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The world’s largest mangroves ecosystem, the Sundarbans, being highly productive and a place for extensive organic matter cycling, is considered to be the hotspot for biogeochemical studies in the tropical estuarine environment. Hence, the spatial and temporal dynamics of the biogenic gases (CO2, CH4, and N2O), also known as radiatively active gases, were measured in mangrove-dominated estuaries of the system. In addition to spatial and seasonal observation, three full tidal cycles were observed at one site. Results showed that the air/water gas saturations were widely distributed and highly variable along the stretch. The gas saturations showed varying responses to salinity and tidal fluctuations. This indicated that localized biogeochemical processes may be more influential than simple mixing and dilution processes in controlling the variability of these gases. The surface waters were always supersaturated with CH4 (Up to 13,133%) relative to the atmosphere. However, N2O ranged from 8 to 1,286% and CO2 from 30 to 2075%. N2O fluxes were ∼4.8 times higher in the pre-monsoon than the post-monsoon. CH4 fluxes were ∼3.6 times higher in the pre-monsoon than both the monsoon and the post-monsoon. CO2 fluxes were ∼10 times higher in the monsoon than both the pre-monsoon and the post-monsoon. The seasonality in the gas saturation could be linked more to the availability of substrates than physicochemical parameters. Overall, air/water CH4 fluxes varied maximally (0.4–18.4 μmol m−2 d−1), followed by CO2 fluxes (−0.6–10.9 mmol m−2 d−1), and N2O fluxes varied the least of all (−0.6–5.4 μmol m−2 d−1). Interestingly, CH4 and N2O fluxes were positively correlated to each other (p < 0.05), suggesting organic matter decomposition as the key factor in the production of these two gases. Finally, these water–air CO2, CH4, and N2O flux estimates show that the estuaries are a modest source of CH4 but fluctuate between sources and sinks for CO2 and N2O gases.
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INTRODUCTION
Rapid changes in the global climate being of primary concern have recently led to investigations regarding the recent developments in the phenomenon of radiative forcing. Currently, the global mole fractions of the gases are at an all-time high (IPCC, 2014). According to IPCC 2014, particularly, the concentrations of the major greenhouse gases like carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) have been major contributors in radiative forcing, more than solar radiation. The radiative equilibrium of the Earth can be influenced by CO2, CH4, and N2O, causing a net gain of solar energy by the atmosphere, particularly infrared radiation (IR), which eventually causes warming. These greenhouse gases can, therefore, be termed alternatively as radiatively active gases or RAGs.
Detailed accounts of each of these gases have since been obtained from studies first carried out in the oceans and seas (Bange, 2008; Forster et al., 2009). It is imperative to quantify CO2, CH4, and N2O because the global greenhouse gas flux budget needs accurate information on the contribution of these gases (Khalil et al., 2002; Wuebbles and Hayhoe, 2002).
Natural sources of N2O and CH4 account for an estimated 44%–54% of N2O emissions (9.6–10.8 Tg y−1 N2O) and 30%–40% of CH4 emissions (150–237 Tg y−1 CH4) (IPCC, 2014). In the global list, tropical soils and wetlands make for significant natural sources, contributing approximately 22%–27% (N2O) and 24% (CH4), respectively, toward this list (Griggs and Noguer, 2002; Whalen, 2005). Spatial emission studies in tropical and subtropical estuarine systems suggest that these areas serve as strong sources of atmospheric CH4, N2O, and CO2 (Guo et al., 2009; Musenze et al., 2014). On the other hand, reports of relatively pristine river-dominated Tay Estuary, United Kingdom (Harley et al., 2015) revealed lower annual emission of RAGs, contradictory to that usually estimated for European estuaries. Again, flux estimation in the Tubul-Raqui estuary, central Chile (36°S) (Daniel et al., 2013) showed that the estuary acts as a sink for N2O but a source for CH4 and CO2. These estimates are teeming with uncertainties when considering distinct environmental features of each estuarine system, such as the extent of stratification, anthropogenic influence, nitrogen budget, and tidal influence (Barnes and Upstill-Goddard, 2011; Alberto V; Borges, 2011; Ivens et al., 2011; Crosswell et al., 2012; Laruelle et al., 2013). Although these areas have notably contributed to the global estimate for RAGs, the values may have been overestimated in most cases, since nutrient-impacted estuaries and macrotidal estuaries have been more in focus for global estimation than their pristine counterparts (Frankignoulle et al., 1998).
In mangrove-dominated estuaries, a significant amount of organic matter, both in dissolved and particulate forms as well as dissolved nutrients, is added to the estuarine water column, resulting in a very complex and dynamic environment for the nutrients. This is because mangroves reportedly store 937 t C ha−1 organic matter in soil with a mean global burial rate of 174 g C m−1 y−1 (Alongi, 2012). These estuaries also have high concentrations of suspended particulate matter (SPM) relative to adjacent coastal waters. The interaction of nutrients and other dissolved species with these particles is an important biogeochemical process in these waters. This SPM is derived from river inputs or resuspension or imported from adjacent coastal waters with a minor contribution from atmospheric inputs.
Microbial processes in the mangrove sediments and water column regenerate organic matter and release dissolved nutrients back to the water column by consuming these suspended particles and organic-rich aggregates. This organic matter regeneration process utilizes dissolved oxygen. This leads to hypoxic, or sometimes anoxic, conditions favoring anaerobic microbial processes like methanogenesis and denitrification. These processes release trace gases like CH4 and N2O, respectively. The presence of a constant tidal activity helps accumulate large amounts of organic matter in the sediment. This, in turn, prompts redox conditions in the sediment, intensifying the anaerobic processes. Methanogenesis is one of the terminal processes of the anaerobic degradation of carbon. Environments with a high input of organic carbon and less competition from oxidants such as O2, NO3−, Mn4+, Fe3+, and SO42- particularly favor methanogenesis. Estuaries are known to be low in SO42− concentrations and are hence favorable for methanogenesis (Middelburg et al., 2000). N2O production via denitrification may be reduced if O2 and NO3− are absent; N2O is consumed by denitrifying bacteria as the terminal electron acceptor. The combined effect causes the sediment porewater to be enriched with CH4 and N2O, which, finally through advective transport, enriches the level of those gases in the estuarine water column. Denitrification can also occur in the water column alongside nitrification, where NH4+ is oxidized to NO2−, releasing N2O as a byproduct (Bange, 2008). Both the processes rely heavily on the available dissolved oxygen content (Brase et al., 2017). CH4 and N2O are important biogenic trace gases and together account for ∼20% enhanced greenhouse forcing (Forster et al., 2009). Current best estimates are that marine waters provide <5% of tropospheric CH4 and 29%–55% of tropospheric N2O; the highest contributions are from estuaries and shallow coastal shelves (Seitzinger and Kroeze, 1998).
For our study, we have stressed 1) the distribution of CO2, CH4, and N2O, the three major radiatively active gases (also called greenhouse gases) in water, and 2) their flux dynamics in the Indian Sundarban, comprising the Saptamukhi-Thakuran-Matla estuarine region concerning spatial, diel, and seasonal variability. The chosen area is a comparatively pristine buffer zone with no previous reports based on wide spatial coverage of the three RAGs together. Hypothesizing the fact that these estuaries are a source of CO2, CH4, and N2O, the dissolved concentrations were used to calculate the air/water fluxes for each station. The findings from our study can be contributory to further research on the biogeochemical processes related to the production of CO2, CH4, and N2O in the Indian part of Sundarban.
MATERIAL AND METHODS
Study Site
The Indian Sundarban estuaries, about 40% of the total Sundarban shared between India and Bangladesh, are situated on the northeast coast of India and drain into the Bay of Bengal. The estuary has an area of 1,800 km2 (Dutta et al., 2019) with a tidal range of 4.32 and 5.58 m (Chatterjee et al., 2013). The intertidal area is 45% of 4,260 km2 (Dutta et al., 2017). Overall, the estuaries have a mean depth of ∼6 m (Dutta et al., 2019) with a semidiurnal tide pattern and limited freshwater supply, making the estuaries marine dominated (Dutta et al., 2015). The estuaries receive partial anthropogenic inputs in the monsoon. The mean annual rainfall is 1,973 mm, most of which is received by the area between the months of June and September (Ray et al., 2013).
The Indian part of Sundarban stretches for approximately 50–70 km from the north to the southern margin of the Bay of Bengal and 140 km from east to west. For the study, the estuaries Saptamukhi, Thakuran, and Matla were chosen as they have several interconnected channels exhibiting the semi-diurnal tidal nature and forming a major part of the Indian Sundarban estuaries (Sanyal et al., 2020).
The Saptamukhi estuary, located at 21.604°N and 88.352°E, shows a tidal range of 1.8–5.2 m (Mukhopadhyay et al., 2006). It is about 41 km long and 10 km wide. It receives a considerable amount of inputs from agricultural lands and other anthropogenic sources via run-off but has no perennial source of freshwater. Several mangrove-dominated islands, some of which also have human settlements, flank the waters. Its eastern part is stronger and widens in its last 10 km to the Bay of Bengal.
With similar tide conditions and mangrove-dominated islands, the Thakuran estuary is located at 21.658 °N and 88.492°E. About 62 km long and 10 km wide, this estuary is situated close to the Bay of Bengal. The mouth of the Thakuran estuary is vulnerable to bank erosion. The mid-channel bars show varying sediment compositions ranging from mud to sand (Das, 2016).
Of the two estuaries, the Matla estuary (21.603°N, 88.655°E), runs the longest distance from Canning to the Bay of Bengal. At its head, human settlement and agriculture are now common activity. Currently subject to heavy sedimentation, its depth has shortened considerably to about 2–6 m (Akhand et al., 2021). The mouth of the estuary is about 26 km wide, which allows substantial amounts of marine waters of the Bay of Bengal to flow in at high tide. The present conditions of the Matla suggest that both human intervention and forces have led to a considerable reduction in its freshwater supply.
Water Sampling and Analysis
Water samples from the estuaries were collected for the measurement of physicochemical parameters and RAG concentrations from a hired mechanized boat from 31 stations from April 2016 to August 2019 (Figure 1). On sampling occasions of July 2017, June 2019, and August 2019, the sampling was conducted over a 24 h period, with samples collected every 2 h, at one site (site 27), Lothian island, located at the confluence of the Saptamukhi estuary and the Bay of Bengal (Biswas et al., 2007), to assess the temporal variation over three full tidal cycles and compare them. Water samples were collected using 5 L Niskin bottles (OceanTest Equipment, Fort Lauderdale, FL, USA). Subsamples for dissolved oxygen (DO), nutrients (nitrate and ammonium), chlorophyll-a, and total alkalinity were collected in triplicate Niskin sampling at all stations.
[image: Figure 1]FIGURE 1 | Map of the study area showing points off observation in the Indian Sundarban region.
Water temperature and salinity were recorded using a conductivity–temperature–depth profiler (SBE 19 plus; Sea-Bird Electronics, Bellevue, WA, USA) (±0.005 standard deviation) and deployed bi-hourly for diurnal observations. DO was sampled in 125 ml glass DO bottles and estimated by Winkler’s titrimetric method with ±3.6 µM standard deviation between duplicates. Nutrients were filtered in GF/F 0.45 µm filter papers and filtrates analyzed as per standard protocols (Wangersky, 1978) at ±0.02 µM standard deviation. Chlorophyll-a (chl-a) subsamples were collected in 500 ml HDPE dark bottles and filtered using 47 mm GF/F filter papers (pre-combusted at 350°C for 4 h), which were later stored in Cryochill™ vials and transported back to the laboratory in a liquid nitrogen can. Subsequently, chl-a was measured using the spectrophotometric method (Parsons et al., 1984) with an analytical precision of ±2.5%. pH (NBS scale) and water temperature were measured onboard immediately after sampling using Ross combination electrode pH meter (Orion Star A211) fitted with an additional water temperature sensor. Total alkalinity (TA) was measured after bringing the samples back to the laboratory preserved in 60 ml polypropylene bottles with 30 µl saturated mercuric chloride (HgCl2), using the potentiometric titration method in an open cell at 25°C at 0.78% uncertainty (Steven Bouillon et al., 2003; Chou et al., 2013) when tested against Dickson Standard (CRM131-0,215). Unfiltered DIC samples were determined using a coulometer (Model Coulometer CM5017; UIC Inc., Joliet, IL, USA). The mean relative uncertainty of DIC was found to be 4.6% when tested against the same Dickson Standard. Wind speed was logged continuously using Weather Station (Davis Vantage Pro2, USA) fitted on the roof of the boat at 10 m above.
Measurement of Dissolved CO2, CH4, and N2O
Gas concentrations were determined using the headspace method in surface water sampled in triplicate at ∼0.5 cm from the surface waters from each study point. The water samples were collected in 60 ml borosilicate vials right after the collection of DO samples. Samples were preserved immediately from microbial activity using 30 µl saturated mercuric chloride (HgCl2) and sealed using a rubber septum and aluminum cap. CH4 and N2O were analyzed on a Trace 1,110 gas chromatograph (M/s. Thermo) with a built-in flame ionization detector and an electron capture detector for [N2O] was used for the determination of dissolved gas concentrations. Concentrations were determined from the peak areas of a set of two standard gas mixtures (CH4/N2O: 183/0.517; 414/1.0 ppm) with an accuracy of ±5%. The dissolved concentrations were expressed as nmol L−1 for CH4 and N2O (Bange et al., 2019). The standard runs were included before and after the analysis. The concentrations of dissolved (and expected saturation percent concerning atmospheric concentration) CH4 and N2O were calculated from the concentrations measured from the headspace using solubility coefficients as a function of temperature and salinity given by (Wiesenburg and Guinasso Jr, 1979; Weiss and Price, 1980). Saturation percents for the gases were determined as the ratio of the concentration of the dissolved gas and the expected atmospheric equilibrium water concentrations.
The partial pressure of dissolved CO2 was expressed as µatm and obtained from CO2SYS software (Excel version 2.3) using the TA-DIC couple, dissociation constants of salinity range 0–40 (Cai and Wang, 1998), and KHSO4 constant (Dickson, 1990). The propagated uncertainty of the calculated pCO2 was found to be 2.1% (Hoppe et al., 2010; Orr et al., 2018).
Calculating CO2, CH4, and N2O Air/Water Fluxes From the Estuaries
The air/water gas fluxes (WA-FGas) were calculated using
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where ki (cm h−1) is the gas transfer velocity, [Gas]w (nmol L−1) is the dissolved gas concentration, and [Gas]eq (nmol L−1) is the dissolved concentration at equilibrium with the appropriate atmospheric concentration. As k was not measured in our study, gas fluxes were estimated, applying four parameterizations of k based on their widespread use in the literature (Clark et al., 1995; Raymond and Cole, 2001; Ho et al., 2011; Wanninkhof, 2014).
C95: Clark et al. (1995): 
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RC01: Raymond and Cole (2001): 
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H11: Ho et al. (2011): 
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W14: Wanninkhof (2014): 
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where k600 is the gas transfer velocity of CO2 normalized to 20°C (cm h−1) and u10 is the mean wind speed (m s−1) of each month of the sampling campaign, calculated from the continuous wind speed measured daily using a Davis Vantage Pro2 portable weather station (United States). The “a” in H11 equation was considered 0 based on the depth and the dimension of the estuary studied (Akhand et al., 2021). The water temperature and salinity influence the gas transfer velocity, which again differs among gases. From the obtained values of k600, ki was calculated at the observed temperature and salinity in the field measurements following the method of Ferrón et al. (2007a):
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Sci is the Schmidt number, the ratio of the kinematic viscosity of water to the diffusivity of the gas, and is calculated using the method of Wanninkhof (2014), assuming that Sci varies linearly with salinity and ki is directly proportional to Sc−0.5 (Ferrón et al., 2007b; Harley et al., 2015). The fluxes were expressed in mmol m−2 h−1 for CO2 and in μmol m−2 h−1 for CH4 and N2O.
The calculated k values were then used to obtain the gas flux density using Eq. 1 and extrapolated to the total estuarine area of 1,800 km2 (Dutta et al., 2019) by multiplying the total estuary area to the mean flux density (n = 244) and expressed as yearly emission. The fluxes were also expressed as CO2 equivalents by multiplying emissions by their global warming potentials (GWPs); 1 for CO2, 28 for CH4, and 265 for N2O.
Analysis of Sediment/Air and Sediment/Water RAG Fluxes From Intertidal Sediments
The fluxes (CO2, CH4, and N2O) from the intertidal sediments of the mangrove systems were done by collecting the gas samples by using the ‘manual closed chamber method’ (Bhattacharyya et al., 2013a, 2016) at site 27 close to the Saptamukhi estuary. Chamber deployment was not allowed in other sites due to government restrictions. In this method, the gas samples for RAG fluxes (CO2, CH4, and N2O) were collected from the Perspex chamber (53 × 37 × 51 cm3) set at the lower, middle, and upper littoral zones respectively at each study site. A battery-operated air circulation pump with an air displacement of 1.5 L min−1 was connected to a polyethylene tubing to mix the air inside the chamber and draw the air samples into a plastic syringe (Bhattacharyya et al., 2013b) at 0,15, and 30-min intervals. For this system, gas samples were collected in presence of the pneumatophores in sediments. The gas samples were collected at 20 locations within the site with three replicates. The RAG concentrations were then analyzed by using gas chromatography (Model no: Trace 1,110 Gas Chromatograph; M/s Thermo).
The sediment/air RAG flux was calculated following the method of (Collier et al., 2014; Kahmark and Millar, 2020). The slope of T0, T15, and T30 concentrations over time was determined, in ppmv min⁻1, equivalent to μl l⁻1 min⁻1. The slope was designated as αv. This slope was converted to the unit of mass designated as αm, in μg l⁻1 min⁻1 and corrected for field temperature applying the ideal gas law:
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where: αm is µg RAG l⁻1 min⁻1; M = molar weight of RAG (44 μg μmol−1 CO2 or N2O or 16 μg μmol−1 CH4); p = 1 atm (standard atmospheric pressure); R = universal gas constant = 0.0821 μl atm µmol⁻1 K⁻1; T = field temperature, in K = °C + 273.
The flux (SA-FGas) of RAG was then calculated as µg RAG m⁻2 h⁻1 using the following equation:
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where: αm is µg RAG l⁻1 min⁻1; V is the volume of the gas in the chamber in l; and A = sediment surface areas covered by the chamber in m2. The fluxes were finally expressed in terms of moles to ease the comparison with the air/water RAG fluxes.
To verify the influence of intertidal areas on the RAG fluxes in the estuary, porewater samples were collected from 1 m deep pit holes made into 14 locations using a steel corer in the intertidal zones around sites 17, 19, and 27 on the sampling occasions of April 2019, June 2019, and August 2019. The porewater samples were collected into 500 ml PVC bottles using a manually operated suction pump. Porewater salinity was also measured using the Mohr–Knudsen method. RAG concentrations were measured using the same gas chromatograph from the porewater samples to calculate the advective transport of the gases from sediment porewater to adjacent estuarine water on sampling occasions. The advective transport was then calculated using the formula: 
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where d = specific discharge and [Gas]ISW = porewater RAG concentration in the sediment (interstitial water). The mean specific discharge of 0.006 cm min−1 (Dutta et al., 2015) was used to calculate the FISW. The fluxes were expressed in terms of moles.
Statistical Analyses
Statistical analysis was performed using Minitab version 18. A seasonality index was produced by splitting the data into two groups: late monsoon/post-monsoon (December 2018, November 2016, December 2018, January 2019, and January 2020) and pre-monsoon/early monsoon (April 2016, May 2017, June 2017, July 2017, October 2017, March 2018, September 2018, April 2019, June 2019, and August 2019). Given its six-month-long duration, the monsoon period was subcategorized into early and late monsoon to address differences in gas saturations within the period. The pre-monsoon/early monsoon means were divided by the late-monsoon/post-monsoon means to derive the seasonality index for the estuary and each sampling site. Index values close to 1 would indicate little seasonal difference, while values above 1 would mean higher gas saturations in pre-monsoon/early monsoon than late monsoon/post-monsoon (Harley et al., 2015). Significant differences between the two pairs of saturation were tested with two-sample t-tests. A two-way analysis of variance was also applied on the gas saturations, air/water, and sediment/water fluxes based on estuary and season as factors to assess the spatial and seasonal variability, while light and tide were factors (high tide or low tide) chosen to assess the tidal variability. Spearman rho correlation coefficients were then calculated to examine relationships between the measured gas saturations and other physicochemical parameters. In addition, the stepwise regression of gas saturation with other physicochemical parameters was performed to discern the key factors controlling the variability of the gas saturation.
RESULTS AND DISCUSSION
Spatial Pattern
All the gases and the associated physicochemical parameters of the estuaries showed random distributions against distance from the mouth of the estuary (Figure 2). This meant that no distinct increasing or decreasing pattern was found in the gases and the parameters that suggest little hydrological differences between the three estuaries, owing to their well-mixed nature (Dutta et al., 2015).
[image: Figure 2]FIGURE 2 | Scatter plots showing CO2, CH4, and N2O saturation and estuarine physicochemical parameters measured from the head to the mouth of the Indian Sundarban estuary between April 2016 and January 2020. The x-axis represents the distance from the mouth of the estuary. Blue dots represent observations from pre-monsoon (PRM), red dots represent early monsoon (EM), green for late monsoon (LM), and black dots are for post-monsoon (POM).
N2O saturations ranged from 8 to 1,286% (Figure 2). However, the majority of the saturation values lay within 400%. The distribution was random throughout the extent of the study area, corroborating the studies on N2O that identify the gas as spatially heterogeneous (Murray et al., 2015). According to sampling campaigns, maximum saturation could be observed in June 2019 (mean of 473%), while the minimum mean saturation of 180% was recorded in November 2016. Being an organic material-rich system, which receives a huge mangrove litterfall and marine algae as significant ways of nutrient input via tidal pumping (Sanyal et al., 2020), the overall mean N2O saturation percent of 317 ± 134% in the Indian Sundarban was higher than those of the Arabian Sea (mean of 186 ± 37%) (Naqvi and Noronha, 1991) and the Bay of Bengal (81 ± 6%) (Rao et al., 2013a). The means of N2O% saturation of the three estuaries showed significant differences (F = 4.25; p = 0.015). The saturation was higher in the Saptamukhi (mean of 352 ± 176%) than in the other two (Thakuran: 284 ± 119% and Matla: 302 ± 112%) estuaries. This could be due to the anthropogenic input in the form of run-off from the agricultural lands close to the Saptamukhi estuary (Dutta et al., 2015), which brings in nitrogenous fertilizer waste, adding to the inorganic nitrogen substrate in the estuary (Ray et al., 2014). Furthermore, a portion of the anthropogenic-influenced Hooghly estuary flows into the Saptamukhi estuary (Sanyal et al., 2020) bringing in more inorganic nitrogen material. Coupled together, these two inputs may have enhanced N2O production in the Saptamukhi estuary, thereby increasing its N2O% compared to the other two estuaries.
Indian Sundarban estuaries showed higher average N2O% than other Indian estuaries, which showed an average N2O% ranging between 108 ± 53% and 292 ± 150% (Rao and Sarma, 2013b). Unlike other Indian estuaries that experience high flushing time during discharge along with adequate freshwater supply to wash away most of the fertilizer waste accumulated in the waters, the Sundarban estuaries receive a limited freshwater discharge that causes the materials to linger in the system, thus facilitating N2O production. Similar to the pattern of N2O in other Indian estuaries (Rao and Sarma, 2013b), the overall significant positive correlation between N2O% and NH4+ along with water temperature, salinity, and chl-a concentrations and negative correlation with O2 concentration in the Indian Sundarban estuaries suggest that estuarine nitrification is a possible pathway for N2O production. A stepwise regression between N2O% and the key physicochemical parameters as independent variables resulted in salinity, O2 concentration, and pH being significant factors (p < 0.05) on N2O% (N2O% = 1,310 + 5.77 S—0.886 [O2]—120.8 pH; R2 = 29.9%). However, these parameters could explain only about 30% of the variability in N2O%, implying the contribution of other external factors that influence N2O in the Sundarban estuaries.
CH4 dynamics have been studied in great detail in previous studies on the Indian Sundarban estuaries (Biswas et al., 2007; Dutta et al., 2013, 2015; Dutta and Mukhopadhyay, 2016). CH4 concentration in the Indian Sundarbans has been suggested to be exogenous (Biswas et al., 2007; Dutta et al., 2015); in other words, advective and diffusive transport of CH4 from the sediment to the estuary dominates the CH4 concentration in the estuary waters. The mean (3,280%) measured in our study is within the range of mean values reported from another study in the Saptamukhi (2,483.02 ± 50.18 to 3,525.45 ± 1,053.72) (Dutta et al., 2015). The range (1,020%–13,844%) is narrower than the values reported for other Indian estuaries (180%–22,340% (Rao and Sarma, 2016)). Similar to N2O, there was no spatial pattern in CH4 saturation as well (Figure 2). The saturation values were highly random throughout the study area. The saturation range was dispersed over the entire study area, with no specific increasing or decreasing pattern from the head to the mouth of the estuary. The lack of a steady pattern in the distribution of CH4 saturation indicated that the degradation of organic matter loads varied among study points along with varying advective transport rates from the adjacent intertidal sediments. The advective signal coupled with well-mixed nature finally rendered the CH4 distribution as random.
CH4 saturation, in general, was significantly correlated with all physicochemical parameters for our study period (Table 1) suggesting that estuarine physicochemical water parameters played a significant role in controlling CH4 dynamics in addition to the advective transport of CH4 from the intertidal sediments. Contrary to previous studies, CH4 saturation and salinity, in general, were found to be positively correlated in our study for a salinity range from 11.9 to 31.9. This could be due to highly saline porewater from the intertidal areas entering the estuary waters (range: 19.8–54.2 for our study period). This positive correlation between CH4 saturation and salinity for our system is in contrast to other Indian estuaries where freshwater acts as a significant source for CH4 (Rao and Sarma, 2016). A further stepwise regression on CH4% pinpointed water temperature, salinity, pH, NO3−, and DIC to be significant factors (p < 0.05) in controlling its dynamics (CH4% = 6,911 + 79.2 WT (°C) + 101.3 salinity—848 pH + 71.4 NO₃ + 55.9 NH₄ - 1.417 DIC; R2 = 30.7%) although only about 30% of the variability could be attributed to these parameters.
TABLE 1 | Spearman’s correlation coefficient for pooled data (n = 225) and by seasons (n = 57) (values marked in bold are significant (p < 0.05).
[image: Table 1]CO2 dynamics have also been studied exhaustively in the Indian Sundarbans in recent years. Throughout the study period, CO2 saturation ranged from 30 to 2,075% (n = 229). A few of the measurements indicated undersaturation ranging from 30 to 98% (n = 54), while the majority of the estuary waters was predominantly supersaturated with CO2, with supersaturation ranging from 101 to 2,075% (n = 175). The highest CO2 saturations were in June 2019 (mean of 471%) and the lowest in January 2020 (mean of 48%). Our range of CO2 saturation is much larger than those reported in the earlier studies [76%–156%, Thakuran estuary, and 81%–289% Matla estuary (Akhand et al., 2021; Akhand et al., 2021b)]. The difference could be due to larger spatial coverage than the previous studies. The distribution of CO2 saturation per cent in the Indian Sundarban estuary did not vary among the estuaries (Figure 2). The CO2 saturation at most data points was within 200% throughout the stretch of the study area (Figure 2), with few points going beyond 500%. The moderate level of supersaturation is also due to a lack of adequate supply of CO2-rich freshwater from rivers as observed in a recent study in the Matla estuary (Akhand et al., 2021b). However, 1,000%–1,500% of CO2 saturation values were recorded at site 27 between 20 and 30 km (Figure 2) in the early monsoon month. Such high values could be a result of CO2-rich freshwater draining into the system in addition to the advective transport of CO2 from the intertidal areas into the adjacent estuary waters.
On the spatial scale, CO2% showed a positive correlation with water temperature, salinity, NO3−, and DIC concentrations. CO2%-pH negative correlation is typical of the carbonate system where the CO2 saturation regulates the pH of the system. The CO2%-O2 and CO2%-chl-a correlations are mainly the results of increased turbidity in the estuary waters in the monsoon on receiving adequate organic material from the adjacent intertidal zone to perform microbial degradation. With increased transparency in the estuarine water in the post-monsoon along with the rise in the phytoplankton bio-volume (Biswas et al., 2004), CO2 is consumed during photosynthesis, which explains the low levels of CO2 saturation in the waters in January 2020. The stepwise regression of CO2% with the physicochemical parameters narrowed the influencing factors to salinity, pH, and chl-a of the estuary waters, which explained 35% of the CO2% variability (CO2% = 4,431—6.17 salinity—499.2 pH—19.6 chl-a; R2 = 35.3%).
CH4 and CO2 have been observed to show a positive relationship in well-mixed estuaries, meaning the increase in allochthonous carbon inputs could raise the rates of organic matter decomposition, thus increasing the production of the two gases (Borges and Abril, 2012). A positive correlation between N2O% and CO2% in the estuaries implies that the factors that influence the production of these two gases could be common ((Harley et al., 2015). In our study, both N2O% and CH4% were positively correlated to CO2%, suggesting that both the gases were produced via the decomposition of the organic material obtained from advective transport from the intertidal areas adjacent to the estuaries (Sierra et al., 2020). The correlation between N2O% and CO2% suggests that denitrification occurring in the intertidal sediments may also be of interest in discussing the dynamics of N2O for this system (Harley et al., 2015).
Tidal Pattern
Only one site in the Saptamukhi, the Lothian Island, was chosen to carry out three tidal observations to assess the tidal pattern of the gases. Several studies have been conducted on this site (Dutta et al., 2019; Ray et al., 2013), considering its position at the confluence of the estuary and the Bay of Bengal and its stable condition that provides a better tidal observation. Comparing the three tidal cycles (Figure 3), it was observed that the approximate tide heights were similar, thus confirming stable tidal variation at the site. The salinity did not show a significant difference between high tide (mean of 23.6 ± 5.5) and low tide (mean of 22.0 ± 6.1). The mean N2O% varied between 248 and 623% during the tidal cycles. Considering the average of the three tidal cycles, no clear pattern was observed between the N2O saturation values and the salinity of the tidal variation. The values did not vary among tidal cycles as well. Neither light nor tide conditions showed any significant influence on the N2O saturation, suggesting that intertidal sediments were not the only contributor to N2O%. The average tidal variation of estuarine DIN was well aligned with the average N2O tidal variation (Figure 3C), further providing an evidence of nitrification. An evidence of microbe-mediated nitrification has been observed in the water column (Mukherjee et al., 2020). Taken together, this means that the in situ N2O production occurs within a short time frame and the well-mixed nature of the estuary homogenizes the N2O% in the waters.
[image: Figure 3]FIGURE 3 | Mean gas saturations and water chemistry across an average of three full tidal cycles at site 27, near Lothian Island in the Indian Sundarban estuary. Error bars equal the standard error of the mean (n = 3).
Since the observations were carried out only in the early monsoon months, it is not clear what the response of N2O might be to tidal variation in the pre-monsoon or post-monsoon months.
In contrast, across the full tidal cycles, high CH4 saturation corresponded to low tide conditions. This indicates that tidal pumping brings in CH4 produced in the sediments to the water column. Similar findings can be cited where, despite no freshwater inputs, the system showed high CH4 concentrations at low tide (Bouillon et al., 2008). Although there was not much statistically significant difference in mean salinity between the high tide salinity and low tide, Figure 3 shows that higher CH4 saturation corresponded with lower salinity at low tide, opposite to what was observed at the spatial scale. The mean CH4% varied between 3,249 and 4,582% considering all three tidal cycles.
CO2% too showed a clear tidal variability (F = 4.72; p = 0.037) (Figure 3). The tidal pattern of CO2% varied even with each tidal cycle (F = 7.49; p = 0.002) with higher saturations at low tide. The mean CO2% varied between 103 and 574%. However, light conditions did not affect its variability. This suggests that the variability of CO2 cannot be detected at the spatial scale but is more prominent at the temporal scale, thus corroborating with the diurnal studies on CO2 dynamics in the Indian Sundarban (Dutta et al., 2019; Akhand et al., 2021). For all three cycles, the increase in CO2 saturation at low tide can be attributed to the advective transport of porewater CO2 in the waters mixing with the estuarine waters. The association of O2 and chl-a with CO2 saturation observed on the spatial scale was not found on the temporal scale. This ambiguity in the CO2–physicochemical parameter relationship further implies that assessing CO2 variability at the temporal scale may prove effective to study its dynamics and biogeochemistry.
Seasonality
The distribution of the key water parameters, water temperature, salinity, and O2 concentration showed a prominent seasonality (Figure 2). In response to this seasonality, the seasonality index scores of the gas saturations are depicted in Figure 4.
[image: Figure 4]FIGURE 4 | Seasonality index (mean pre-monsoon/early monsoon gas saturation divided by mean late-monsoon/post-monsoon saturations) along the estuary. Study points have been clustered into upper, mid-, and lower regions of the Saptamukhi (SU, SM, SL); Thakuran (TU, TM, TL); and the Matla (MU, MM, ML) for an overview of the seasonality index. Values above a seasonality index of 1 indicate higher pre-monsoon/early monsoon saturations.
The seasonality index of N2O% was, however, found close to 1 (range: 0.8–1.7). This indicates that the N2O dynamics in the Indian Sundarban are not entirely influenced by the seasonality of the environmental variables. Rao and Sarma (2013b) showed that the east coast estuaries have higher N2O concentration in the dry period, owing to higher temperatures that enhance the bacterial production of N2O, while the west coast estuaries did not show any seasonality. Considering most of the significant correlation of N2O% with several physicochemical parameters that occurred in the early monsoon and the late monsoon (Table 1), it can be said that the monsoon season influenced N2O saturation in the Indian Sundarban. N2O% was the highest in the early monsoon (mean of 386 ± 174%). However, it decreased gradually in the late monsoon (mean of 269 ± 104%) to post-monsoon (231 ± 66%), possibly with receding freshwater discharge. In the pre-monsoon, N2O% rose to 311 ± 87%. The increase in saturation in the early monsoon may have been due to advective transport brought in by monsoonal discharge that augmented the water column nitrification. The cause of least mean N2O% in the post-monsoon may be attributed to the negative overall correlation of O2 concentration with N2O. The rise in O2 concentration to a maximum in the post-monsoon (mean of 240 µM) may have limited N2O production in the waters by facilitating its transformation to NO3− instead of nitrification.
For CH4, the seasonality index score was always above 1, indicating visibly higher pre-monsoon/early monsoon CH4 saturation than its late-monsoon/post-monsoon counterpart for our study. The index score was the highest in the mid-Saptamukhi region, suggesting significant sources of CH4-rich water from the adjacent mangrove swamps (Biswas et al., 2007) within this region that are most active in the pre-monsoon/early monsoon period. However, previous studies, which also pinpointed the high seasonality of CH4 in the estuaries of the Sundarban mangroves, had observed peak CH4 concentration in the post-monsoon period (Biswas et al., 2007). Those studies attributed this high concentration to methane production from phytoplankton bloom (Biswas et al., 2007). For our study, the reversal in seasonality can be attributed to the high mean CH4 saturations in June 2019 and August 2019 than other sampling months (Table 1). The reversal could also be due to the positive correlation between chl-a (an indicator of primary productivity) and CH4% in the early monsoon season (Table 2). Such a correlation suggests that the conditions were favorable for the phytoplankton to produce CH4 (Biswas et al., 2007). The seasonal dynamics in CH4% in the entire estuary can also be justified by the seasonal changes in temperature and O2 concentrations affecting the microbial methanogenesis process in the intertidal sediments since CH4% was significantly positively correlated with water temperature and negatively correlated with O2 (Table 1). Similar observations have been found in the Tay Estuary, United Kingdom (Harley et al., 2015).
TABLE 2 | A. Annual emission estimation of air/water RAG emission with global warming potential and B. Seasonal emission estimate of air/water RAG emission integrated from the flux estimates calculated from four different parameterizations of gas transfer rate.
[image: Table 2]Although CO2 saturation showed significant seasonality (F = 6.56, p = 0.00), considering the site clusters of the upper, middle, and lower regions in each of the Saptamukhi, Thakuran, and the Matla estuaries, there was no significant difference between the pre-monsoon/early monsoon and the late-monsoon/post-monsoon saturations as per the t-test. This pattern was also observed for the relationships of CO2 saturation with physicochemical parameters (Table 1). In general, CO2 saturation was significantly correlated with several physicochemical parameters like water temperature, oxygen concentration, pH, NO3−, DIN, and chlorophyll-a (Table 1). However, the correlations varied between seasons, and most of the correlations became nonexistent beyond early monsoon (Table 1). For instance, the CO2%–water temperature positive relationship was present in general, but there was no significant relationship in the late-monsoon and post-monsoon season. Similarly, the CO2%–O2 negative relationship was significant in general (Table 1) and from the pre-monsoon to the early monsoon. Late monsoon onwards, the relationship lost its significance.
Seasonal Variation of the Advective Transport and Emission of the RAGs From the Intertidal Sediment
Several studies have already established that the Indian Sundarban estuaries receive organic materials from the adjacent intertidal areas. In this regard, the seasonal variation is regarded as one of the prominent factors influencing RAG emissions from the mangrove swamps (Padhy et al., 2020). In our study, we attempted to estimate the emission of the RAGs from the intertidal areas of the mangrove swamps to relate to the influence of porewater RAGs on the estuary-dissolved RAGs. The advective transport of the porewater-dissolved RAGs from the intertidal sediment to the adjacent waters of the estuaries was estimated to assess their impact on the gas saturation. Figures 5A–C compare the means of the advective transport of the gases for pre-monsoon and monsoon, and Figures 5C–E compare the means of the gas emission from the mangrove sediment for site 27. Only seasonal comparison has been made using the transport rates from all the three estuaries since the transport rates did not vary by estuaries but showed significant seasonal variation.
[image: Figure 5]FIGURE 5 | Comparison between intertidal sediment/water transport of RAGs and sediment/air RAG emission by seasons. Error bars indicate standard deviation.
The advective transport of N2O from the intertidal sediment to the estuary water ranged from 0.02 to 0.19 μmol m−2 h−1. The transport increased from pre-monsoon to monsoon (Figure 5A). This is obvious because the monsoon is characterized by substantial inputs of C- and N-material to the sediments via run-off. This suggests that the porewater N2O is an important contributor to the rise in water N2O% in the early monsoon. The emission of N2O from the mangrove sediments ranged from −5.02 to19.2 μmol m−2 h−1, with wider variation than that recorded for other Indian mangroves ;0.38–0.76 μmol m−2 h−1 in the Muthupet mangroves (Krithika et al., 2008); 0.2–4.3 μmol m−2 h−1 in the Bhitarkanika mangroves (Chauhan et al., 2015)]. Such high variation is probably a direct result of the larger spatial area (∼1,800 km2; Dutta et al., 2015) of the Indian Sundarban mangroves than the compared mangroves (68 km2, Muthupet mangroves, Krithika et al., 2008; 670 km2, Bhitarkanika mangroves, Chauhan et al., 2015). Added to the large spatial cover is the entry of substantial amounts of allochthonous inorganic nitrogen from the agricultural fields via rainfall run-off (Ray et al., 2014).
In contrast, the advective transport of CH4 varied by a wide range with no visible influence of seasons. For CH4, the transport rate ranged from 0.27 to 41.48 μmol m−2 h−1. Similarly, the variation in sediment CH4 emissions (−51.95–64.14 μmol m−2 h−1) was too high to pinpoint seasonality (Figure 5E). Since all measurements using the static chamber were conducted at low tide, the effect of tidal fluctuation cannot be discussed here. This aberrant pattern of CH4 emission hints at a complex interaction between the porewater salinity, microbial activity, and advective transport of porewater-dissolved CH4 rather than seasons.
The advective transport of CO2 varied between 0.17 and 2.03 mmol m−2 h−1. The advective transport of CO2 was found to increase in the monsoon, albeit with a large variation about the mean, whose effects can be seen on the increase in estuary CO2% in the monsoon. The CO2-rich porewater seeps out more into the estuary waters in the monsoon and adds to the rainfall run-off. This ultimately increases the mean CO2% in the waters. The sediment/air emission of CO2, however, did not show any prominent seasonality for the study period.
RAG Fluxes and Annual Emission Estimates
The gas transfer rates computed by each parameterization varied considerably, with the mean k600 for each parameterization ranging from 2.76 to 5.00 cm h−1, implying the uncertainty involved in using k-wind parameterizations. The uncertainty, is, however, outlined by reporting a range of values (minimum: C95 equation and maximum: RC01 equation).
From Figure 6, it is clear that the air/water flux densities of all the gases were highly variable among the estuaries. The fluxes of the gases in the Thakuran estuary, in general, were less than the other two estuaries. This could be attributed to greater tidal influence and proximity to the marine waters of the Bay of Bengal that dilute the gas concentrations (Chauhan et al., 2015). Seasonally, the flux densities were also the highest in the early monsoon. This could be a response to the enhanced advective transport of the porewater rich in these gases into the water column that may have augmented the estuarine production of the gases.
[image: Figure 6]FIGURE 6 | Air/water flux densities in the three estuaries of the Indian Sundarbans (SP–Saptamukhi, TH- Thakuran, and MT- Matla in the pre-monsoon, early monsoon, late monsoon, and the post-monsoon).
For N2O, the fluxes in the late monsoon and post-monsoon dipped considerably. Although the advective transport increased for N2O in the monsoon, the oxygenated environment of the waters may have immediately led to its oxidation to NO3− by the blooming phytoplankton for consumption by late monsoon, thus suppressing the water/air fluxes in the subsequent seasons. The minimum flux reached a negative value perhaps due to local consumption of N2O via nitrification (Table 3).
TABLE 3 | Comparative of RAG fluxes of this study with reports from other estuaries.
[image: Table 3]A clear seasonality of CH4 fluxes reinforces the dependence of CH4 concentration on water parameters which are, in turn, influenced by seasons (Figure 6B). Our reported range is larger than the previous reports covering only the Saptamukhi and Matla estuaries of the Indian Sundarban (Table 3). All positive flux densities reiterate the previous studies that this estuary is a considerable source of CH4.
The air/water emissions of CO2 fluctuated between negative and positive, similar to N2O (Figure 6C). The average pre-monsoon and post-monsoon CO2 fluxes in the Saptamukhi were negative. Since heterotrophy is known to be the lowest in the Indian Sundarban estuaries in the post-monsoon due to bloom conditions (Biswas et al., 2004), this could explain the low flux rates of CO2 in the Saptamukhi estuary. Our study suggests that heterotrophy is suppressed even in the pre-monsoon despite the advective input of organic matter from the intertidal areas. Combined with the lack of freshwater supply and suppressed heterotrophy in two seasons, inadequate production of CO2 leads to rather low emission rates relative to the amount of organic matter input received by the Sundarban estuary waters (Dutta et al., 2019).
Considering the average of air/water flux densities estimated from the four chosen gas transfer velocity equations, the air/water flux values obtained for our study were extrapolated to the total estuarine area of 1,800 km2 to estimate the annual air/water emission of the gases (Table 2). The estimated annual N2O emission ranges from 0.3 to 0.9 Gg N2O y−1 corresponding to a GWP of 88.6–230.4. CH4 emission ranges from 0.7 to 1.6 Gg CH4 y−1 corresponding to a GWP of 18.5–45.2, in contrast to CO2 emission that ranges from 368.2 to 573 Gg CO2 y−1 (Table 2). We have not estimated the annual sediment-to-air emission of the RAGs for the whole mangrove intertidal sediment area as estimation using measurements from only one site could lead to gross uncertainty in the estimated emission. With more information on other estuaries available in the future, annual sediment/air emission can become relevant.
Table 3 summarizes a comparative between the RAG air/water fluxes in other estuaries. Compared to other estuaries, the CO2 fluxes in our study were found to vary over a narrower range; CH4 fluxes were within the range of 26 Indian estuaries (Rao and Sarma, 2016), and the N2O flux range included the flux values of all other Indian estuaries.
CONCLUSION
In summary, the distribution of the fluxes of CO2, CH4, and N2O in the Indian Sundarban estuaries had more pronounced seasonal influence, particularly during the early monsoon. While N2O may be a product of combined pelagic metabolism and advective transport of porewater, CH4 and CO2 are of sedimentary origin, supplied to the estuary via advective transport. These production and utilization processes that govern the dynamics of their concentration and fluxes require further insight. For water–air fluxes, different estuarine regimes, and their physicochemical and meteorological patterns combined, play a key role. Finally, these water–air CO2, CH4, and N2O flux estimates show that the estuaries are a modest source of CH4 but fluctuate between sources and sinks for CO2 and N2O gases. The estimates can be used to add to the basic inventories for the database on RAGs of Indian Sundarban. In addition, the revised database will be helpful for the future modeling of CO2, CH4, and N2O budgets for these estuaries.
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