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Abstract 

 Biological production in aquatic systems is often nitrogen limited. Nitrogen N2 fixation is an 

important contributor to nitrogen requirement of phytoplankton not only in oligotrophic but also in 

nutrient-replete waters. However, the importance of N2 fixation in meso-polyhaline estuaries is not 

well known. Here we report significant N2 fixation rates, ranging between 0.1 and 34 µmol N m-3 d-1 

from the Mandovi and Zuari estuaries, two typical tropical monsoon-affected estuaries located along 

the Indian west coast. The estuarine waters were moderately rich in nutrients with nitrate 

concentration up to 5 µM in the Mandovi and 6 µM in the Zuari and PO4
- up to  1 µM. Chlorophyll a  

concentration varied between 0.1 and 8 mg m-3 with moderate primary production (up to 262 mg C 

m-3 d-1). The organisms responsible for the observed diazotrophic activity in the estuaries still remain 

to be identified. .  
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1. Introduction 

 Estuaries and the adjacent coastal regions are very complex ecosystems because of rapidly 

changing physical and chemical processes. These ecosystems are also very vulnerable to 

anthropogenic perturbations. Human induced enhancement of nutrient loadings has led to 

eutrophication that has affected their biogeochemical processes in many of these ecosystems (Hoch 

and Kirchman, 1995; Bricker et al., 1999).  

 Anthropogenic nutrient loadings have altered nutrient stoichiometry (high N:P ratio), 

significantly impacting biogeochemical cycling in many coastal and estuarine areas (e.g., Chai et al., 

2006). The nitrogen over-enrichment may be countered, to some extent, by the loss of nitrogen 

through denitrification and anammox in sediments (Seitzinger and Nixon, 1985). On the other hand, 

additional nitrogen could also be added to water through nitrogen (N2) fixation. It had long been 

believed that conditions suitable for N2 fixation, an energetically expensive process, only existed in 

the oligotrophic tropical and not in those waters, including most estuaries and coasts, which are 

relatively rich in biologically easily utilizable combined nitrogen forms such as ammonium (NH4
+), 

nitrate (NO3
-) or nitrite (NO2

-) (Zehr et al., 2008; Conley et al., 2009). This view is not considered to 

be valid anymore as recent work has shown both abundance of diazotrophs and elevated N2 fixation 

rates in coastal waters (Muholland et al., 2012, and references therein). Apparently, some 

diazotrophs are relatively insensitive to the shortage of combined nitrogen because of their efficiency 

to fix atmospheric N2. N2 fixation in the oceans has been well described (Capone et al., 1997; Zehr et 

al., 2001; Fernandez et al., 2013). It is the single largest source term in the combined nitrogen 

budget. Whether or not the budget is in balance today has been a subject of considerable debate 

(Codispoti et al., 2001; Gruber, 2008). In order to reduce the uncertainties in this budget, the key 

terms - especially N2 fixation - need to be more accurately quantified by focusing on hitherto poorly 

studied systems/geographical areas. These include coastal and estuarine systems, including those in 

the Indian Ocean, from where very little relatively information is presently available. Recently, 

Bhavya et al. (2016) have reported substantial N2-fixation rates from a eutrophic estuarine system 

(Cochin Backwaters) along southwestern Indian Coast. We report here N2 fixation rates from the 

Mandovi and Zuari estuaries of Goa located along the central west coast of India that are relatively 

more pristine and better representatives of tropical monsoonal estuaries.  

2. Materials and methods 

2.1 Study area and sampling 
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The data presented here were collected from the Mandovi-Zuari estuarine system during May-June 

2013 and December 2014-February 2015. These estuaries support a variety of flora and fauna and act 

as a buffer zone between the land and the Sea. Estuaries are generally sites of high organic 

production thus sustaining secondary food chain; they also influence biological production in the 

adjacent coastal system. The understanding of the influence of such changes on biogeochemical 

processes in the Indian estuaries is grossly inadequate. As a part of our ongoing efforts to understand 

and quantify biogeochemical processes/fluxes in these important systems we measured di-nitrogen 

and carbon fixation rates. Samples were collected at nine stations - four in the Zuari and five in the 

Mandovi (Fig. 1). Water samples were obtained using 5-l Niskin samplers mounted on a nylon wire 

and fitted with reversing thermometers to measure the water temperature. Salinity was measured 

using a salinometer. Subsamples were collected for nutrients, transported in an ice box and preserved 

at −20°C until analysis for NO3
-, NH4

+, PO4
3- and SiO4

-4 using an auto analyzer (SKALAR, 

Netherlands) following standard procedures (Grasshoff et al., 1983). 

2.2 Biological measurements  

2.2.1 Chlorophyll a  

 Samples for Chlorophyll (Chl.) a, a measure of phytoplankton biomass, were collected in amber 

colored plastic bottles and transported to the laboratory in ice. A known volume of water sample was 

filtered onto 47mm GF/F filter (0.7 μm) and the filter was extracted in 10 ml of 90% acetone in the 

dark for 24 h at -20°C. The fluorescence was measured using fluorometer (Turner Designs, AU-10, 

CA, USA). 

2.2.2 Primary productivity 

Samples for the measurement of primary production were collected from different stations 

and incubated with labeled NaH14CO3 (5µCi) in an incubator for 12 hours following the protocol 

given in JGOFS-UNESCO (1994). The counting was done using a Wallace Scintillation counter 

(model no. 1409). All counts were quench corrected. 

2.2.3 Nitrogen (N2) fixation 

 N2 fixation measurements were carried out using the procedure described by Mohr et al. 

(2010) and Großkopf et al. (2012) involving direct addition of 15N2 tracer-enriched seawater to the 

sample (White, 2012). The detailed protocoal is described by Ahmed et al. (2017). Briefly, seawater 

was filtered into glass media bottle (Duran) using 0.2/0.2 μm capsule filter (Acropac, Pall life 

Sciences, USA) and degassed for ~15 minutes. The degassed water (100 ml) was spiked with 1 ml of 

15N2 gas (98 atom%; Cambridge Isotope Laboratories, Massachusetts, USA). Incubations were 
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initiated in triplicate by introducing aliquots of 15N2 enriched seawater (~4% of the total incubation 

volume) into 1.25-liter transparent polycarbonate bottles. The bottles were placed in an incubator 

where the temperature was maintained by continuous flow of surface seawater. At the end of the 

incubations (6-9 h), the samples were filtered onto 25 mm precombusted GF/F filter. Additional 

water samples without any manipulation were filtered onto pre-combusted GF/F glass fiber filters for 

the measurement of the natural abundance of particulate organic nitrogen (PON). Filters were frozen 

and stored at -20°C. Prior to the analysis, the filters were oven dried at 60 °C and pelletized into tin 

cups. The pellets were flash-combusted in an elemental analyzer (EURO3000 Eurovector) coupled to 

a mass spectrometer (Thermo Finnigan DELTA V) to determine PON content and isotopic ratios. A 

working standard, ACA (Amino-n-Caproic Acid) was run between samples to check for 

reproducibility (Maya et al., 2011; Bardhan et al., 2015). The N2 fixation rate was calculated 

following Mohr et al. (2010).  

3.  Results and discussion 

 The observational period in June 2013 was characterized by cloudy and rainy weather 

conditions typically associated with the southwest monsoon. By contrast, the weather was dry and 

the sky was clear during the other observational period (December 2014 - February 2015). The 

surface water salinity in the Mandovi and Zuari estuaries ranged between 1 and 10 during the wet 

period and between 8 and 33.8 during the dry period.  

 The Mandovi and Zuari estuaries remain nutrient replete throughout the year and are 

moderately eutrophied as compared to other estuaries (Sankaranarayanan and Jayaraman, 1972). The 

nutrient inputs to these estuaries are seasonally maximal during the wet (summer monsoon) season 

due to the intrusion of upwelled water from the adjacent coastal region as well as freshwater runoff 

(Sankaranarayanan and Jayaraman, 1972; Maya et al., 2011).  

 Concentrations of nutrients in surface waters of the Mandovi estuary varied between 0.3-5 

µM for NO3
-, 0.1-0.9 µM for NH4

+, 0.1-0.4 µM for PO4
3- and 3.9-128.7 µM for (SiO4

4-) respectively 

(data not shown). Highest concentrations of nutrients except PO4
- (NO3

3-: 5 µM; NH4
+: 0.9 µM and 

SiO4
4-: 128.7 µM) were recorded at the upstream station (M6). In the Zuari estuary, the nutrient 

concentrations in surface water were relatively higher, varying between 0.2 – 6 µM for NO3
-, 0.1 - 

33.2 µM for NH4
+, 3 - 130 µM for SiO4

4- and 0.3 – 0.8 µM for PO4
3-. 

 In addition to upwelling and land runoff that includes nutrients from anthropogenic sources 

(domestic, agricultural, industrial etc.), benthic remineralization of organic matter is also an 

important source of dissolved inorganic nitrogen to waters of the two estuaries (Pratihary et al., 
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2013). Nitrate concentrations were particularly high throughout the year in both of the estuaries 

reaching up to 6 µM at the two most upstream stations - M6 in the Mandovi and Z6 in the Zuari. 

This suggests that land runoff is perhaps the most important source of NO3
- and SiO44-  

Chlorophyll a concentration showed a distinct spatial distribution pattern (Fig. 2). In the Mandovi 

estuary, relatively low values were recorded close to the mouth (station M1, 1 mg m-3) while the 

highest concentration was recorded at the most upstream station (M6, 8.3 mg m-3) in February 2015. 

In the Zuari estuary, the concentration of Chl a varied between 0.7 and 6.2 mg m-3 with the highest 

values coming from the station Z6. The association of highest Chl a with highest concentration of 

NO3
- indicate that productivity is N-limited and  these values are slightly higher than the Chl. a 

concentrations previously reported (0.2 – 3.7 mg m-3) by Devassy and Goes (1989) from the Zuari 

estuary.  

 Rates of primary production (PP) varied upto 262.4 mg C m-3 d-1 in the Mandovi estuary and 

212 mg C m-3 d-1 in the Zuari estuary (Fig. 3). Overall the Mandovi estuary was somewhat more 

productive than the Zuari estuary. The highest PP values were recorded in the Mandovi estuary both 

at the surface and close to the bottom (the near bottom values being similar or higher than the surface 

values) with a generally increasing trend toward the freshwater end in February 2015. On the other 

two occasions (December 2014 and January 2015), when the highest PP was measured at station M4, 

the near-bottom PP values were substantially lower than the surface values. In the Zuari estuary, an 

increasing trend in PP at the surface and close to the bottom was seen in both December 2014 and 

January 2015. However, while the near bottom values were similar to slightly higher than the surface 

values in January 2015, the near bottom PP was much lower in December 2014. These observations 

indicate that in addition to nutrients availability, light also plays an important role in determining the 

productivity in these estuaries.  Although photosynthesis is light dependent high illumination 

sometimes exerts an inhibitory effect on photosynthesis at the surface. In such a situation maximum 

photosynthesis occurs beneath the surface depending upon the light intensity. This could possibly 

account for the occasional higher production close to the bottom. Devassy et al. (1989) recorded 

higher primary productivity at surface water in Zuari. Nair et al. (1983) reported maximum 

production in the bottom water during the dry period of the year. On the other hand, when the PP is 

much lower at depth as compared to that at the surface, as happened in both the estuaries in 

December 2014, light limitation due to high turbidity was presumably the cause.  

 N2-fixation has been considered to be an important process in natural fertilization of tropical 

waters with nitrogen (Devassy et al., 1978). Although, N2 fixation in eutrophic estuarine systems is 

believed to be relatively less important than in oligotrophic systems (Marino et al., 2002; Howarth 
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and Marino, 2006; Conley et al., 2009), we observed significantly high N2 fixation rates in the 

Mandovi and Zuari estuaries (Fig. 4). During the dry period, N2 fixation rate in the bottom water of 

the Mandovi estuary varied from 0.25 to 4.1 µmol N m-3 d-1, while in the surface water it ranged 

between 0.3 (January) and 3 µmol N m-3 d-1 (December). In December 2014, when the rates were 

relatively higher, the highest values occurred at station M4 both at the surface and close to the 

bottom. On the other two occasions, the rates were low and did not show a clear trend along the 

length of the estuary. During the wet period, N2 fixation varied between 0.25 and 9.5 µmol N m-3 d-1 

in the Mandovi estuary. The rates clearly decreased toward the freshwater end of the estuary during 

the rainy season.  

 N2 fixation in the Zuari estuary varied between 6.7 and 9.5 µmol N m-3 d-1 in June. N2 

fixation was lower in this estuary (0.6 - 4 µmol N m-3 d-1) than in the Mandovi during the rainy 

season. The rates measured from the Zuari estuary were quite low (0.1 – 0.9 µmol N m-3 d-1) in 

December 2014 and, more so, in January 2015 with no clear overall spatial trend. The highest rate 

(34 µmol N m-3 d-1) measured in the present study was at the surface at station Z1 on 22 May 2013. 

This is not surprising because this season is characterized by extensive blooms of Trichodesmium in 

the coastal waters around this time (Devassy et al., 1978). The rates decreased steeply upstream (1 

µmol N m-3 d-1 at station Z3) presumably due to a decrease in the abundance of the responsible 

organism.  

Molecular analysis for identification of diazotrophic organisms responsible for N2 fixation was not 

carried out in the present study. Previous studies (e.g., Mazard et al., 2004; Moisander et al., 2010) 

reported the presence of diverse photo heterotrophic diazotrophs from estuarine systems. Nif H 

transcripts related to the diazotrophs have been reported from the open waters of Arabian Sea 

(Jayakumar et al., 2012, Ayaz Ahmed, Unpublished data) and similar diazotrophs may extend to the 

estuarine systems as well. The only study on N2 fixation carried out in a eutrophic estuary (Cochin 

Backwaters) along the Indian coast yielded significantly high rates (Bhavya et al., 2016). This 

estuarine system is more eutrophied than the two estuaries of Goa sampled by us, but significantly 

high N2 fixation rates measured by us clearly indicate that the process is ubiquitous in all Indian 

estuarine systems.  

 Taken together with other recent reports of significant N2 fixation in nutrient-rich waters and 

sediments (e.g., Muholland et al., 2012; Fulweiler et al., 2013; Brown and Jenkins, 2014), the overall 

extent of estuarine N2 fixation on a global basis may be potentially large and a more exact 

quantification of this term is warranted.  
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4. Conclusions  

 The results of the present study are in conformity with the pattern emerging from other 

estuarine systems around the world indicating that N2-fixation is an important and perhaps an 

overlooked source of N in estuaries and coastal waters that are rich in nitrogenous nutrients. It also 

highlights how two adjacent systems could differ significantly in terms of both primary production 

and N2-fixation presumably due to minor differences in physico-chemical characteristics. Thus, large 

spatial and temporal changes in N2 fixation and its response to human activities are to be expected. 

One important process that seems to affect carbon and nitrogen fixation in the estuaries studied in the 

present study is water turbidity. Changes in land use, runoff (especially mining waste in the case of 

the Mandovi-Zuari estuarine system), winds and navigation/fishing activities greatly influence 

turbidity of waters of the Indian estuaries, thereby potentially controlling biogeochemistry of these 

systems including N2 fixation. Additional work including N2 fixation measurements as well as 

characterization of the diazotrophs is needed to achieve a more complete understanding of 

biogeochemistry of Indian estuaries. 
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Figures legends: 

 Fig.1. Map showing study locations in Mandovi and Zuari estuary 

Fig. 2. Spatial distribution of Chlorophyll a in Mandovi and Zuari estuary 

Fig. 3 Carbon uptake rates in Mandovi and Zuari estuary (S: surface, B: Bottom)  

Fig. 4 Nitrogen fixation rates in Mandovi and Zuari estuary (S: surface, B: Bottom), 

Note the scale range and break at Y-axis. 



10 

 

 

 

 

Fig.1 



11 

 

 

Fig.2 



12 

 

 

Fig.3 



13 

 

 

 

 

 

Fig.4 

 




