below the minimum quantifiable rates in the water column below 10 m at some stations 

(Fig. 4) suggesting weak N2 fixation is occurring in the BoB. The available N2 fixation rates were 

compiled in Fig. 7 in the BoB where higher N2 fixation rates were measured during summer (4-75 

mol m-2 d-1; Saxena et al., 2020) compared to pre-summer monsoon (3.8 to 13.8 mol m-2 d-1; 

Sarma et al., 2020) and fall monsoon (0.4 to 14.8 mol m-2 d-1; present study). The higher rates of N2 

fixation were measured at two stations (41-75 mol m-2 d-1) during summer where Trichodesmium 

spp. blooms were noticed (Saxena et al., 2020). Relatively lower N2 fixation rates were found along 

with the coastal BoB, where low phosphate concentrations were observed associating with higher 

suspended matter than offshore regions (Fig. 7). The seasonal variations in N2 fixation rates in the 

BoB may be caused by the difference in the abundance of N2 fixers. For instance, Hedge et al. (2008) 

found relatively high abundance during fall and winter (October-January) in the open ocean and 

summer along the coast. Therefore, N2 fixation rates in the BoB may be severely limited by 

phosphate availability which is in turn controlled by removal through adsorption on the suspended 

matter. The enhanced DIN: DIP ratios are expected due to the occurrence of N2 fixation. The mean 

DIN: DIP ratio in the BoB (8.2±2) was lower than the Redfield ratio of 16 suggesting that N2 

fixation did not influence nutrient stoichiometry. Such low DIN: DIP ratios may be caused by the 

excessive competitive consumption N over P by slow-growing phytoplankton (Klausmeier et al., 

2004). Lower N: P ratios in the exported organic matter were observed in the BoB and it is attributed 

to the weak contribution of organic matter by N2 fixation (0.1 to 0.4%) to the export flux (Sahoo et 

al., 2020; 2021; Garcia et al., 2018) suggesting that insignificant role of N2 fixation in changing N: P 

ratios in the subsurface waters.     

The N2 fixation rates observed in the BoB during pre-summer, summer and fall monsoon seasons 

(0.4-75 mol m-2 d-1; Saxena et al., 2020; Sarma et al., 2020; present study) are consistent with the 
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same measured in Equatorial Tropical Pacific (0-23 mol m-2 d-1; Knapp et al., 2016), North Pacific 

(0-90; mol m-2 d-1; Shiozaki et al., 2010), Equatorial and South Indian Ocean (6.3-16.6 mol m-2 d-

1; Shiozaki et al., 2014), Tropical North-East Atlantic (56-60 mol m-2 d-1; Turk-Kubo et al., 2012) 

and South China Sea (1-13 mol m-2 d-1; Chen et al., 2008; Table 1). The N2 fixation rates in the 

BoB are lower than the adjacent basin Arabian Sea during spring periods (0.8 to 3400 mol m-2 d-1; 

Capone et al., 1998; Gandhi et al., 2011; Ahmed et al., 2017; Kumar et al., 2017) but it is close to 

that of observed during winter (6-47.1 mol m-2 d-1; Shiozaki et al., 2014). The higher N2 fixation 

rates during spring in the Arabian Sea may be driven by strong thermal stratification, weak mixing 

and low nutrient inputs to the mixed layer. In addition to this, Chinni et al. (2019) found that 

dissolved Fe concentrations were >0.8 nM in the eastern Arabian Sea compared to BoB (0.4-0.6 

nM). In addition to this, the suspended matter concentration is lower in the Arabian Sea compared to 

BoB due to low river discharge to the former than the latter region resulting in less removal of 

phosphate through adsorption. Based on the seasonal N2 fixation rates measured in the BoB, the 

contribution of N2 fixation in the BoB is estimated to be varied between 0.01 and 0.94 (mean 0.16) 

TgN y-1 (Saxena et al., 2020; Sarma et al., 2020; present study) and it is less than of estimated based 

on nitrogen mass balance (1.0 Tg y-1; Naqvi et al., 2011) and atmospheric deposition of phosphate 

and Fe (0.4 – 9.2 Tg y-1; Srinivas and Sarin, 2013). The mean new production in the BoB is 

estimated to be in the tune of ~28218 mg C m-2 d-1 (25216 TgC y-1; Kumar et al., 2004; Singh et 

al., 2014) and mean N2 fixation (0.16 TgN y-1) contributes to 1.06 TgC y-1 of new production suggest 

that the contribution of N2 fixation contributes to ~0.4% of new production in the photic zone in the 

BoB.  Due to weak river discharge from Ganges and Brahmaputra rivers and no discharge from the 

peninsular rivers, the less suspended matter is observed in the BoB that may lead to less removal of 

phosphate from the water column during spring monsoon (March to May). This may enhance N2 

fixation rates due to the availability of more phosphate during the spring monsoon. Therefore, the 

estimations of N2 fixation rates in the BoB made in this study may be underestimated. Some efforts 

need to be carried out to estimate N2 fixation rates during the spring intermonsoon season in future.   

5. Summary and Conclusions 

The coastal BoB is highly stratified due to the equatorward flow of East India Coastal Currents 

(EICC) that spreads low saline water from the Ganges and peninsular rivers during the fall monsoon 

period. This inhibited nutrients transport to the surface through vertical mixing. Measurable 

concentrations of phosphate and warm waters were observed suggesting possible N2 fixation in the 

coastal BoB. The N2 fixation rates were ranged between 0.4 and 14.8 molN m-2 d-1 in the photic 
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zone and it is consistent with pre-summer and summer monsoon seasons. The N2 fixation rates 

displayed a strong linear relationship with phosphate and integrated Chl-a suggesting a possible 

severe limitation of phosphate in the BoB and it is further confirmed by in vitro experiments of 

Sarma et al. (2020). This study suggests that phosphate removal through adsorption on the suspended 

matter may be a potential reason for the severe limitation.  

 The long-term data analysis of sea surface temperature (SST) and salinity (SSS) for the past two 

decades suggests that rapid warming and freshening of the upper layer was reported (Sridevi and 

Sarma, 2021) due to the melting of the Himalayan ice cover. The elevated temperatures may enhance 

respiration rates and decrease oxygen concentrations in the upper layer and such conditions are 

conducive to enhancing nitrogenase activity in the nitrogen-fixing cells. Shetye et al. (2013) reported 

that enhanced Trichodesmium erythraeum bloom activity in the high pCO2 waters in the Bay. 

Recently Sridevi and Sarma (2021) reported that a decrease in pH and increase in pCO2 levels were 

reported in the western BoB due to an increase in atmospheric deposition of pollutants. The rapid 

increase in anthropogenic aerosol optical depth (AOD) was also reported in the western BoB for the 

past two decades (Yadav et al., 2021) due to an increase in industrial and agricultural activities. This 

may enhance phosphate deposition in future over the western BoB. These conditions may stimulate 

N2 fixation in the western BoB and provide negative feedback on rising atmospheric CO2 levels. Our 

study may help in understanding the future advancement of N2 fixation in the Bay as a consequence 

of global warming. 
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Table 1: Photic zone integrated Chl-a (mg m-3), N2 fixation rates (mol m-2 d-1) and mean N:P ratios 

in the study region. 

 

 

Station Longitude 

(oE) 

Latitude 

(oN) 

Chl-a 

(mg m-3) 

N:P N2 fixation 

(mol m-2 d-1) 

HG 1 87.43 21.04 19.8 7.6 10.5 

HG 3 87.90 20.54 20.3 10.6 14.8 

HG 6 88.35 20.10 18.1 6.3 7.6 

VD 1 84.19 18.31 17.2 4.7 5.3 

VD 3 84.36 18.15 13.8 8.1 3.0 

VD 6 84.38 18.06 16.0 8.4 7.6 

MN 1 86.56 20.05 10.8 3.7 1.0 

MN 3 86.65 19.88 15.5 8.6 4.1 

MN 6 86.75 19.69 12.6 9.8 6.2 

VS 1 83.45 17.78 9.0 5.2 0.7 

VS 3 83.76 17.61 14.0 7.5 7.9 

VS 6 83.82 17.55 13.7 8.8 12.2 

KN 1 80.86 15.61 14.4 6.2 3.1 

KN 3 80.90 15.59 12.9 7.0 6.0 

KN 6 80.91 15.49 16.5 7.4 12.5 

GD 1 82.34 16.52 17.4 7.1 10.2 

GD 3 82.36 16.49 17.2 10.5 8.3 

GD 6 82.50 16.40 16.5 9.9 6.7 
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Table 2: Photic zone integrated N2 fixation rates in different regions in the world ocean by 15N2 

bubble/dissolution method. 

 

Region Rates Method Reference 

Western Tropical N. Atlantic 850 15N2 bubble method Capone et al 2005 

Western N. Atlantic 2.4 to 532 15N2 bubble method Mulholland et al., 

2012 

North Atlantic  1.2-298 15N2 bubble method Fernandez et al., 

2010 

North Atlantic 1.8-182 15N2 bubble method Moore et al., 2009 

Atlantic Ocean 914 N2 dissolution 

method 

Grobkopf et al., 

2012 

Sargasso Sea 41-93 15N2 bubble method Orcutt et al., 2001 

Tropical Northeast Atlantic 28-142 15N2 bubble method Tuk et al., 2011 

Tropical Northeast Atlantic 56-60 15N2 bubble method Turk-Kubo et al., 

2012 

Eastern equatorial Atlantic 15-424 15N2 bubble method Subramaniam et al., 

2013 

Eastern tropical south Pacific  0-148 15N2 bubble method Dekaezemacker et 

al., 2013 

Off Peru-South Pacific Up to 800 15N2 bubble method Loescher et al., 2014 

Eastern Tropical South 

Pacific 

0-23 15N2 bubble method Knapp et al. 2016 

Eastern North Pacific gyre 520160 
15N2 bubble method Montoya et al., 2004 

Timor-Arafura-Coral Seas 12647 
15N2 bubble method Montoya et al., 2004 

Arafura Sea 3995 15N2 bubble method Montoya et al., 2004 

South China Sea 1-13 15N2 bubble method Chen et al., 2008 

North Pacific  0-90 15N2 bubble method Shiozaki et al., 2010 

North Pacific 20-310 15N2 bubble method Church et al., 2009 

Arabian Sea 24.6-47.1 15N2 bubble method Shiozaki et al., 2014 

Equatorial and Southern 

Indian Ocean 

6.3-16.6 15N2 bubble method Shiozaki et al., 2014 

Eastern Arabian Sea 100-34000 15N2 bubble method Gandhi et al., 2011 

Southeastern Arabian Sea 174-238 15N2 bubble method Bhavya et al., 2016 

Eastern Arabian Sea 1140-8405 15N2 bubble method Kumar et al., 2017 

Eastern Arabian Sea  0.8-1739 15N2 bubble method Ahmed et al., 2017 

Arabian Sea 40-129 15N2 bubble method Capone et al., 1998 

Bay of Bengal 2-23 15N2 bubble 

dissolution method 

Sarma et al., 2020 

Bay of Bengal 4-75 15N2 bubble method Saxana et al., 2020 

Bay of Bengal 0.7-14.8 15N2 bubble 

dissolution method 

Present study 
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Legend to figures 

 

Figure 1: The map showing the station locations where sampling was done in the western coastal 

BoB. The transects of HG, MN, VD, VS, GD and KN were identified 

 

Figure 2: Vertical profile of temperature (oC; closed circles and thick line), salinity (closed diamonds 

and dashed lines) and Chlorophyll-a (mg m-3; closed triangles and thick line) along transects of HG, 

MN, VD, VS, GD, and KS. Station 1, 3, 6 on each transect are given in black, blue and red 

respectively. 

 

Figure 3: Vertical profile of nitrate (M; closed diamonds and thick line), and phosphate (M; closed 

triangles and dashed lines) along the transects of HG, MN, VD, VS, GD, and KS. Station 1, 3, 6 on 

each transect are given in black, blue and red respectively. 

 

Figure 4: Vertical profile of N:P ratios (closed diamonds and dashed line), and N2 fixation rates 

(mol m-2 d-1; closed triangles and thick lines) along the transects of HG, MN, VD, VS, GD, and KS. 

Station 1, 3, 6 on each transect are given in black, blue and red respectively. The vertical box 

indicates the minimum quantifiable rate of N2 fixation. 

 

Figure 5: Vertical profile of P* (M) along the transects of HG, MN, VD, VS, GD, and KS. Station 

1, 3, 6 on each transect are given in black, blue and red respectively. 

 

Figure 6: Relationship of photic zone N2 fixation rate (mol m-2 d-1) with photic zone a) phosphate 

(mmol m-2), b) Chl-a (mg m-2) and c) C:N. 

 

Figure 7: Photic zone integrated N2 fixation rates (mol m-2 d-1) in the BoB during pre-summer 

monsoon (Sarma et al., 2020), summer monsoon (Saxena et al., 2020) and fall monsoon (present 

study)  
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Figure 2: 

 
  

Temperature and salinity

Chl-a (mg m-3)

HG MN VD

VS GD KS

D
e

p
th

 (
m

)



 23 

Figure 3: 
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Figure 4: 
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Figure 5: 
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Figure 7: 

 

 
 

 

    


