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1 INTRODUCTION 

1.1 Significance of dimethylsulphide 

 

The Oceans are an intricate component of the earth’s climate system. A vital role is played 

by aerosols produced from oceanic sulphur gases from the surface layers of the oceans. The 

ocean is a large source of aerosols (sea salts) that contain sulphate. Dimethylsulphide 

[(CH3)2S or DMS] is major biogenic volatile sulphur gas emitted from the oceans. DMS 

consists of a single sulphur molecule stuck between two methyl (CH3) groups with a very 

low boiling point, which means that once it’s formed in the water, it readily evaporates. For 

a long time, DMS was thought to be nothing more than a biological waste product of 

dimethylsulphoniopropionate (DMSP) catabolism until Charlson et al. (1987) suggested its 

significant role in global climate regulation. 

(https://matthewsavocaecology.weebly.com/blog/the-tale-of-dimethyl-sulfide-a-global- 

climate-regulator-turned-marine-info chemical). 

 

How tiny ocean plants help make clouds? 

 

DMS is produced by the enzymatic cleavage of DMSP, which is an abundant compound in 

phytoplankton (Challenger, 1951; Ackman et al., 1966). DMSP functions as an osmolyte 

and a cryoprotectant in marine algae (Vairavamurthy et al., 1985; Dickson and Kirst, 1987; 

Kirst et al., 1991; Karsten et al., 1992). It is produced from DMSP according to the 

following reaction. 

(CH3)2 S+CH2CH2COO- → (CH3)2S + CH2CHCOOH 

(DMSP)    DMS     Acrylic Acid 

 

Once DMS is released in the seawater, there is a positive flux across the air-sea interface. 

The DMS concentration in the surface layers of the ocean is greater than that in the 

atmosphere; therefore, an appreciable gradient is developed. Ocean surface waters are 

supersaturated by two orders of magnitude than the DMS concentrations in air (Andreae, 

1986). The rate of flux depends on the environmental factors like the concentration of DMS 

in the surface ocean and air, air temperature, wind speed and sea state. This flux is important 

since DMS is a precursor of marine aerosols. These aerosols participate in the formation of 

Cloud Condensation Nuclei (CCN) which may, in turn, influence the climate (Charlson et 

https://matthewsavocaecology.weebly.com/blog/the-tale-of-dimethyl-sulfide-a-global-climate-regulator-turned-marine-infochemical
https://matthewsavocaecology.weebly.com/blog/the-tale-of-dimethyl-sulfide-a-global-climate-regulator-turned-marine-infochemical
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al., 1987). DMS is oxidized in the air by OH and nitrate radicals to form sulphur dioxide 

and methane sulphonic acids (MSA). These oxidized products are hygroscopic, due to 

which they can form particles onto which the water droplets may condense, thus forming 

and altering aerosols and finally cloud water droplets (Ayers et al., 1991). The sulphur 

dioxide formed then combines with water vapour to form sulphate aerosols. It is believed 

that DMS oxidising products eventually forming aerosols and clouds reduce the incoming 

solar radiation reaching to the earth’s surface (Charlson et al., 1987). Further, it is 

hypothesised that increased backscattering will induce lower light intensities and increased 

surface cooling will affect the biota producing DMS (Charlson et al., 1987). If global 

climate changes accelerate DMS production, as many scientists believe it will, then this can 

bring a cooling effect. That means DMS could help neutralise greenhouse warming. 

 

CLAW Hypothesis. 

 

Fig. 1.1: Schematic diagram of the CLAW hypothesis (Charlson et al., 1987) 
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CLAW hypothesis was released in 1987 by Charlson, Lovelock, Andreae and Warren. 

According to this hypothesis, a negative feedback loop arises, which begins with an 

increase in solar energy, increasing growth rates of phytoplankton due to elevated 

metabolic rates or enhanced photosynthesis. Phytoplankton in turn release DMSP which 

leads to the formation of more DMS. This DMS oxidises in the atmosphere, increasing the 

cloud albedo, leading to a greater reflection of the incident light, thereby decreasing the 

forcing factor that initiated the chain of events. Fig 1.1 shows the schematic diagram of 

these events discussed above. 

 

1.2 Biogeochemistry of DMS 

 

DMS emission from ocean accounts for one – third of global sulphur emission. Oceans 

contribute up to 40% of total sulphur load of the atmosphere. Over the oceans far from 

continents, a major contribution to atmospheric sulphur comes from oceanic DMS. DMSP, 

the precursor of DMS is a tertiary sulphonium compound involved in osmoregulation in 

algae (White, 1982; Vairavamurthy et al., 1985). However, the mechanisms of DMS release 

by phytoplankton are not fully resolved. It is an organic compound present in a wide variety 

of halophytic plants especially widely present in marine phytoplankton. Major DMSP 

synthesis is confined to a few taxonomic groups of marine micro- and macro-algae. The 

biosynthesis of DMSP involves the assimilation of sulphate and subsequent reduction to 

sulphide (Stefels, 2000). 

 

Detailed work has been carried out on the mechanism of DMSP synthesis in macro algae 

(Ulva lactuca) where it was shown that methionine is a precursor of DMSP. The conversion 

of methionine to DMSP involved decarboxylation, deamination, oxidation, and 

methylation. (Greene, 1962). Although DMSP is produced from an amino acid, nitrogen is 

not a component of DMSP. DMSP is a structural analogue of glycine betaine and can 

replace the latter in conditions of nitrogen limitation (Groene, 1995). 

 

DMS in seawater can be removed as a result of photochemical or bacterial oxidation to 

dimethylsulphoxide (DMSO). Presence of DMSO at deeper depths has been reported by 

Hatton et al. (1996) suggesting that DMSO can be an important sink of DMS. Studies have 

also shown that DMS may be consumed biologically (Kiene, 1993). Apart from biological, 

DMS photolysis has also found to be an important part of DMS removal mechanism. 
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1.3 Production of DMS 

1.3.1 DMSP degradation to DMS 

 

                                 

            

Dimethylsulphoniopropionate (DMSP)   Dimethylsulphide (DMS)  Dimethylsulphoxide (DMSO) 

 

Fig. 1.2: Structural formula of DMSP, DMS and DMSO 

 

Two DMSP degradation pathways have been suggested. The first pathway is referred to as 

cleavage pathway (Kiene et al., 1999) and occurs due to the catalysis of DMSP lyase, the 

second pathway exists which does not involve the formation of DMS (Kiene and Taylor, 

1988), which is referred to as demethylation pathway. DMSP is released from algal cells 

by exudation and through grazing, autolysis, bacterial and viral attack (Simo and Pedros- 

Alio,1999). The DMSP-lyaze enzyme that cleaves DMSP to DMS is found present in algal 

as well as bacterial species. DMSP-lyase has been found in crude extracts from the 

macroalga Polysiphonia lanosa (Cantoni and Anderson, 1956). Ishida and Kadota (1967) 

was able to isolate a crude enzyme preparation from extracts of the heterotrophic 

dinoflagellate Gyrodinium cohnii. 

 

The lyase pathway cleaves DMSP into DMS and acrylate with the generation of a proton. 

 

(CH3)2 S
+CH2 CH2 COO- CH3SCH3 + CH2=CH-COO- + H+ 

DMSP DMS Acrylate 

 

Through this reaction, volatile sulphur gas DMS is produced, which is the major sulphur 

compound emitted to the atmosphere from surface layers of Ocean. 

Demethylation pathway: This pathway involves initial demethylation of DMSP and yields 

3- methyl mercaptopropionate (MMPA). MMPA further undergoes an additional 

demethylation process yielding methanthiol (Kiene et al., 2000) 
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Out of the two pathways, it is evident that the formation of DMS from DMSP forms the 

relatively minor product of DMSPd degradation (Kiene, 1996; Ledyard and Dacey, 1996; 

Van Duyl et al., 1998) and demethylation pathway forms the major fate of DMSP. 

Relationship with Chlorophyll: One could expect a linear relationship between DMS and 

DMSP produced in seawater with chlorophyll since DMSP is clearly produced by marine 

algae. If this was true, it would have been possible to map surface DMSP/DMS through 

satellite data (Liss et al., 1993). However, several attempts made to show a correlation 

between the two and found that there was no consistent relation (Townsend et al., 1996; 

Kettle et al., 1999). From different literature reviews of field data, it is apparent that every 

marine phytoplankton shows different capabilities to form DMSP and hence DMS. 

According to Liss et al. (1993), the production of DMSP follows the order: 

 

Coccolithophores > Phaeocystis > Dinoflagellates > Diatoms 

 

DMSP has an increasing number of essential physiological and ecological functions 

besides being a precursor of dimethylsulfide. 

 Osmoregulation: the cytoplasm of the cell is known to be hypertonic in comparison 

to its surrounding seawater, which may have a detrimental effect on the cell 

membrane. DMSP acts as an osmolyte with minimum interaction with cell contents 

while protecting the cell from salinity changes (Kiene et al., 1996; Groene, 1995). 

 Cryoprotectant: DMSP may also act as a cryoprotectant (Kirst et al., 1991; Karsten 

et al., 1992), protecting the cell from freezing in cold environments. In an experiment 

conducted on cultures of Enteromorpha bulbosa, species exhibited 5-fold increase in 

DMSP concentration when the culture was exposed to a temperature fall to 0 ˚C from 

10˚C (Karsten et al., 1992). 

 Antioxidant: DMSP is also known in helping the algae in stressful conditions such as 

high solar radiation by scavenging free radicals (Sunda et al., 2002). 
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1.3.2 Instances of high DMS production 

 

DMSP production in seawater from phytoplankton is generally known to occur during 

stress, senescence of phytoplankton, viral lysis, microbial attack and grazing by 

zooplankton that leads to DMS production (Wolfe and Steinke, 1996; Sunda et al., 2002; 

Yoch, 2002 and references therein). Culture studies have shown that senescence of 

phytoplankton cells causes exudation of DMSP and DMS (Turner et al., 1988). Similarly, 

zooplankton grazing on phytoplankton enhances the production of DMSP (Dacey and 

Wakeham, 1986). Zooplankton can also absorb and eventually excrete DMSP as a portion 

of the phytoplankton they eat (Dacey and Wakeham, 1986). It has been suggested that 

viruses may be important agents in the lysis of cells in the sea (Malin et al., 1992) and that 

they may hasten the release of intracellular DMSP (Bratbak et al., 1995). Zooplankton 

grazing on Emiliania huxleyi resulted in increased production of DMS (Wolfe and Steinke, 

1996). Grazing in comparison to viral lysis is the most significant process of DMS 

production (Evans et al., 2007). 

 

High concentrations of DMSP and DMS have been reported in association with blooms of 

specific planktons. In the Gulf of Maine, increased concentrations of DMSP and DMS were 

observed within the bloom of Emiliania huxleyi compared to outside the bloom area (Matrai 

and Keller, 1993). High DMS of 290 nM was recorded in Antarctic waters during a 

Phaeocystis bloom (Gibson et al., 1990). A significant positive correlation was found 

between particulate DMSP and chlorophyll in the area where total carbon biomass was 

made up of 50% or more coccolithophores. Average DMS concentration of 12 nM was 

recorded in Northeast Atlantic during the summer bloom of coccolithophores (Malin et al., 

1993). High concentrations of DMSP and DMS coincided with a mixed bloom of 

dinoflagallates and diatom during south west monsoon (SWM) in Zuari estuary (Shenoy 

and Patil, 2003). 

 

1.4 DMSO (Sink for DMS) 

 

About 300 Tg of DMS volatile organosulphur compound is produced annually in the 

marine environment (Curson et al., 2011), making the oceans the primary contributor to 

DMS in the atmosphere with an estimated flux of ∼20.7 Tg year−1 (Watts, 2000). DMS is 

formed by transforming the multifunctional metabolite DMSP into a variety of algal and 
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bacterial lyases (Curson et al., 2011; Todd et al., 2012). DMSO is an important DMS 

oxidation intermediate in the atmosphere, linking DMS emissions to climate feedback. 

DMSO's role in the marine cycle of sulphur is still poorly understood. This compound is 

thought to be a dominant sink for DMS in the surface water, through biological and 

photochemical oxidation, as well as a potential source of DMS through chemical and 

biological reduction (Fuse et al., 1995; Asher et al., 2011a). Biological consumption of 

DMS in surface seawater has been shown to be a major component of the global sink for 

DMS, representing up to 99% of the DMS produced. (Kiene and Bates, 1990). Tracer 

studies using [35S]DMSP suggest that only a small fraction of DMS (about 2-7%) is 

assimilated by marine microorganisms as a source of sulphur while the majority of DMS 

is either transformed into DMSO or sulphate (Zubkov et al., 2001; Vila- Costa et al., 2006), 

potentially through other inorganic sulphur compounds, such as thiosulphate and 

tetrathionate, known as DMS catabolism end products in marine DMS- degrading bacteria 

(De Zwart et al., 1996). In marine surface waters, oxidation to DMSO is the major fate of 

DMS, accounting for ∼70% and 50–70% of the total oxidized DMS in the Sargasso Sea 

and in the Ross Sea (del Valle et al., 2009) respectively. Although it has previously been 

suggested that DMSO production is carried out by phytoplankton (Simo et al., 2000), the 

availability of organic carbon suggesting a role of marine heterotrophic bacteria in the 

formation of DMSO may stimulate the development of DMSO from DMS oxidation. 

Nevertheless, the fundamental molecular and biochemical mechanisms are still poorly 

understood (Gonzalez et al., 1999; Hatton et al., 2012). 

 

It was suggested, however, that as little as 10% of the DMS created in the ocean can actually 

escape the atmosphere (Malin et al., 1992), and that considerable recycling of all 

dimethylated sulphur species may occur within the water column (Liss et al., 1997). 

Oxidation of DMS to DMSO may occur either photochemically (Brimblecombe and 

Shooter, 1986) or as a result of phototrophic bacteria (Zeyer et al., 1987). Whilst this 

suggests that any DMSO formed from DMS would effectively limit the amount of DMS 

available to escape to the atmosphere, some bacteria are able to reduce DMSO to DMS 

(Zinder and Brock, 1978). Because concentrations of DMSO are generally larger than those 

of DMS, as a result of any such reduction processes, DMSO may serve as a source of DMS. 

Because DMSO is non-volatile and water-soluble in all proportions, it cannot affect the 

global climate directly, as does DMS. Nevertheless, DMSO can exert some indirect 

influence through its interactions with DMS. 
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Several studies now show that photolysis-related losses of DMS are comparable to those 

caused by bacterial absorption and DMS atmospheric ventilation (Kieber et al, 1996; 

Hatton, 2002), illustrating the potential significance of this mechanism in the marine 

sulphur cycle. There is still some conflicting evidence about the mechanism involved, the 

importance of wavelength, and the role of DOC in this pathway. A more comprehensive 

understanding of this pathway is especially important because the relative proportions of 

photo-oxidized DMS to DMSO and DMS photolysed without production of DMSO may 

have significant implications for the biogeochemistry of DMS. 

 

 

1.5 Global distribution of DMS 

 

Kettle et al. (1999) assembled a database of 15,617 - point measurements of sea surface 

DMS and produced an annual map of sea surface DMS using an algorithm similar to that 

shown by Conkright et al. (1994). This was the first study to present an overview of sea 

surface DMS data on a global scale and made certain interesting observations. Sea surface 

DMS concentration showed distinct annual cycles occur at high and mid latitudes both in 

the southern and northern hemisphere. It was indicated that the annual DMS cycle was 

correlated with the blooming cycle with phytoplankton (DMSP producers) species. DMS 

was identified in surface water of major oceanic zones. The global average DMS 

concentration in the surface water is 102 ng S (DMS) per liter with a global sea to air flux 

of 39 x 1012 grams S per year (Andreae and Raemdonck1983). Erickson et al. (1990) 

calculated the global ocean to atmosphere flux of DMS using a general circulation model. 

The computed DMS flux varied from 0.5 to 5.5 µmol m-2 d- 1, while the surface DMS 

concentration varied from 2 to 150 nL L-1. The highest values were predicted near the 

equatorial region, polar regions and areas with low wind speeds. Updates of the DMS 

database over the last decades with respect to surface ocean DMS concentration and sea to 

air emission flux was presented by Lana et al. (2011). This new climatology revealed that 

DMS concentrations ranged between 1 to 7 nM, with increased levels seen at higher 

latitudes and higher concentrations during summer. The updated database has produced 

lower DMS concentration in polar latitudes and higher concentrations in the southern 

Indian Ocean. An increase of 17% in global emission was computed with the new DMS 

climatology.  While there are concerted efforts to understand the global distribution of 

DMS, studies are also being done to understand the physical and biological controls of 
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DMS, DMSP and DMSO production in the marine environment. In a study conducted in 

the Southern Ocean, Sheehan and Petrou (2020) measured DMSP concentrations and 

DMSP lyase activity (DLA), with corresponding carbon, nitrogen and Chl a content, in 15 

species of Antarctic phototrophic phytoplankton (14 microalgae species and one 

cyanobacterium) and one phagotrophic flagellate. Results revealed variability in DMSP 

concentrations across multiple strains and within genera and delivered new evidence for 

potential DLA in diatoms. William et al. (2019) proposed that coastal and marine sediments 

are environments of with high levels of DMSP and DMS productivity and inferred that 

bacteria are important producers of DMSP and DMS within these environments. Lizotte et 

al. (2020) analyzed the influence of climate-driven changes of Arctic sea ice on the 

magnitude DMS pulses in the Arctic. High-spatial-resolution measurements of DMS across 

hydrographic frontal zones along the British Columbia continental shelf, together with key 

environmental variables and biological rate measurements was presented by Herr et al. 

(2019), where the results proved a sharp gradient in DMS concentration across 

hydrographic frontal zones with two distinct DMS cycling regimes in northeast subarctic 

Pacific. Zhang et al. (2019) reviews the global distribution pattern of DMSP and DMS, the 

available genes for biosynthesis and cleavage of DMSP and its ecological and physiological 

functions. However, they recently discovered that marine heterotrophic bacteria also 

produce DMSP, making them an important source of DMSP, they are likely the major 

degraders of DMSP using demethylation and cleavage pathways. 

 

The effect of abiotic and biotic variables on the concentration of DMS, DMSP, and DMSO 

were investigated in the Belgian Coastal Zone (BCZ, North Sea) during 2016. Strong 

seasonal variations in the concentration of these compounds were linked to the 

phytoplankton succession with high DMS (P, O) producers (mainly Phaeocystis Globosa) 

occurring in spring and low DMS (P, O) producers (various diatoms species) occurring in 

early spring and autumn (Speeckaert et al., 2018). Deschaseaux et al. (2019) for the first 

time reported the fluxes of dissolved DMS from permeable coral reef carbonate sediments 

over a full diel cycle from the reef flat of Heron Island, southern Great Barrier Reef. 

Carbonate coral reef sediments were found to be a substantial net source of DMS to the 

water column with similar rates as the salt marsh sediments. The recent studies have 

revealed new information and insights into the biogeochemical cycling of DMS. 

 

 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/barrier-reef
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1.6 DMS in the Indian Ocean 

 

Few studies have been carried out in the Indian Ocean which includes Hatton et al. (1999). 

Shenoy et al. (2002) observed clear annual variations in DMSP and DMS during the winter 

season of 1998 and 1999 with 1999 having fivefold increase in concentrations due to 

biological alterations triggered by turbulent mixing in the Central Indian Ocean. Eutrophic 

coastal areas and upwelling zones have higher DMSP and DMS abundances than 

oligotrophic open-ocean waters (Hatton et al., 1999; Shenoy and Kumar, 2007). Along the 

west coast of India, during the south west monsoon, Shenoy and Kumar (2007) observed 

high DMS and DMSPt (525 and 916 nM, respectively). First ever report on the study of 

DMS distribution in the Bay of Bengal was given by Shenoy et al. (2000) and found that 

salinity changes did regulate DMSP production. Higher DMS, DMSP and DMSO were 

observed in eutrophic waters off the coast of Oman when compared to oligotrophic waters 

of the open Arabian Sea (Hatton et al., 1999). Shenoy and Kumar (2007) observed lower 

DMS concentrations in the Bay of Bengal compared to the Arabian Sea and the Central 

Indian Ocean. Extremely high concentrations of DMS in bottom waters (442 nM) have 

been reported by Shenoy et al. (2012) in association with seasonal anoxia observed off the 

west coast of India. Viswanadham et al. (2016) examined variation in DMS in 25 major 

and medium estuaries from the Indian subcontinent during the wet and dry periods and 

reported relatively higher concentrations of DMS in the east in comparison to the west coast 

of India during the wet period with no significant differences observed in the dry period. 

Shenoy and Patil. (2003) reported DMS and DMSP variability in relation to 

physicochemical and biological parameters for a period of 14 months in a tropical estuarine 

environment of Goa, India. High temporal variation was seen in DMS and DMSP with 

maximum concentration recorded during SWM coinciding with a dinoflagellate bloom. 

Dayala et al. (2013) studied the distribution of dimethylsulphide in relation with 

phytoplankton density in the Cochin estuarine system during the year 2010. Results 

suggested that the production of DMS was species specific and influenced by different 

growth stages of algae. They also observed the effect of salinity conditions on the 

physiological and ecological complexity of the DMS production. 

 

While there is reasonable coverage on the distribution of DMS and DMSP in the open 

ocean areas of the Indian Ocean, there are limited studies available on the biogeochemical 

cycling of DMSP, DMS and DMSO in the coastal and estuarine areas of India. Limited 
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information is available on the temporal variability of these compounds along the west 

coast of India, which experiences seasonal upwelling and the associated hypoxia during the 

SWM and Trichodesmium blooms during the SIM. One of the puzzling questions is the 

unstably high DMS concentration observed in the bottom waters of the west coast of India 

during the end of the SWM. Similarly, studies in the estuarine systems are also limited, 

given salinity as an important constituent which drives the osmoregulation in a 

phytoplankton cell. In order to fill these lacunae, we have proposed the following 

objectives. 

 

 

1.7 Objectives of the study 

 

• To study the temporal variation of dimethylsulphide (DMS), total 

dimthylsulphoniopropionate (DMSPt) and total dimethylsuphoxide (DMSOt) at the 

Candolim Time series site (off the Goa coast) in association to physical and biological 

variables 

• To understand the spatial and temporal variations of DMS, DMSPt and DMSOt in the 

Mandovi and Zuari estuary with an aim to identify the factors governing those 

changes 

• To investigate the source of high DMS associated with the low oxygen conditions    

experienced by the western Indian continental shelf during the fag end of the 

southwest monsoon through sediment slurry experiments. 
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2 MATERIALS AND METHODS 

2.1 Sample collection and experimental strategy 

 

Sampling sites were decided to keep in view the importance of estuaries and coastal 

environments, which are subjected to large variations in its biogeochemical processes. 

Sampling was done in a way to understand spatial and temporal variability of DMS, total 

dimethylsulphoniopropionate (DMSPt) and total dimethylsulphoxide (DMSOt) in the two 

estuaries (Mandovi and Zuari) of Goa, and at the coastal station off Goa, the Candolim 

Time Series (CaTS) - G5 station. 

 

Data were collected at the above sites for temperature, salinity, dissolved oxygen (DO), 

chlorophyll a (Chl a), phytoplankton pigments, phytoplankton speciation, DMS, DMSPt 

and DMSOt in seawater. Besides wind speed data was also collected for DMS flux 

calculations. Besides, sediment slurry experiments were also performed from samples 

derived from the CaTS-G5 station and three sites (Betim, Amona and Ganjem) in the 

Mandovi estuary to understand the source for high DMS under low oxygen conditions. 

 

2.1.1 Time series sampling at the CaTS-G5 site 

 

 

       Fig. 2.1: Study area map showing the Candolim Time Series (CaTS-G5) 

station located off Goa 
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Description of Study area 

 

Since the late 1800s, oceanographers and other researchers have drawn attention to the 

unusual features of the Arabian Sea (Cowie, 2005). The AS is distinguished from the 

other low-latitude seas by being semi-enclosed and under the influence of monsoonal 

winds, which change their direction and give rise to two distinct seasons, i.e., Southwest 

Monsoon (SWM; June to September) and the Northeast Monsoon (NEM; December to 

February). During the NEM, the reversal of West India Coastal Current (WICC) of 

equatorial origin flows against the wind towards north influencing the biogeochemistry 

and inducing downwelling leading to well oxygenated, low nutrients and less productive 

waters over the shelf (Naqvi et al., 2006a). The Arabian Sea has several other notable 

features in addition to the strong monsoonal character of the atmosphere and oceanic 

circulation. During the SWM, the circulation is directed to the equator ward with 

subsurface current moving in the opposite direction (Schott and McCreary, 2001). This 

induces coastal upwelling, which brings in low temperature, nutrient rich, low oxygen 

waters to the continental shelf. Upwelled waters rich in nutrients stimulate the chlorophyll 

growth promoting primary production along the coast (Mann and Lazier, 1996; Naidu et 

al., 1999). The Arabian Sea occupies only 1% of the world's ocean surface, but it accounts 

for about 5% of global marine primary production due to the intense upwelling induced 

by the SWM and reverses mixing and mixed-layer deepening produced by the NEM 

(Qasim, 1977; Qasim, 1982). The upwelling period along the west coast of India 

coincides with the heavy rainfall received by the Western Ghats during the SWM. The 

heavy precipitation results in a warm fresher layer of water above the cold saline 

upwelled waters leading to stratification. The high oxygen demand for the oxidation of 

organic matter coupled with strong near surface stratification leads to intense oxygen 

depletion in the subsurface waters (Naqvi et al., 2006a). 

 

Fall Inter-Monsoon (FIM; October & November) and Spring Inter-Monsoon (SIM; 

March to May) are two intermediate seasons, having its peculiarity. During SIM, 

prevailing conditions (warm, nutrient deficient) promote the blooms of Trichodesmium, 

a cyanobacteria (Desa et al., 2005; Parab et al., 2006; Basu et al. 2011). FIM, on the other 

hand, experiences withdrawal of the upwelling conditions. Our study area is located 

approximately 12 km from the coast of Candolim – a coastal village in North Goa, hence 

named the Candolim Time Series Site (CaTS-G5) station (Fig. 2.1). 
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Seawater samples were collected every month from the station from September 2009 to 

December 2013. The site was difficult to visit by a trawler during the peak SWM (June - 

August) due to rough weather conditions. Temperature and salinity data were measured 

using a Seabird portable CTD (Conductivity-Temperature-Depth). Water samples 

collected using a 5 L Niskin sampler, were sub-sampled for various chemical and 

biological parameters like dissolved oxygen, DMSPt, DMS, DMSOt, Chl a, pigments and 

phytoplankton speciation. 

 

Gas samples were collected first with utmost care taking precautions to minimize the 

contamination with the atmospheric air. The method of analysis of the above parameters 

is detailed in section 2.2. 

 

 

2.1.2 Time series sampling in the Mandovi and Zuari estuary 

 

 

 

Fig. 2.2. Study area showing stations in the Mandovi (M1, M3, M5 and M6) and Zuari 

(Z1, Z3, G5 and G7) estuary 
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Description of Study area 

 

The Mandovi and Zuari estuaries are situated on the coastal plain in the state of Goa. 

They receive runoff from the rivers that originate in the Sahyadris and have mouths 

opening in to the Arabian Sea. The two estuaries are located between latitudes 15° 25' to 

15°31′ N, and longitudes 73°45' to 73°59′ E (Fig 2.2). 

 

The Mandovi is widest at the mouth, the width here being approximately 3.3 km. The 

mouth (Aguada Bay) is ~4 km long, and is, on average, marginally deeper than the rest 

of the estuarine channel, the average depth in the bay is about 5 m. The mouth of Zuari 

(Mormugao Bay) is ~13 km long. The Zuari's mouth is roughly 7.7 km wide. The 

Mandovi and Zuari width are approximately 100 m at the upstream end (Vijith, 2014). 

These two rivers form an estuarine network in Goa interconnected through the Cumbarjua 

channel. This estuary's physical, chemical and biological characteristics were suited to a 

seasonal pattern caused by the monsoon's annual cycle. An average rainfall of 3000 mm 

yr-1 is received and land runoff is from June to August (Qasim and Sen Gupta, 1981) 

causing significant changes in temperature, salinity, flow pattern, dissolved oxygen and 

nutrients when the estuary becomes dominated by freshwater. The Mandovi estuary has 

a catchment area of 1150 km2, while Zuari has a catchment area of 550 km2 (Qasim and 

Sen Gupta, 1981). The monsoon season (June – September) is accompanied by a time of 

regeneration during the post-monsoon season (October – January), followed by a stable 

duration of the pre-monsoon season (February – May) when the sea dominates the 

estuary. During the dry season, the water in the estuarine system remains well balanced 

and the salt water intrusion is felt up to 65 km upstream in both rivers; but during the 

monsoon season the rivers are stratified and a salt wedge is observed in both rivers which 

extends up to 10 km and 12 km upstream in the Mandovi and the Zuari estuary 

respectively (Vijith, 2014). The influx of seawater controls the movement of the estuarine 

network through Zuari with the incoming tide which passes through the canal to 

Mandovi. Heavy flooding and heavy wave action contribute to sediments being 

transported to the navigational inlet, and the quiet season takes the materials back to their 

original location with practically no overall change in the bay's bathymetry (Qasim and 

Gupta, 1981). 
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Four sampling sites were selected at Mandovi and Zuari estuarine system (Fig. 2.2). 

Stations were selected in a way to obtain a broad spatial coverage of the estuaries i.e., 

M1 to M6 in Mandovi and Z1 to Z7 in Zuari estuary. However, sampling was done at 

every alternate station (Fig. 2.2). Water samples were collected on board a fishing trawler 

from the surface and bottom for various parameters every month during the study period 

(January 2011 to December 2015). Temperature and salinity were obtained using a Sea 

Bird portable CTD. A Niskin sampler fitted with the reversible thermometer was used 

for sample collection. Sub- sampling was done for DO, DMS, DMSPt, DMSOt and Chl 

a. Sampling for DO was done immediately, followed by DMS ensuring minimal contact 

with atmospheric air. Enough care was taken to avoid any entrapment of air bubbles. The 

methods for analysis are detailed in section 2.2. 

 

 

2.1.3 Sediment slurry experiment 

 

 

 

Fig. 2.3: Study area Map showing sampling sites at Mandovi estuary (red dots) 

 

 

2.1.3.1 Sampling strategy 

 

Sediment and water samples were collected from the coastal station (Fig. 2.1) onboard 

RV- Sindhu Sankalp during October 2013 (seasonally suboxic-anoxic period) to 

understand the impact of low oxygen conditions on DMS production. Overlying water 
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samples were collected using Niskin samplers. Box corer was deployed to retrieve the 

undisturbed sediment samples. Acrylic core liners designed especially for the purpose 

were then used for the sub core sampling. The core liners were designed with dimension 

viz. length: 48cm, ID: 10.1 cm, thickness: 0.5cm. These liners were carefully pushed 

through the box corer without causing any alterations to the sediment and sealed the 

bottom end with the help of a thermacol stopper. Five cores were collected in this manner. 

Approximately 10 liters of overlying water were also collected using a Niskin sampler 

for further use in the incubation experiment. Apart from this, sediment cores (ID: 6.4, 

length: 30cm) were also collected for the measurements of sedimentary DMSPt and 

DMSOt. 

 

Similar sampling was carried out in the Mandovi Estuary during March – May 2014 at 

three different sampling sites (Fig. 2.3), which were representing different salinity 

regimes along the estuary. Betim represented the marine dominated (salinity: 34), Amona 

represented mid–estuarine zone (salinity: 18) and Ganjem represented the near freshwater 

region (salinity: 1) Unlike the shelf sampling, in the Mandovi Estuary sediment cores 

were manually collected when the sediments were exposed and accessible for sampling 

using acrylic core liners during the low tide. As in the case of CaTS-G5, cores were also 

collected to measure sedimentary DMSPt and DMSOt from Betim and Ganjem. 

Additionally, cores were also collected for the measurement of dissolved DMSP and 

dissolved DMSO in porewaters. These core liners contained holes of 2 mm at an interval 

of 1 cm throughout the core length. These holes were covered with plastic tape during 

the collection of sediments. Porewaters were collected using Rhizon tubings. 

 

After collection all the cores and carboys with overlying water, cores were wrapped with 

an aluminium foil to protect from light and immediately transferred to air-conditioned 

laboratory while carboys were kept in the dark for further procedures. 
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2.1.3.2 Sampling of cores and experimental setup 

 

 

 

Fig. 2.4: Experimental set up of the intact-core incubation. (Araujo et al., 2018b) 

 

The collected sediment cores were prepared for the incubation experiment, as detailed in 

Pratihary et al., 2014. The overlying waters were carefully poured in required cores with 

the help of a syringe connected to tygon tubing without disturbing the surface sediment. 

The cores were then kept for pre-incubation for 24 hours and maintained close to in-situ 

conditions. The cores were pre-incubated in aerobic conditions. After pre-incubation, the 

overlying water was siphoned out with a syringe and replaced with fresh overlying water 

carefully. Cores were incubated under varying conditions to achieve the aim of the study. 

The details of which are given below. 
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Experimental Setup: 

 

Core A and Core B : Sediment + water (Duplicate anaerobic) 

 

Bag A : Only water (Anaerobic- Water from Bag A was used to replace 

water from Core A and B) 

 

Bag B : Only water (Anaerobic- Water from Bag B was used to 

replace water from Core E) 

 

Core C and Core D : Sediment + water (Duplicate Aerobic) 

 

Bottle A : Only water (Aerobic- Water from Bottle A was used to replace 

water from Core C and Core D) 

 

Core E : Sediment + water + HgCl2 (Poisoned) - (Anaerobic) 

 

Core A and Core B were incubated anaerobically. Core C and Core D were incubated 

aerobically where the overlying water was aerated continuously with a specially designed 

magnetic stirrer which was rotated with an external motor. Initially, when the experiment 

was carried out at shelf, only anaerobic cores were maintained in duplicate (Core A and 

Core B) with a single aerobic core (Core C), whereas when the experiment was repeated 

at Mandovi estuary, both aerobic cores (Core C and Core D) and anaerobic cores (Core 

A and Core B) were maintained in duplicates. Besides, another core (Core E) was 

incubated anaerobically in which the overlying water was poisoned with mercury 

chloride to arrest the microbial activities. Overlying water without sediment was also 

maintained aerobically and anaerobically. A specially designed Nalgene plastic bottle 

(Bottle A) as shown in Fig. 2.4 was filled with overlying water and incubated under 

aerobic conditions. For anaerobic incubation overlying water was put in aluminum coated 

trilaminate gas-tight bags with a volume of 5L (Bag A). A similar gas tight bag was also 

maintained which was poisoined by HgCl2. The overlying water sampled from cores was 

replaced from the respective Bags and bottle: (Core A and B from Bag A; Core C and D 

from Bottle A; Core E from Bag B). 
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Initially, the overlying water was sampled every six hourly up to 48 hours and later at an 

interval of 12 hours. Glass or a plastic syringe pre-flushed with N2 was used for sampling.  

The syringe was connected to the core liner through tubing with the help of a 3-way valve. 

DO sample was collected in a gastight Hamilton glass syringe pre-flushed with Helium. 

Soon after collection, DO samples were fixed with Winkler’s reagents and further 

analysed (method of analysis detailed in section 2.2.2) spectrophotometrically (Pai et al., 

1993). Samples for DMS, DMSPt and DMSOt were collected similarly in a plastic N2-

flushed syringe and kept in the refrigerator till analysis (analysis methodology detailed 

section 2.2.7). Similarly, DO, DMS, DMSPt and DMSOt samples were also collected from 

Bag A and Bottle A. Samples from Bag B were collected only during the experiment over 

the shelf (CaTS-G5). As there wasn’t any change in parameters from Bag B, it was not 

sampled during the experiments on the estuarine samples. 

 

2.1.3.3 Extraction of DMSPt and DMSOt from sediments 

 

For the estimation of DMSPt and DMSOt from sediments, the sediment core was sliced at 

every 1 cm interval. The sectioned portion of sediment was transferred into an empty pre- 

weighed amber glass bottle. The weight of the bottle with sediment was noted to measure 

the wet weight of the sediment. After that, 1 ml of 10 M NaOH was added, and the bottle 

was filled with Milli-Q water up to the brim and stoppered carefully without trapping any 

air bubble. The final weight was noted for further calculation. The bottle with sediment 

slurry was mixed well and was kept for a few hours before analysis. After the sediment 

had settled, the overlying water was analysed as described in section 2.2.7 

 

2.1.3.4 Extraction of DMSP and DMSO from porewater 

 

Porewater extraction of DMSP and DMSO was done using Rhizon samplers made up of 

a long polyvinyl chloride tube. A membrane filter with a pore size of 0.1 μm and a length 

of 5 or 10 cm was attached to this tube. It was procured from Rhizosphere research 

products B.V., Netherlands. In this case, we used rhizones with a filter length of 5cm. 

Specially designed cores with pre-drilled holes were used for the porewater extraction. 

The pore extraction procedure was followed as described in Naik et al. (2019). 
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Rhizon tubings were carefully inserted into the predrilled holes at 1 cm interval in the core 

liners, and the other end was connected to a syringe. Porewater was extracted by creating 

a vaccum in the syringe. Due to this action, the pore water from the sediment gently flows 

through the rhizon tubing and gets collected into the connected syringe. The DMSP and 

DMSO in porewater were analysed as detailed in section 2.2.7. The syringes used for 

porewater collection were well prepared to avoid contamination. They were washed with 

deionised water and flused with nitrogen or helium gas. The rhizons were soaked into 

deionized water for about 30 minutes before extraction. After extraction, the samples were 

stored at -20°C until further analysis. 

 

2.2 Methodology 

2.2.1 Temperature and Salinity 

 

A Sea bird portable CTD was used to measure temperature and salinity, which is equipped 

with appropriate sensors. During estuarine sampling, the temperature was measured by a 

reversible thermometer mounted on the Niskin sampler. The precision for temperature and 

salinity measurements are ±0.01°C and ±0.001 respectively. 

 

2.2.2 Dissolved Oxygen (DO) 

 

The DO was analysed by the Winkler titration method. In this method, dissolved oxygen 

is made to react with Manganese (II) hydroxide (Winkler A) in a strongly alkaline medium 

(Winkler B). The manganese hydroxide precipitate is stable in alkaline conditions, thus 

helps fix DO in the field. 

 

1) 2 Mn (OH)2 + 1/2O2 + H2O → 2Mn(OH)3 

 

In the laboratory, the manganese hydroxide precipitate is dissolved by acidification to a 

pH less than 2.5 with 50% H2SO4. Under these conditions, the fixed oxygen is released 

and is equivalent to the amount of iodide that gets oxidised to iodine, 

 

2)  2Mn (OH)3 + 2I-1 + 6H+ → 2Mn+2 + I2 + 6H2O 

 

which later forms a complex with surplus iodide. 
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3) I2+ I- ↔ I3
-1 

 

This complex was titrated with sodium thiosulphate using starch as an indicator. 

 

4) I3- + 2S2O3
-2 → 3I- + S4O6

-2 

 

Thiosulphate used in the sample analysis was standardized using KIO3. The 

standardization reaction is based on a reaction between iodide and iodate resulting in the 

formation of iodine under acidic conditions, 

 

5) IO3
- + 5I- + 6H+ → 3I2 + H2O 

 

which, in turn, was bonded by the formation of the iodide-iodine complex by reacting with 

surplus iodide. The iodide complex was titrated against thiosulphate according to the 

reactions above. The precision of the measurement was ±0.03μM. 

 

Dissolved Oxygen measurement for incubation experiment 

 

A modified procedure has been proposed by Pai et al. (1993) for the colorimetric 

determination of DO in seawater samples by direct spectrophotometry at 456 nm. For the 

experiment purpose, 5 ml of overlying seawater from cores, and samples from the bag 

was collected in a Hamilton gas tight syringe. The sample was then fixed with 0.1 ml of 

winkler A and winkler B. The precipitate formed was acidified with 0.1 ml of 50% 

concentrated H2SO4. This solution was then transferred to a 1 cm cuvette and the 

absorbance was measured spectrophotometrically at 456nm. 

 

2.2.3 Chlorophyll a (Chl a): 

 

Chlorophyll a was determined by filtering a known volume of seawater samples through 

Whatmann GF/F filters under low vacuum. Extraction of the chlorophyll pigments on the 

filter paper was carried out by leaving the paper in 10 ml 90% acetone at 4˚C in the dark 

for 24 hours, and the extracts were analysed fluorometrically (UNESCO 1994). 
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2.2.4 Phytoplankton pigments 

 

Seawater samples were collected in amber coloured plastic bottles. Around 500 ml to 1 L 

of the sample was filtered on Whatman GF/F filter paper (pore size 0.7 µm) under dark 

conditions. The filter paper was stored at -80˚C until analysis. The frozen filter papers 

were extracted at 0˚C for 2 min in 3 ml of 100% methanol using Fisher Scientific 

ultrasonic dismembrator at 23 kHz. The extracts were filtered further to remove any 

cellular debris and analysed using HPLC (Agilient Technologies) following the modified 

method of Bidigare et al., (2002) as detailed in Kurian et al. (2012). 

 

2.2.5 Phytoplankton speciation: 

 

Samples for phytoplankton cell counts were collected in 250 ml amber coloured plastic 

bottles, preserved with a few drops of Lugol’s iodine (1% final concentration). Before 

microscopic analysis, samples were allowed to settle and then concentrated to 20-30 ml 

by carefully siphoning the top layer using a tube covered with a 11 µm nylon mesh on one 

end of it. Sample concentrates were then carefully moved to a 1 ml capacity Sedgwick-

Rafter and counted on an inverted microscope (Olympus IX51) at 200X magnification. 

Phytoplankton cell identifications were based on standard taxonomic keys (Tomas, 1997). 

 

2.2.6    Standardisation of DMSP measurement 

 

Setup: 

A semi-automated system was designed for the measurements of DMS, DMSP, and 

DMSO by Gas Chromatograph. A known volume of DMSP standard was purged for 15-

20 minutes with dry nitrogen at a flow rate maintained at 60 ml/min. The system was well 

designed to ensure no leaks of the released sulphur gases. These released gases were made 

to pass through three different moisture traps: ice bath, Nafion tubing with molecular 

sieves and calcium chloride trap. These traps were replaced frequently to ensure maximum 

moisture absorption. These gases were collected cryogenically (liquid nitrogen) on a 

teflon loop. On completion of 15-20 minutes of purging, the loop was transferred to a 

water bath maintained at > 80°C, for elution of trapped gases. The separation was done 

on a teflon column packed with Chromosil 330 (Shenoy et al., 2000) and detected using a 

Flame Photometric Detector (FPD). The oven temperature was maintained at 45°C and 
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dectector at 200°C. DMS retention time was found to be at 2 minutes under these 

conditions. 

 

DMSP standards were made by diluting 32 µg S/ml to the strength of 651.644 ng S/ml 

with Milli-Q water. Subsequent dilutions were made and a working standard with 2.61 ng 

S/ml of DMSP was prepared. DMSP standards were converted to DMS by adding 1ml of 

10 M NaOH and analysed as DMS. A calibration curve was obtained by running different 

volumes of the working standard within a range of 2 to 40 ng S/ml (Fig. 2.5). The 

analytical precision was found to be between 1 to 1.5%. 

 

 

Fig. 2.5. Calibration curve between square root of peak area and DMSP (nano grams of 

DMSP-S). 

 

2.2.7 DMS, DMSPt and DMSOt in seawater, sediments, and porewaters 

 

Seawater samples for DMS, DMSPt, and DMSOt analysis were collected from the Niskin 

sampler in to 60 ml amber coloured bottles with the help of a glass tube. Care was taken 

to avoid atmospheric contact with the sample. Seawater samples were analysed for DMS, 

total DMSP and total DMSO. Filtration was avoided for two reasons: To avoid DMS loss 

during filtration and filtration can alter the DMSP contents in plankton; also, the cells may 

rupture due to pressure and this may cause overestimation of DMSP and DMSO. The 

samples were preserved in the dark at 4ºC until analysis. The analysis was undertaken 

within 24 hours of collection. DMS was measured using a Gas Chromatograph (Shimadzu 
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GC 2010) following purge and trap gas chromatography method as detailed in Shenoy 

and Kumar (2007). After the extraction of DMS (details given in section 2.2.6), DMSPt 

was analysed by adding 1ml of 10 M NaOH (ACS grade, 99-100% purity) to the same 

aliquot of sample and purging was continued with nitrogen purging for 20 minutes for 

hydrolysis of DMSPt to DMS (Turner et al., 1990). Following DMSPt analysis, DMSOt 

was measured by reducing it to DMS by adding 0.3-0.5 g of cobalt-dopped sodium 

borohydride with purging for 20 minutes (Simo et al., 1996). Tests revealed near to 100% 

conversion of both DMSPt and DMSOt to DMS.  

 

The analytical precision by this method was found to be 2.8% for DMS, 13.8% for DMSPt 

and 17.5% for DMSOt (n =10) for natural samples DMS, DMSPt and DMSOt 

concentrations were read from the DMSP calibration curve. 

The same methodology was used for the analysis of DMS, DMSPt and DMSOt in the 

overlying waters of the incubation experiment, for DMSPt and DMSOt in sediment and 

dissolved DMSP and DMSO in porewaters. 

 

2.2.8 DMS Flux: 

 

DMS flux was calculated following Turner et al. (1996) using correction factors given by 

Saltzman et al. (1993). The flux of DMS gas between sea and air is proportional to the 

concentration gradient across the air-sea interface and is calculated according to the 

following equation. 

 

FDMS = k. ΔC 

 

Where FDMS = net flux of DMS 

 

k = transfer (or piston) velocity and calculated following Saltzman et al. (1993) 

 

ΔC = concentration gradient across the air–sea interface. ΔC = Cw -Ca. h
-1 

Where Cw = concentration of DMS is seawater Ca = concentration of DMS in air 

h = Henry’s Law constant expressed as the ratio of air to water concentrations at 

equilibrium. 

As the concentration of DMS in the air is very low, Ca is considered to be zero, and thus 

Cw equals ΔC. 
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3 DYNAMICS OF DMSPt, DMS AND DMSOt AT THE CANDOLIM 

TIME SERIES STATION (CaTS) OF GOA 

 

3.1 Results 

 

3.1.1 Hydrography of the area: Temporal variation of temperature, salinity, dissolved 

oxygen and Chlorophyll a 

 

 Annually, CaTS-G5 station was seen to be distinctly characterised by different temperature 

and salinity regimes. The different seasons that the study location was associated with 

seemed to affect the hydrography of the region. During the study period, the water column 

temperature ranged from 22.2 to 31.6˚C with an average temperature of 26.8˚C (Fig. 3.1). 

During the NEM, the subsurface waters recorded temperature ranging between 27 to 28˚C, 

whereas the surface temperature varied between 28 to 29˚C. During the SIM, the water 

column temperature ranged between 29 and 31˚C. From surface to 9 m, the temperature 

varied between 28˚C and 29˚C and dropped in the bottom waters. In 2013, SIM recorded 

uniform temperature throughout the column. However, the SIM of 2010 was observed to 

be unusually warm with high temperatures up to 31.5˚C. The temperature drop was also 

observed during the SWM when the subsurface temperatures varied between 22 to 26˚C, 

whereas the surface temperatures were observed to be >28˚C. The minimum temperature 

of 22.2˚C was recorded during the SWM of 2010 in the bottom waters. 

 

Salinity also showed similar variability with seasonal and annual differences. In general, 

the salinity of the water column during the period of study varied between 26.3 and 37.2 

with an average of 34.6 (Fig. 3.2). During the NEM, near isohaline conditions prevailed 

during which the salinity varied between 34 and 35, except for the NEM of 2012 – 2013 

when the salinity was observed to be above 35. During SIM, salinity gradually increased, 

ranging from 35 to 36. In association with high temperatures recorded during 2010, the 

surface salinities of above 36 were recorded for the SIM of 2010. Maximum salinity of 

37.16 was observed during April 2010. Noticeable drop in salinity was observed during 

SWM during which surface salinity drastically dropped from ~36 to < 27. Least salinity 

(26.9) was observed during September of 2012 in surface waters. A low saline lens was 

formed in surface water during the SWM. 
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          Fig. 3.1: Temperature variation at the CaTS-G5 station. 

 

 

 

 

 

          Fig. 3.2: Salinity variation at the CaTS-G5 station. 
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A similar clear seasonal pattern was also observed in the DO variability. In general, DO 

concentration in the water column varied from 0 to 272.3 µM (Fig. 3.3). Surface waters 

during the study period remained well oxygenated during which the DO concentration 

varied between 156.2 and 272.3 µM. During the NEM of 2010 and 2011, DO 

concentrations ranged between 156.2 and 178.6 µM from the surface to the bottom. Well, 

mixed water column features were observed from January to March of 2012 and 2013 

during which the DO concentrations ranged between 178.6 and 267.8 µM. The bottom 

water DO concentrations were seen to vary most during the SWM. With the onset of SWM, 

DO concentration of 267.8 µM in the surface waters drastically dropped down to < 133.9 

µM below 5m depth. With the progression of the season, during the mid-phase (July to 

August) DO concentrations further decreased from hypoxic (< 89.3 µM) to suboxic (< 4.5 

µM) conditions. During the last phase of the SWM (September) and October, the condition 

in the bottom waters was always suboxic, except during September of 2009 and 2013 

during which the bottom waters were anoxic with the presence of hydrogen sulphide. 

 

Chl a concentration varied between 0.06 and 14.4 mg m-3 in the water column (Fig. 3.4). 

Its variability did not show any peculiarity from the surface to the bottom. However, 

seasonally Chl a concentrations were highest during the SWM, followed by the FIM. A 

slight increase in Chl a concentration was observed during March to May period in all 

years. The highest biomass was observed during the SWM and the subsequent FIM of 2009 

and 2012. Average biomass of 2.8 mg m-3 was observed during the SWM and the FIM; 1.3 

mg m-3 during the SIM with the least observed during the NEM with average Chl a 

concentration of 1.2 mg m-3. 2010 and 2011 were found to be least productive with very 

low Chl a concentrations. During the SWM of 2012, Chl a varied between 7 to 14.4 mg m-

3 in the subsurface waters. During September and the FIM of 2013, quite low Chl a (<1 mg 

m-3) was observed in the surface waters, whereas relatively higher concentration (2 to 4 mg 

m-3) was observed in the bottom waters. The lowest concentrations were observed in June 

2011. 
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            Fig. 3.3: DO variation at the CaTS-G5 station. 

 

 

 

         Fig. 3.4: Chl a variation at the CaTS-G5 station. 
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3.1.2 Temporal variation of DMSPt, DMS, and DMSOt 

 

Figs. 3.5, 3.6 and 3.7 show the variation of DMSPt, DMS and DMSOt respectively at the 

CaTS-G5 station, from September 2009 to December 2013. All three parameters exhibited 

seasonal and inter annual variability. DMSPt concentration in the water column varied 

between 0.35 and 252 nM, with an average of 24 nM. Seasonally, maximum DMSPt 

concentrations have been observed during the SWM (August - September), followed by the 

FIM and SIM; with the least DMSPt concentrations observed during the NEM in the water 

column (0 – 18 m). 2009, 2012 and 2013 exhibited higher DMSPt production compared to 

2010 and 2011. The entire water column was observed to have higher DMSPt 

concentrations during September 2013 with the maximum concentration seen in the surface 

waters, i.e. 252 nM followed by 221 nM in mid-depth and 206 nM in the bottom waters. 

SWM of 2009 and 2012 too was observed to have higher DMSPt concentrations. 119 nM 

and 134 nM of DMSPt were observed in subsurface waters (9 m) during 2009 and 2012 

respectively. As mentioned earlier, the SWM of 2010 and 2011 showed moderate 

production of DMSPt. Generally, during the SIM season, DMSPt concentrations varied 

between 20 to 60 nM in the water column (0 – 18m), except in 2013, where DMSPt 

concentration of 205 nM was observed at 18m. During the NEM, concentrations varied 

between ~3 and 30 nM, with no instances of higher concentrations were not observed in 

this season. 

 

 

  Fig. 3.5: Variation of DMSPt at CaTS-G5 from September 2009 to December 

2013. Some of the high concentration points (actual concentrations are labelled in 

black) have been taken as 100 nM to avoid skewing of the graphs. 
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         Fig. 3.6: Variation of DMS at CaTS-G5 from September 2009 to December 2013.     

Some of the high concentration points (actual concentrations are labelled in black) 

have been taken as 100 nM to avoid skewing of the graphs. 

 

In general, the DMS distribution in the water column up to 18 m followed a similar pattern 

of seasonal and inter annual variability as that of DMSPt. DMS concentration during the 

study period varied between 0.5 to 442 nM, with an average of 22.7 nM in the water 

column (0 – 27m). Like DMSPt, higher DMS concentrations were observed during 2009, 

2012 and 2013 and lower DMS concentrations were observed in 2010 and 2011. 

Seasonally, the higher DMS concentrations were seen during the SWM season, when 148 

nM of DMS concentration was observed in surface water during September 2012, 

whereas in 2013 (September) the high DMS concentration varying between 157 and 241 

nM was observed in the water column up to 18m. During the mid-phase (August) of 

SWM in 2012, the DMS concentrations ranged between 20 to 60 nM. During the FIM of 

2009, DMS concentration up to 113 nM was observed in the surface waters. In the SIM 

of 2010, 2011 and 2012, low to moderate concentrations ranging from 20 to 40 nM was 

observed. However, the SIM of 2013 showed higher DMS concentration ranging between 

80 to 100 nM. Lowest concentrations of DMS (<20 nM) were observed during the NEM. 

One of the remarkable feature of this study was the unusually high production of DMS 

in the bottom waters during anoxic events. Towards the end of SWM (September), of 

2009 and 2013, exceptionally high concentrations of DMS up to 442 nM and 233 nM 

respectively were observed in the bottom waters in association with the seasonal anoxia. 
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DMSOt concentrations in the present study were generally observed to be higher than 

DMS concentration. DMSOt is known to serve as a sink for DMS by photochemical 

(Brimblecombe and Shooter, 1986) and bacterial oxidation (Green et al., 2011) of DMS. 

Simo et al. (2000) also reported its production directly from algae to seawater. The 

distribution of DMSOt followed a similar pattern as that of DMSPt and DMS. Overall, 

DMSOt concentration during the study varied between 0.3 nM and 186 nM (Fig. 3.7). 

Higher concentrations were recorded during 2009, 2012 and 2013, whereas low DMSOt 

concentrations were observed during 2010 and 2011 except during the NEM of 2011. 

Higher concentrations were observed during the SWM and the FIM (2009, 2012 and 

2013) in the upper 10 m of the water column with DMSOt levels ranging between 125 

nM and 184 nM. The highest concentration of DMSOt was observed during the SIM of 

2013 in near bottom waters (18m). 

 

 

 

 

 Fig. 3.7: Variation of DMSOt at CaTS-G5 from September 2009 to December 

2013. Some of the high concentration points (actual concentrations are labelled in 

black) have been taken as 100 nM to avoid skewing of the graphs. 
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3.2. Discussion 

 

Three separate hydrographic regimes functioning during the NEM, SIM and SWM-FIM 

complement each other along the west coast of India and play a key role in algal 

speciation and succession. This, in turn, was observed to influence the distribution pattern 

of DMSPt, DMS and DMSOt. It was evident from the overall distribution that, DMS 

follows the distribution of DMSPt, which in turn depends on the biomass of 

phytoplankton (Chl a). Overall, low DMSPt, DMS and DMSOt observed in 2010 and 

2011 may be attributed in the present study to low productivity as seen from low Chl a 

during these years (Fig. 3.4). However, high DMSPt and DMS during 2009 and 2012 may 

be attributed to the high Chl a observed over these years. A good correlation between 

DMSPt and Chl a does not usually exist (Barnard et al., 1982; Kwint and Kramer, 1996; 

Simo et al., 1997), since DMSP production is species dependent (Liss et al., 1993). As 

expected, there was no correlation between DMSPt and Chl a in the present study as well 

(Fig. 3.8). 
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Fig. 3.8: Correlation between DMSPt v/s Chl a during the study period. 
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3.2.1. Seasonal Variability of DMSPt, DMS, and DMSOt 

 

The waters were well mixed during the NEM as seen from the uniform temperatures (Fig. 

3.1). Downwelling prevailed throughout this time, which results in low Chl a 

concentration (Fig. 3.4). In the present study, low concentrations of DMSPt, DMS and 

DMSOt during the NEM may be attributed to the low concentrations of Chl a during these 

months. An exception to this was the high DMSOt observed in 2011 (at 9 m) and in 2012 

(throughout the water column). DMSOt is produced in seawater as a result of 

photochemical or bacterial oxidation of DMS (Brimblecombe and Shooter, 1986; Kieber 

et al., 1996; Hatton et al., 1999). As the high concentrations were not supported by high 

DMSP and DMS concentrations, those concentrations stand out and need separate 

investigation. 

 

For the duration of the SIM, moderate stratification was observed at the stations because 

the surface waters were warmed up due to the solar insolation throughout summer. This 

stratification helps support the blooms of Cyanobacteria Trichodesmium, which occur on 

an annual basis and contribute substantially to the phytoplankton biomass. Such blooms 

have been found to harbour diatoms and even dinoflagellates during the senescent phase 

(Devassy et al., 1979; Parab et al., 2006). In May 2010, up to 81 % of the phytoplankton 

cell count (7x104 cells L−1) was made up of diatoms, while the balance 19 % composed 

of dinoflagellates (1.6x104 cells L−1). Similarly, diatoms contributed up to 91% of the 

phytoplankton cell count (1.7x105 cells L−1) in April 2011, while dinoflagellates 

contributed almost 9% (17,104 cells L−1) in the surface waters. On the other hand, 

diatoms contributed up to 63% (1.1x104 cells L−1) at 18 m in April 2013, while 

dinoflagellates contributed up to 37% (0.7x104 cells L−1) of overall phytoplankton cell 

counts (1.8x104 cells L−1) with Scrippsiella spp as the dominant dinoflagellate. Therefore, 

the strong sub-surface Chl a found towards the end of the SIM can be due to the mixed 

diatom and dinoflagellate populations in the present study. The mildly higher 

concentrations of DMSPt and DMS found during the late SIM process may be due to the 

abundance of diatoms and dinoflagellates during these phases, while the high 

concentrations of DMSPt, DMS and DMSOt observed during the SIM of 2013 may be 

attributed to the dinoflagellate Scrippsiella spp, a strong DMSP source (Keller et al., 

1989; Hatton et al., 2012). 
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On the other hand, rough weather conditions were observed during the SWM (between 

June and September) due to the prevailing high winds of the SWM. The upwelled waters, 

as seen from the low temperatures between 22 and 27 ° C was accompanied by low DO 

concentrations of < 2,5 mL L−1 below 5 m depth (Fig. 3.3). Being rich in nutrients, these 

upwelled waters promote primary productivity over the shelf (Naqvi et al., 2000). 

Diatoms contribute significantly to the biomass of phytoplankton during the mid-phase 

of SWM (Naqvi et al. 2006a). During July 2012, diatoms contributed almost 100% of the 

biomass of phytoplankton with a cell count of 3.6x106 L−1. The significantly higher 

DMSPt and DMS concentrations found during the mid-phase of the SWM may be 

attributed to the diatoms that proliferate during these months. 

 

Nevertheless, as the prevalent raw weather conditions subside from July and mid-August, 

dinoflagellates begin to proliferate (Naqvi, 2006). We also used pigment analysis based 

on HPLC to gain insight into the composition of the phytoplankton. The fraction of the 

phytoplankton identified with the microplankton (fmicro) consisting mainly of diatoms and 

dinoflagellates was calculated on the basis of Uitz et al. (2006). The fraction of 

microplankton contributed the maximum to the total biomass of the study area, 

suggesting the dominance of diatoms during the study period as seen from high 

concentrations of fucoxanthin. Together, 2010 and 2011 recorded the lowest 

concentration of fmicro (60 and 63 percent respectively) during the study period as well as 

the highest concentration of Chl a. The diatom marker pigment (fucoxanthin) and the 

dinoflagellate marker pigment (peridinin) were low during the SWM of 2010 and 2011, 

while in 2009 and 2012 the SWM displayed high fmicro (87% and 97% respectively). 

Dinoflagellates contributed up to 96% of the overall biomass of phytoplankton in surface 

waters during September 2009 (Shenoy et al., 2012). 

 

On the other hand, the entire water column had a higher percentage of dinoflagellates in 

the surface waters from 15% (0.8x104 L−1 cells) and up to 85% (3x104 L−1 cells) at 18 m 

due to the presence of a Cochlodinium bloom during September 2013. Thus, diatoms 

dominated the SWM monsoon's mid-phase, while dinoflagellates proliferated towards 

the end of the SWM and early FIM. The high concentrations of DMSPt and DMS 

observed in surface waters during the SWM of 2009 may be attributed to Dinoflagellates, 

which contributed up to 96 % of the total phytoplankton population. On the other hand, 
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the high DMSPt and DMS observed in the entire water column during the late SWM of 

2013 may be attributed to the Cochlodinium sp bloom. For these years, the high DMSOt 

observed during the SWM and FIM of 2009, 2012 and 2013 (Fig. 3.7) may be attributed 

to DMS photo-oxidation as seen from the high DMS concentration (Fig. 3.6). 

 

Another noteworthy feature observed in this study was the occurrence of high DMS (442 

nM; Fig. 3.6) in the bottom waters in conjunction with H2S during the late SWM of 2009 

and 2013. During 2009, the high sub-surface DMS was not due to the water column 

DMSPt (Fig. 3.5) or DMSOt (Fig. 3.7). Such a situation contributes to the suspicion that 

the sediments could be a source of high DMS in anoxic environments (Shenoy et al., 

2012). Surprisingly, at CaTS-G5 station, high DMSPt and DMSOt were observed in the 

sediments. Sediment-slurry studies have revealed a sedimentary basis for the extremely 

high DMS found in the anoxia (Bepari et al. preparation).  

 

Omuri et al. (2015) demonstrated increased production of DMS and reduced consumption 

of bacterial DMS under anoxic conditions. Other studies have shown that methoxy groups 

of naturally occurring compounds in marine and freshwater anoxic sediments were 

efficiently converted to DMS and MeSH when sulphide was present (Kiene and Capone, 

1988; Lomans et al., 1997; Visscher et al., 2003). Incubation studies with 

Methanosarcinaacetivorans have proposed sulphide methylation as a possible mechanism 

for DMS and methanethiol synthesis (MeSH; Moran et al., 2008). Similar mechanisms 

may be responsible for the high DMS observed in the presence of H2S in the present 

study. In a recent study conducted at CaTS-G5 station (present study site), based on the 

laboratory experiments, it was hypothesized that presence of floating seaweeds mostly 

Sargassum species washed out from the shore to the study site may contribute sizably to 

DMS production in the water column as they sink and degrade during the senescence 

phase (Naik et al., 2020). On the other hand, the high DMS observed in the bottom waters 

during 2013 may be attributed to a combination of high DMSP observed in the bottom 

waters and to anoxia, suggesting that both water column DMSP and sediments could have 

been the source of high DMSP. 
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3.2.2. Phytoplankton community structure and DMSPt, DMS production 

 

The build-up of DMSPt and DMS during phytoplankton community shifts was one of the 

important observations of this time series data. In the present case, diatoms and 

dinoflagellates appear in the water column during the senescent phase of the 

Trichodesmium bloom in SIM, thus contributing to the concentrations of DMSPt and 

DMS. Also contributing to the high DMSPt were the dinoflagellates and DMS observed 

during the late SWM phase. During the SWM, Hatton et al. (1999) analyzed biogenic 

sulfur compounds (DMS, DMSP and DMSO) in the Central Arabian Sea and observed a 

three-fold rise in the concentration of these compounds after a shift from diatoms to 

prymnesiophytes in the phytoplankton group. During the SWM, Shenoy and Patil (2003) 

recorded high levels of DMSPt (up to 420 nM) in the Zuari estuary and attributed the high 

levels of DMSPt to a mixed bloom of diatoms and dinoflagellates. Likewise, Matrai and 

Vernet (1997) reported high concentrations of DMSP and DMS to a combination with 

Phaeocystis pouchetii blooms and diatoms. During a phytoplankton succession from the 

diatom Skeletonema costatum to the prymnesiophyte Emiliania huxleyi, Levasseur et al. 

(1996) observed an increase in the DMSP and DMS content. The results of this study are 

consistent with other investigations. While DMS distribution resembles that of DMSPt, 

the correlation between the two is not straightforward. Fig. 3.9a shows the relation 

between DMS and DMSPt for all data points during the September-October period, 

whereas Fig. 3.9b shows the same for all data points in a year. The slopes indicate a better 

conversion of DMSP to DMS during the September–October duration. Though the 

presence of dinoflagellates generally results in high DMSP and DMS, other factors such 

as their physiological state (Keller et al., 1989), zooplankton grazing (Dacey and 

Wakeham, 1986; Nguyen et al., 1988), viral lysis (Hill et al., 1998; Malin et al., 1998) 

cannot be ruled out. As the late SWM was marked through a higher contribution of 

dinoflagellates, this result likely shows a higher conversion of DMSP to DMS in 

dinoflagellates in comparison to diatoms. Table 1 shows the seasonal variability and the 

average for DMS on the CaTS-G5 station during the study period. The lowest average 

(9.3 nM) was observed during the NEM, while the highest (28.9 nM) was observed during 

the SWM. Average DMS concentrations have been better during the FIM and SIM (22.6 

nM and 19.7 nM) respectively. The DMS concentrations observed in the present study 

are higher than those reported for the open ocean waters of the Arabian Sea and the Bay 
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of Bengal. They are also higher than the surface DMS concentrations observed in the 

northeast Atlantic and the eastern North Pacific (table 2). In Antarctic waters, some of 

the highest concentrations of DMS (> 300 nM) have been associated with spring blooms 

(Barnard et al., 1984; Gibson et al., 1990; Ditullio et al., 2003). Similarly, high 

concentrations of DMS in the North Atlantic and frontal regions were also associated 

with spring and summer blooms (Holligan et al., 1987; Holligan et al., 1993). However, 

in conjunction with spring or summer blooms, these regions usually experience high 

DMS once during the year. In contrast, India's west coast experiences many blooms 

throughout the year; trichodesmium and diatoms throughout March–May, July–August 

diatoms, and September and October dinoflagellates (Shenoy and Patil, 2003; Bepari et 

al., 2019). 
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         Fig. 3.9: Correlation of DMS v/s DMSPt for (a) all data points for September and 

October during the study period and (b) for all data points for rest of the year. 
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Table 1: Column DMS range and average during different seasons at CaTS- G5. 

 

Season DMS (nM) 

Lower limit – Upper limit (avg. ± SD) 

South West Monsoon (n = 157) 0.45 – 442 (28.9 ± 61.6) 

Fall Inter Monsoon (n = 34) 0.63 – 172.90 (22.6 ± 36.9) 

North East Monsoon (n = 64) 0.44 – 58.87 (9.3 ± 11.3) 

Spring Inter Monsoon (n = 44) 3.30 – 95.82 (19.7 ± 19.8) 

  

 

Table 2: Comparison of DMS concentration in the present study with other regions of the 

world. 

Area DMS (nM) 

Lower limit – Upper limit 

Reference 

Pacific Ocean 1.5 – 10.82 Watanabe et al. (1995) 

Atlantic Ocean 1 – 93.8 Malin et al. (1993) 

Open Arabian Sea South West Monsoon: 0.5 – 3.7 

North East Monsoon: 0.2 – 11.9 

Fall Inter Monsoon: 0.9 – 2.2 

Shenoy and Kumar 

(2007) 

Open Bay of Bengal South West Monsoon: 0.2 – 11.1 

Fall Inter Monsoon: 0.8 – 5.5 

Shenoy and Kumar 

(2007) 

CaTS-G5 (coastal 

Arabian Sea) 

0.44 – 442 This study 

 

3.2.3. DMS Flux 

 

Air-sea flux of gas is largely determined by the concentration of the gas, sea surface 

temperature and wind. Seasonally variable winds were observed in the study area. The 

wind intensity varied between 4.9 and 8.8 m s−1 during the SWM, with the maximum 

wind speed being measured during July 2013. During the NEM and SIM, moderate wind 

speeds varied from 4.1 to 6.1 m s−1 and the lowest was observed in October. Overall wind 

speed ranged from 3.9 to 8.8 m s−1 with an average of 5.6 m s−1 during the study period. 

Concentrations of surface DMS ranged from 2.2 nM to 100 nM with an average of 18 
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nM; the highest concentration of DMS was observed in September 2013. DMS flux 

ranged from 0.8 to 100 μmol S m−2 day−1 with 20 μmol S m−2 day−1 average. Although 

wind speeds were consistently higher during July, surface DMS concentrations were low, 

ranging from 8 nM to 20 nM, resulting in low DMS flux to the atmosphere. 

 

On the other hand, high DMS flux (100 μmol S m−2 day−1) was recorded as a result of 

high DMS concentrations in surface waters during September 2013, although wind 

speeds dropped from 5.5 - 4.8 m s−1. The average flux observed in this study was almost 

six times to that estimated by Shenoy and Kumar (2007) for the coastal waters (3.4 μmol 

S m−2 day−1). Our estimates are also much higher than those estimated for the East (3.4 

μmol S m−2 day−1; Yang et al., 2000) and South China Sea (5.5 μmol m−2day−1; Yang, 

2000). Our results, however, are well in line with Wong et al. (2005), who estimated an 

average flux of 16 μmol m−2 day−1 in the subarctic northeast Pacific Ocean. 

 

 

3.3 Conclusion 

 

Study of temporal variation of DMSPt, DMS and DMSOt was carried out at CaTS-G5 from 

September 2009 to December 2013. DMSPt, DMS and DMSOt exhibited significant 

seasonal as well as inter-annual variability. Higher concentrations of DMSPt, DMS and 

DMSOt were seen during 2009, 2012 and 2013 due to the diatoms and dinoflagellate 

abundance, whereas 2010 and 2011 were observed to be the least productive with respect 

to DMSPt and DMS production coincident with low phytoplankton biomass. Least DMSPt 

and DMS were observed during NEM while moderate concentrations were seen during 

SIM. Moderate to high concentrations of DMSPt and DMS was observed during the SWM 

during the mid and late phase of the season respectively. The phytoplankton population 

was dominated by diatoms during the mid-phase of SWM which was replaced by 

dinoflagellates in the late phase of the season. An interesting observation of the study was 

the unusually high DMS concentration in the bottom waters in September 2009 suggested 

a benthic source for DMS. Although there was a poor correlation seen between DMSPt and 

Chl a, the phytoplankton regime and succession were observed to play a key role in 

determining DMSPt and DMS concentrations. Average DMS flux to the atmosphere was 

estimated to be of 20 μmol S m−2 day−1. 
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4 DYNAMICS OF DMSPt, DMS AND DMSOt IN THE ESTUARINE SYSTEMS OF 

GOA 

 

Both the Mandovi and Zuari estuary experience similar hydrographical conditions. During 

the monsoons, the salt water intrusion by tidal influx together with freshwater discharge 

leads to the formation of a salt wedge. The heavy precipitation during SWM causes 

increased runoff from the land, which has a significant impact on hydrography as well as 

biogeochemistry of these estuaries. Due to the associated season's both estuaries are 

freshwater dominated during the SWM (June - September) and marine dominated during 

the NEM and SIM (December- May). 

 

4.1     Results - Mandovi 

4.1.1 Hydrography of the Mandovi estuary: Spatial and temporal variation of temperature, 

salinity and Chlorophyll a 

 

The temperature in the Mandovi estuary showed large variations during the study period 

(Fig. 4.1). The surface water temperature varied from 25C to 33C with an average of 28.6 

± 2.05C, whereas the bottom water temperature varied from 24C to 33C with an average 

of 28.4 ± 2.03C. The results showed two warmings and two cooling periods on an annual 

scale. Warming regimes were observed during the SIM and during the FIM, with higher 

temperatures or greater warming observed during the SIM. The warming during the SIM 

and the FIM is caused due to the solar insolation, which is high during these periods. The 

SIM of 2011 and 2015 were observed to be the warmest period of this study in comparison 

to 2012 and 2013. Also, the upstream stations (M3, M5 & M6) observed more warming 

compared to the near mouth station M1. 

 

On the other hand, lower temperatures or cooling was observed during the SWM. The low 

temperatures during the SWM may be attributed to the rainfall runoff, as seen from the 

salinity values of these waters. As seen from the low temperature waters in the upstream 

stations, the SWM of 2011 and 2012 were colder in comparison to 2013 and 2015, probably 

indicating more rain or a stronger monsoon during the former years. In contrast, the low 

bottom temperatures observed at the M1 station during the SWM may be attributed to the 

upwelled waters, which enter into the estuary during the high tide. 
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Fig. 4.1a: Temporal variation of temperature in surface waters of the Mandovi estuary 

 

 

 

 

 

 

Fig. 4.1b: Temporal variation of temperature in bottom waters of the Mandovi estuary 
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Salinity also observed large spatial and temporal variation in the study area (Fig. 4.2). 

Salinity strongly decreased from the mouth, reaching up to minimum levels in the upper 

estuary. The surface water salinity varied from 0.034 to 35.89, with an average of 16.66 ± 

12.62, while the bottom water salinity varied between 0.034 and 36.32 with an average of 

18.23 ± 12.99. During the SWM season, the salinity lowered drastically, where it varied 

between 0.03 and 26 from M6 to M1 respectively. During the SWM, the freshwater 

influence was seen up to M3 station, whereas the salinity during the non-monsoon season 

varied between 26 and 30 at the M3 station. Freshwater dominance during the monsoon 

also resulted in the formation of a salt wedge at the near mouth stations. The influence of 

freshwater in the estuary was found to be profound during the SWM of 2013 and 2015 as 

station M1 showed lower salinities, due to increased rainfall received during these years. 

Bottom salinity followed a similar trend with slightly higher magnitude in the bottom 

salinity. During the SWM, the difference in salinities was observed where bottom waters 

showed higher values, while surface salinity fell drastically due to runoff. During the post 

SWM period, the influence of freshwater decreased and more saline water was able to 

intrude into the estuary in response to the tidal cycles. 
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Fig. 4.2a: Temporal variation of salinity in surface waters of the Mandovi estuary 

 

 

 

 

         Fig. 4.2b: Temporal variation of salinity in bottom waters of the Mandovi estuary 
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Chlorophyll a 

 

In general, Chl a concentration in the Mandovi estuary, varied between 0.02 and 11.97 mg 

m-3 with an average concentration of 2.54 ± 1.91 mg m-3 (Fig. 4.3). In the surface waters, 

Chl a concentration varied between 0.1 mg m-3 and 11.97 mg m-3 having an average of 2.59 

± 1.90 mg m-3 whereas in the bottom waters, it varied between 0.02 mg m-3 and 8.48 mg 

m-3 with an average concentration of 2.49 ± 1.92 mg m-3 clearly showing spatial and 

temporal variations. Higher concentrations of Chl a were observed during 2011 and 2012 

in comparison to 2013 and 2015. Also, within a particular year, higher concentrations of 

Chl a were observed during the NEM, SIM and FIM at the upstream stations (M3, M5 and 

M6) in comparison to the SWM, which observed higher concentrations at the near mouth 

station (M1). Though the SWM runoff brings in high concentrations of nutrients (DeSouza 

et al., 1981), these waters were also turbid causing light limitation and low primary 

productivity (Krishnakumari et al., 2002; Gauns et al., 2015) leading to the low Chl a 

concentration during the SWM. 

 

On the other hand, the higher Chl a concentrations at M1 during the SWM may be attributed 

to the coastal input as these waters have higher salinity and known for upwelled induced 

higher productivity during the SWM (Naqvi et al., 2000). The higher Chl a concentration 

during the FIM may be attributed to nutrient and light availability following the end of the 

SWM and the reduction in the riverine runoff (Krishnakumari et al., 2002). On the other 

hand, the high Chl a concentrations in the upstream stations during the NEM may be 

attributed to increased productivity due to nutrient availability resulting from the exchange 

of waters by the aquaculture farms situated on the banks of the Mandovi estuary. Thus, the 

Chl a showed high spatial and temporal variability in the Mandovi estuary. 
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      Fig.4.3a: Temporal variation of chlorophyll a in surface waters of the Mandovi 

estuary 

 

 

 

 

 

      Fig.4.3b: Temporal variation of chlorophyll a in bottom waters of the Mandovi 

estuary 

S
ta

ti
o
n

s

Time

S
ta

ti
o
n

s 

Time 



Chapter 04 
 

51 

 

4.1.2 Spatial and Temporal variations in DMSPt, DMS and DMSOt in the Mandovi 

estuary DMSPt and DMS: 

 

Figures 4.4, 4.5 and 4.6 show the spatial and temporal variation of DMSPt, DMS and 

DMSOt respectively in the surface and bottom waters along the Mandovi estuary. The 

general distribution showed that the concentrations of DMSPt and DMS declined from the 

mouth towards the upstream stations corresponding to the salinity distribution. Both the 

surface as well as the bottom waters, exhibited similar trends with generally higher 

concentrations in the surface waters. In general, the surface DMSPt concentrations varied 

between 0.3 and 75 nM with an average concentration of 6.7 ± 10.29 nM, while the bottom 

DMSPt varied between 0.2 and 20.6 nM with an average concentration of 4.6 ± 4.85 nM. 

Seasonally, the high concentrations of DMSPt were observed during the SIM (April-May) 

every year and in the NEM during some years (2011 & 2015). The maximum concentration 

of 75 nM was observed in the surface waters at M1 station during the SIM (April) of 2011. 

The SIM of 2012 and 2013 were also observed to have considerable DMSPt concentrations 

(up to 20 nM) at the near mouth M1 station. During the SIM of 2013, higher DMSPt 

concentrations (29.75 nM; surface) were also observed at the M5 station. 

 

Similarly, a high surface DMSPt of 32.5 nM was also observed during the SIM of 2015 at 

M3 station. Also, high surface DMSPt concentrations were recorded at the upstream M6 

station during the NEM (February) of 2014 (41.9 nM) and the SIM of 2015 (14.6 nM). In 

comparison, the SWM contributed less to the DMSPt pool with concentrations ranging 

between 10 nM and 18 nM. In general, the spatial variation of DMS followed the same 

trend as that of DMSPt with high concentrations observed at the near mouth M1 station and 

low concentrations upstream. The seasonal and inter-annual distribution pattern was also 

similar to that of DMSPt. The surface DMS concentrations varied between 0.2 and 75.9 nM 

with an average concentration of 7.6 ± 13.02 nM, whereas the bottom DMS concentrations 

varied between 0.4 and 59.7 nM with an average concentration of 6.1 ± 9.7 nM. The 

maximum DMS concentration (75.9 nM) was recorded in surface waters at M1 station in 

October 2013. Like DMSPt, high DMS concentrations were also observed during the SIM. 

But in addition to NEM (Feb) and SIM (May), high DMS concentrations were also 

observed towards the end of SWM (September) and in FIM (October). The high 

concentration of DMS (75 nM) was observed in conjunction with the high DMSP at M5 

during 2013.
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Fig. 4.4a: Temporal variation of DMSPt in surface waters of the Mandovi estuary 

 

 

 

 

 

Fig. 4.4b: Temporal variation of DMSPt in bottom waters of the Mandovi estuary 

  

 

2011                      2012                      2013                       2014                      2015   

S
ta

ti
o
n

s

Time

 

2011                      2012                      2013                       2014                      2015   

S
ta

ti
o

n
s

Time



Chapter 04 
 

53 

 

 

 

 

Fig. 4.5a: Temporal variation of DMS in surface waters of the Mandovi estuary 

 

 

 

 

 

Fig. 4.5b: Temporal variation of DMS in bottom waters of the Mandovi estuary 
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DMSOt: 

 

In general, during the study period, the surface DMSOt concentration in the Mandovi 

estuary varied between 0.1 and 82.6 nM, with an average concentration of 16.8 ± 16.7 nM, 

whereas the bottom DMSOt concentrations varied between 0.4 and 70.6 nM with an 

average concentration of 13.1 ± 12.3 nM. Unlike DMSPt and DMS, which were mainly 

restricted to the near mouth station, DMSOt concentrations were observed to be distributed 

throughout the estuary. While DMSOt did not show any seasonality, the year 2011 recorded 

the lowest surface and bottom DMSOt concentrations. The maximum DMSOt 

concentration was observed at M1 in 2012 (82.6 nM). High DMSOt concentrations were 

also observed at M6 (82.3 nM) in Feb 2014 and M1 and M5 station in 2015. 

 

Overall, DMSPt, DMS and DMSOt showed significant spatial and temporal variability in 

the Mandovi estuary from 2011 to 2015. While DMSPt and DMS varied similarly with high 

concentrations being observed at the near mouth station, DMSOt was ubiquitous throughout 

the estuary. 
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Fig. 4.6a: Temporal variation of DMSOt in surface waters of the Mandovi estuary 

 
 

 

 

 

Fig. 4.6b: Temporal variation of DMSOt in bottom waters of the Mandovi estuary 
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4.2 Discussion - Mandovi 

 

DMS concentrations decreased from the mouth towards the upstream stations and matched 

well with the salinity distribution. This suggests that the presence of saline conditions may 

be playing an important role in the production of this compound. This was further supported 

by the distribution of DMSPt the precursor of DMS, which showed similar spatial behavior 

with the salinity profile. 

 

4.2.1 Cycling of DMSPt and DMS in the Mandovi estuarine system 

 

DMSPt and DMS showed strong spatial and temporal variation and followed the salinity 

profile. The concentrations decreased sharply with decreasing salinity from the mouth to 

the upstream. This behavior suggests the osmoregulatory function of DMSP. An increase 

in the release of DMSP from phytoplankton cells can be expected as a response towards 

osmoregulation. Laboratory Studies have shown that intracellular DMSP in marine 

phytoplankton increases with increasing salinity (Vairavamurthy et al., 1985). The effects 

of growth stage and salinity on DMSP and DMSO cellular content were investigated in 

laboratory batch cultures of three phytoplankton species (Skeletonema costatum, 

Phaeocystis globosa and Heterocapsa triquetra). The authors concluded that DMSP acts 

as an osmoregulator for the three studied species and DMSO acts as an antioxidant for P. 

globosa at low salinity. In P. globosa and H. triquetra, DMSP/DMSO increase with salinity 

in response to salinity stress (Speeckaert et al., 2018). An experimental approach with 

estuarine isolated microalgae, Prymnesium simplex to assess the production rate of DMSP 

under varying salinity (28, 30, 32 PSU) across distinctive growth phases was worked out 

by Thariath et al., (2019). Their results showed a significant dependency of salinity on the 

growth rate response of P. simplex. It reduced at lower salinity (28 and 30 PSU) compared 

to higher salinity (32 PSU). DMSP fulfills the requirement of compatible solute due to its 

zwitterionic property, thereby protecting the cell membrane. The cell membrane is under 

high osmotic pressure since the cell cytoplasm is hypertonic as compared to the surrounding 

seawater (Groene et al., 1995).  
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Taking into account the role of DMSP as an osmoregulator in algal cells, the relationship 

between DMSPt and salinity was evaluated for the sampled stations along the Mandovi 

estuary (Fig. 4.7). A positive correlation with an R2 of 0.16 was observed. Our results agree 

well with a study carried out by Iverson et al. (1985), who found a positive relation between 

salinity and DMSP. Sciare et al. (2002) studied the spatial and temporal distribution of 

DMS in 6 European estuaries and found a positive correlation between DMS concentration 

and salinity. Our results agree well with the results of these studies supporting the role of 

DMSPt as an osmoregulator. 

 

Additionally, the increase in DMSPt was observed in the salinity range between 20 and 35. 

This salinity range was generally found between stations M1 and M3, except during the 

SWM when it is restricted to the mouth (M1) of the estuary. This is the region where the 

saline coastal water mixes or interacts with the fresh water from the estuary. The high 

DMSPt observed at the near mouth stations may also be attributed to the exposure of the 

coastal phytoplankton cells to the low saline runoff from the upstream station. The temporal 

distribution of DMSPt and DMS showed seasonal and inter-annual variability. During the 

study period, elevated DMSPt and DMS concentrations were observed during the SIM 

(April-May). 2011 showed high DMSPt and DMS in the surface waters during February 

and April at M1. The following year's (2012) high DMSPt and DMS were observed in May. 

High Chl a was also observed in May, which coincided with the higher DMSPt pool. The 

highest concentrations of DMSPt and DMS in the entire study period were found in May at 

the high saline zone. In a study carried out in the Pearl River Estuary, Hu et al. (2007) found 

the greatest variation and highest average DMS concentration in the month of May and 

suggested the influence of high salinity pressure may be triggering DMS production. As 

suggested by Devassy et al., (1979) during April and May, the waters of Goa (Arabian Sea) 

are very dynamic and exposed to rapid changes of planktonic life. 
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Fig. 4.7: Correlation between Salinity and DMSPt in the Mandovi estuary 

 

Though DMSPt and DMS are produced by phytoplankton, they need not always correlate 

with Chl a, an indicator of the phytoplankton biomass. Figure 4.8a and 4.8b show the 

correlation between DMSPt and DMS with Chl a respectively, for the entire estuary. 

Though most of the Chl a was observed at the upstream stations (M3 to M6), most of the 

DMSPt and DMS were observed at the near mouth M1 station. This is evident from the 

poor correlation between DMSPt and Chl a (R2 = 0.003), and DMS and Chl a (R2 = 0.001, 

Fig. 4.8a & 4.8b respectively). This relation however improves if we plot data only at M1 

station. Fig. 4.9a and 4.9b show considerable improvement in the correlation between 

DMSPt and Chl a (R2 = 0.034), and DMS and Chl a (R2 = 0.13) only for M1 station. Our 

results agree with previous studies where no significant correlation was found between 

DMSPt, DMS and Chlorophyll a (Andreae and Barnard, 1984; Holligan et al.,1987; 

Watanabe et al., 1995). However, on the occurrence of two possibilities, a significant 

correlation between the two can be expected. Either a strong DMSP producer (Kettle et al., 

1999; Besiktepe et al., 2004) or during the occurrence of a monospecific bloom (Groene, 

1995). 

 

In the present study, though there was an improvement, the correlation between DMSPt and 

DMS with Chl a was still weak pointing to the importance of species specificity for DMSP 

and DMS production (Barnard et al., 1982). Pednekar et al. (2012) investigated the 

distribution of phytoplankton in the Mandovi estuary. During May, the high saline waters 
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of the estuary (salinity of 35 to 37) were largely dominated by coastal neritic species, which 

includes diatoms such as Fragilaria oceanic and Ditylium brightwelli, and cyanobacteria 

Trichodesmium erythraeum. During the SWM, the estuary is largely dominated by diatoms 

Thalassiosira eccentricus and Skeletonema costatum. However, during the postmonsoon, 

a surge of dinoflagellates (Ceratium furca, Akashiwo sanguinea, and Pyrophacus 

horologium) was observed due to increased salinity post rainfall. In another study carried 

out by Krishnakumari and John, (2003) in the Mandovi estuary, diatoms were observed to 

be the dominant species in the upstream stations compared to the near mouth stations which 

also had dinoflagellates in addition to diatoms. The low DMSPt and DMS in the upstream 

stations may be attributed to diatoms which are known to be low DMSP producers (Liss et 

al., 1993). 

On the other hand, the high DMSPt and DMS at the near mouth M1 station may be 

attributed to the mix of diatom and dinoflagellate population. The high DMSPt, DMS and 

DMSOt at M5 during 2013 were accompanied by relatively higher saline (~27) waters 

during that year in comparison to the rest of the years when the salinity at M5 never 

exceeded 22. Thus, the high DMSPt, DMS and DMSOt at M5 in 2013 may be attributed to 

the intrusion of relatively higher saline waters laden with high DMSPt, DMS and DMSO 

into the estuary. 
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Fig. 4.8: Correlation between (a) DMSPt and (b) DMS v/s chlorophyll a in the 

Mandovi estuary. 

 

 

 

 

 
       Fig. 4.9: Correlation between (a) DMSPt and (b) DMS v/s chlorophyll a at M1 

station in the Mandovi estuary. 
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4.2.2 Variations in DMSOt 

 

In seawater, DMS can be lost as a result of photochemical and bacterial oxidation to DMSO. 

Laboratory experiments show that DMS can be photochemically oxidized and that DMSO 

is the only oxidation product (Brimblecombe and Shooter 1986). Bacterial oxidation of 

DMS is also known to be a source of DMSO. Like DMS, DMSO is found in a wide variety 

of marine environments (de Mora et al. 1996, Hatton et al. 1996, Simo et al. 1997). In the 

present study, DMSOt was found to be ubiquitous throughout the estuary. At the near mouth 

M1 station, it was observed that DMSOt distribution consistently followed that of DMS. 

However, high DMSOt concentrations were also observed from M3 to M6 station, even 

when DMSPt and DMS concentration was not high. While the coastal DMSO (at M1 station) 

may be attributed to the oxidation of DMS, the presence of DMSO at the upstream stations 

may be attributed to a non- DMS source. Andreae (1980b) found DMSO to be present in a 

wide variety of aqueous systems, like freshwater lakes and streams, and Antarctica glacial 

melt water ponds (de Mora et al., 1996). DMSO is also present in fruits and vegetables 

(Pearson et al., 1981). As the upstream region of Mandovi receives a heavy terrestrial load, 

this runoff from the Western Ghats may also be a contributor to the high concentrations of 

DMSO in the estuary. DMSO may also be biosysnthesized by primary producers (Lee et al., 

1999). Thus, the high algal population at the upstream stations may also be a significant 

contributor to the DMSO in the Mandovi estuary. 
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4.3 Results - Zuari 

4.3.1 Hydrography of the Zuari estuary: Spatial and temporal variation of 

temperature, salinity and Chlorophyll a 

 

The temperature in the Zuari estuary showed large variations during the study period (Fig. 

4.10). In general surface temperature varied from 33.27 to 24.81 ˚C in study period with an 

average of 28.7 ± 2.05˚C whereas bottom water temperature varied from 24.18 to 32.72˚C 

with an average of 28.58 ± 2.15 ˚C (Fig. 4.10). The results showed two warming periods 

observed during the SIM and FIM with the highest temperatures observed during SIM when 

the solar insolation was maximum. The SIM of 2011 and 2015 were warmer that the SIM of 

2012 and 2013. Also, the upstream stations were warmer than the mouth stations. Similarly, 

the other two regimes were cooling phases observed during the SWM and the NEM. 

Maximum cooling was observed during the SWM of 2011 and 2012 in comparison to 2013 

and 2015. The lowest temperatures were observed during the SWM due to the rainfall runoff. 

Strong spatial and temporal variation was observed in salinity in the estuary during the study 

period. Salinity strongly decreased from the mouth, reaching up to minimum levels in the 

upper estuary (Fig. 4.11). The average salinity at the mouth of the estuary was 30.43, which 

dropped to 12.67 in the mid-estuary and 0.53 at the head of the estuary. Therefore, strong 

gradient was observed from mouth to head of the estuary. Surface water salinity varied 

from 0.03 to 35.95 with an average of 13.86 ±13.19, while the bottom water salinity varied 

between 0.02 and 36.2 with an average of 15.20±13.65. Large changes in salinity were 

observed with the onset of the SWM. During the SWM, the freshwater influence was seen 

up to Z3 station, which is more saline during the non-monsoon period with salinity ranging 

from 25 to 30. On an average salinity varied from 0.03 to 21 during the SWM. However, 

during the SWM of 2012 and 2015, the freshwater intrusion was seen right up to the mouth 

of the estuary probably due to the excess rainfall. During the SWM, at the mouth and mid 

estuary, a general feature was observed. The vertical salinity gradient was large suggesting 

a stratified condition. 
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Fig. 4.10a: Spatial and temporal variation of temperature in surface water in Zuari Estuary 

 

 

 

 

 
 
Fig. 4.10b: Spatial and temporal variation of temperature in bottom water in Zuari Estuary 
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Fig. 4.11a: Spatial and temporal variation of salinity in surface water in Zuari Estuary 

 

 

 

 

 

Fig. 4.11b: Spatial and temporal variation of salinity in bottom water in Zuari Estuary 
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Chlorophyll a 

 

Temporal and spatial variations for Chl a in surface and bottom waters are shown in Fig. 

4.12. In the surface waters, Chl a varied from 0.5 to 19 mg m-3 with an average of 4.2 ± 3.6 

mg m-3, and from 0.4 to 16.75 mg m-3 in the bottom waters with an average Chl a 

concentration of 4.14 ± 3.5 mg m-3. Concentrations of Chl a increased towards upstream in 

both surface and bottom water. Maximum concentrations of Chl a in surface water were 

observed during SIM of 2011 in the upper reaches of the estuary. During SIM and SWM of 

2012, higher surface Chl a concentrations were observed throughout the estuary. The Chl a 

concentrations were found to be low in the upstream stations during the SWM for all years, 

except for the SWM of 2012, which saw high Chl a concentrations nearly throughout the 

estuary. The low Chl a in the upstream section, despite the runoff bringing high nutrients is 

probable due to light limitation caused by the turbid waters of the estuary (Gauns et al., 

2015). Higher Chl a concentration was observed in the upstream during the NEM of 2012 

and 2013. In general, 2011, 2012 and 2013 were found to be more productive than in 2015. 
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          Fig. 4.12a: Spatial and temporal variation of Chlorophyll a in surface water in 

Zuari Estuary 

 

 

 

 

 

         Fig. 4.12b: Spatial and temporal variation of Chlorophyll a in bottom water in Zuari 

Estuary 

S
ta

ti
o
n

s

Time

S
ta

ti
o

n
s

Time



Chapter 04 
 

67 

4.3.2 Spatial and Temporal variations in DMSPt, DMS and DMSOt in the Zuari estuary 

 

DMSPt and DMS: 

The estuarine distribution DMSPt, DMS and DMSOt concentration in the surface and bottom 

waters from 2011 to 2015 was shown in Figs. 4.13, 4.14 and 4.15 respectively. DMSPt and 

DMS concentrations decreased with decreasing salinity, from the mouth towards upstream 

stations. The surface and bottom waters showed a similar pattern with higher surface water 

concentrations. The surface DMSPt concentrations varied from 0.23 to 39.12 nM with an 

average concentration of 5.11 ± 7.12 nM and bottom DMSPt concentration varied between 

0.1 and 38nM with an average of 3.1 ± 5.1 nM. Higher DMSPt concentrations were seen to 

occur during the NEM of 2011, 2012 and 2013 at Z1 and Z3 station. High concentrations of 

DMSPt were also observed during the SIM (April-May). In comparison to DMSPt, DMS 

concentrations were observed to be higher in both surface and bottom water. Surface DMS 

varied between 0.24 to 46.45 nM with an average concentration of 5 ± 7.9 nM and bottom 

water DMS varied between 0.4 and 58 nM with an average of 4.4 ± 8.2 nM. Surface and 

bottom concentrations of DMSPt showed a similar trend, however surface concentrations 

were higher. DMSPt and DMS concentrations during the SWM of 2012 were relatively 

higher. In the present study high surface DMS concentrations were observed in the SIM of 

2012 (43 nM) and NEM of 2013 (46 nM). In general, DMS followed a similar trend as that 

of DMSPt but significant difference was noticed in their concentrations. 
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        Fig. 4.13a: Spatial and temporal variation of DMSPt in surface water in Zuari Estuary  

 

 

 

 

       Fig. 4.13b: Spatial and temporal variation of DMSPt in surface water in Zuari Estuary  
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         Fig. 4.14a: Spatial and temporal variation of DMS in surface water in Zuari Estuary 

 

 

 

 

         Fig. 4.14b: Spatial and temporal variation of DMS in bottom water in Zuari Estuary 
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DMSOt 

 

Distribution of DMSOt concentration in the estuary during the study period was highly 

variable in comparison to DMSPt and DMS. Unlike DMSPt and DMS, DMSOt did not show 

any particular trend with salinity. DMSOt concentrations were in most cases higher than 

those of DMSPt and DMS with maximum concentrations of 57 nM in surface and 59 nM in 

bottom waters. The average DMSOt concentration in the Zuari estuary was 12.19 nM. 

 

 

        Fig. 4.15a: Spatial and temporal variation of DMSOt in surface water in Zuari Estuary 

 

 

 

       Fig. 4.15b: Spatial and temporal variation of DMSOt in bottom water in Zuari Estuary
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4.4 Discussion - Zuari 

4.4.1 Cycling of DMSPt and DMS in the Zuari estuarine system 

 

Limited studies on DMS production from the tropical estuarine system is available in the 

literature, however studies have been carried out in temperate estuaries (Iverson et al., 1989; 

Cerqueira and Pio, 1999; Sciare et al., 2002). This is the first study which gives an insight 

on spatial and temporal variation of DMSPt, DMS and DMSOt along the entire Zuari estuary. 

However, a time series study was undertaken at a fixed location in this estuary for 14 months 

(Shenoy and Patil, 2003). DMSPt and DMS showed strong spatial and temporal variation 

and followed the salinity distribution pattern. The concentrations decreased sharply with 

decreasing salinity from the mouth to the upstream. This behaviour suggests the 

osmoregulatory function of DMSP. Phytoplankton cells may be expected to release DMSP 

in response towards osmoregulation. Laboratory Studies have shown that intracellular 

DMSP in marine phytoplankton increases with increasing salinity (Vairavamurthy et al., 

1985). Both DMSPt and DMS concentrations fall within the range of previous studies by 

Moret et al. 2000, Kumar et al. 2009 and Yang et al., 2011. 

 

Taking into account the role of DMSPt as an osmoregulator in algal cells, its relationship 

with salinity was investigated along the estuary and positive correlations were obtained (Fig 

4.16) with an R2 value of 0.16. Positive correlations have been observed by studies carried 

out in other estuaries as well (Iverson et al., 1989). Sciare et al. (2002) studied the spatial 

and temporal distribution of DMS in 6 European estuaries and found a positive correlation 

between DMS concentration and salinity. Viravamurthy et al., 1985 reported a positive 

correlation between the intracellular concentration of DMSP and salinity of the growth 

medium for the planktonic coccolithophorid. To maintain the cell’s internal osmotic 

pressure, DMSP is transported across the cell membrane. Dickson et al., 1980, 1982 through 

laboratory studies confirmed the increase in intracellular DMSPt in marine macroalgae with 

increasing salinity suggesting that DMSPt regulates osmotic pressure in a micro alga. 

 

Additionally, higher concentrations of DMSPt were observed in the salinity range between 

20 and 35. This salinity range was generally found between stations Z1 and Z3, except 

during the SWM. This is the region where the mixing between saline coastal waters and 
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freshwater from the estuary takes place. The mixing of water causes the exposure of the 

coastal phytoplankton cells to the low saline runoff from the upstream stations which may 

contribute to high DMSPt observed at the near mouth stations. 

 

 

                       
    

 

 

Fig. 4.16: Correlation between Salinity and DMSPt in the Zuari estuary 

 

Though DMSPt and DMS are produced by phytoplankton, they need not always correlate 

with Chl a, an indicator of the phytoplankton biomass. Figure 4.17 shows the weak 

correlation between DMSPt and DMS with Chl a respectively for the entire estuary. Though 

most of DMSPt and DMS were produced in high salinity region (Z1), the Chl a concentration 

is observed to be lowest. This is evident from the poor correlation between DMSPt and Chl 

a (R2 = 0.006), and DMS and Chl a (R2 = 0.0002, Fig. 4.18). 

 

As seen in many studies, the present study also showed a weak correlation between DMSPt 

and Chl a (Fig 4.18) particularly due to species specific nature of DMSPt producers (Liss et 

al., 1993). A good correlation never usually exists between DMSPt and Chl a (Barnard et 

al., 1982; Kwint and Kramer., 1996; Simo et al., 1997). Relationship between DMSP and 

Chl a for a particular group or species was identified by Turner et al., 1988, and results 

indicated that main sources of DMS were coccolithophores, various dinoflagellates and 

certain unidentified taxa of small flagellates. 
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In the present study, DMSPt and DMS distribution showed seasonal and inter-annual 

variability. Maximum DMSPt was observed in April 2012 while DMS was highest in 

February 2013 at Z1 station. During the study period DMSPt and DMS concentrations were 

seen higher during SIM and NEM particularly in 2012 and 2013 at Z1 and Z3. High Chl a 

was also observed in May which coincided with the higher DMSPt pool. Distribution of 

DMS in the bottom waters showed DMS peaks. In the Pearl River Estuary, Hu et al. (2007) 

found high variation and highest average DMS concentration in the month of May and 

suggested high salinity pressure as the reason for DMS production. As suggested by Devassy 

et al., (1979) during April and May, the waters of Goa (Arabian Sea) are very dynamic and 

exposed to rapid changes of planktonic life. 

 

HPLC – based pigment analysis allowed us to discuss on the phytoplankton community 

structure (Fig 4.19). Referring Uitz et al. (2006), a fraction of the phytoplankton associated 

with the microplankton (fmicro), nanoplankton (fnano), picoplankton (fpico) was calculated. The 

maximum contribution to the DMSPt and DMS abundances was shown by diatom and 

dinoflagellates (fmicro). During Feb 2013 high DMS was seen at Z1 in surface waters where 

diatom Ditylum brightwelli, Nitzschia and dinoflagellates Scripsilla dominated. Scripsiella 

is known to produce high concentrations of DMS as reported by Keller et al., 1989. During 

May 2013 surface as well as bottom waters were found to be dominated by dinoflagellates 

Protoperidinium angustum and pyrophacus. Similar observations were also made in October 

2013. However, our study has also observed that high concentrations of DMS and DMSPt 

coincide with low phytoplankton population (Fig 4.19). 

 

A study on biomass and diversity indices of phytoplankton was done by Kumari and John, 

2003 in Mandovi and Zuari estuary. They found that the diversity index was maximum in 

Zuari estuary during postmonsoon whereas dominance index was maximum during 

premonsoon and was mainly due to greater contribution of Coscinodiscus, Thalassionemea, 

Pleaurosegma and Chaetoceros. In Zuari estuary, the trimodal peak was observed by 

phytoplankton one each during October, December and February and post-monsoon period 

showed the highest number of species of diatoms and dinoflagellates but a sharp decline in 

phytoplankton cell numbers was seen during monsoon (Devassy and Goes, 1988). Nitzschia 

spp., Coscinodiscus spp., Skeletonema costatum, Bacillaria paradoxa and T. erythraeum 

were the most abundant forms of species found (Devassy and Goes, 1988). DMS 

concentrations are also known to increase with zooplankton grazing activity (Levasseur et 
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al., 1996; Wolfe & Steinke, 1996). Zooplankton production was seen high during November 

– December, February and April in the Zuari estuary (Nair,1980). 

 

 

 

   

 

 Fig. 4.17: Correlation between (a) DMSPt and (b) DMS v/s chlorophyll a in the Zuari     

estuary 

 

 

 

 

 

 

Fig. 4.18: Correlation between (a) DMSPt and (b) DMS v/s chlorophyll a at Z1 

station in the Zuari estuary 
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Fig. 4.19: Variation in Phytoplankton size fraction and associated DMSPt and DMS in 

surface waters at mouth of Zuari estuary 

 

4.4.2 Variations in DMSOt 

 

Unlike DMSPt and DMS, DMSOt distribution did not vary with salinity. As seen from table 

1, the average concentrations of DMSOt at mouth, mid-estuary and head of estuary remains 

unchanged suggesting that DMSOt is rather ubiquitous in nature. DMSO is believed to be 

an oxidised product of DMS in seawater thorough photo oxidation or bacterial oxidation. 

However, the DMSOt concentrations observed in the present study is higher than its 

precursor DMS. Another significant observation made with DMSOt distribution was that 

irrespective of the presence of its precursor, DMSOt was available in higher concentrations 

particularly in the upstream stations. This gives us an understanding that DMSOt may be 

produced from non DMS source. Laboratory culture studies have shown that DMSO was 

produced by phytoplankton and field studies in natural waters showed that DMSO 

concentrations were higher than DMS (Andreae, 1980a, b) which agrees with our 

observations. DMSO was found to be present in fruits and vegetables (Pearson et al., 1981). 

We may assume this as one reason for high DMSOt in the freshwater end as it receives 

inputs from land derived industrial and domestic origin. DMSO may also be bio synthesized 

by primary producers (Simo et al., 1998; Lee et al., 1999). 
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4.5 Comparison between Mandovi and Zuari, and with other estuaries 

 

Both monsoonal estuaries showed two warming and two cooling periods on an annual scale. 

SIM of 2011 and 2015 were seen to be the warmest period with maximum temperatures in 

the upstream. In the Mondovi estuary, the intrusion of saline water was observed to reach 

the upstream region during the non-monsoon season whereas the upstream region of Zuari 

estuary was occupied by freshwater with salinity below 1 irrespective of the season. 

Freshwater influence during the SWM was intense during 2015 during which water of low 

salinity was observed near the mouth of both estuaries. Zuari estuary was observed to be 

more productive during the study period in comparison to the Mandovi estuary (Table 4.1 

and 4.2). The maximum Chl a recorded in Mandovi estuary was 12 mg m-3 whereas it was 

19.5 mg m-3 in the Zuari estuary. Both estuaries exhibited significant spatial, seasonal and 

inter-annual variability in the distribution of DMSPt, DMS and DMSOt. Higher average 

concentrations of DMSPt, DMS and DMSOt were observed at the mouth of Mandovi 

estuary as compared to the Zuari estuary. However, when compared to mid and upstream 

regions, no significant difference was noticed (Table 4.1 and 4.2). Poor correlation was 

obtained between DMSPt and DMS with Chl a by both estuaries. However, it was observed 

that the correlation improved when only the mouth was considered for the Mandovi estuary. 

When a similar concept was applied for the Zuari estuary, there was no improvement 

observed in the correlation. This was probably due to the phytoplankton species prevailing 

at the mouth of the estuary. 

 

The highest DMS concentration in Mandovi and Zuari estuaries from our study was 

relatively higher than the highest DMS concentration reported from Cochin estuary by 

Dayala et al. (2013). The maximum DMS concentration range in Mandovi estuary was 0.2-

75.9 nM and Zuari estuary was 0.4-58nM, whereas, in Cochin estuary the maximum DMS 

range was 0-19.5 nM. Our results agreed well with the results obtained by Viswanadham 

et al. (2016) on DMS concentrations measured in 25 major and medium estuaries from 

Indian subcontinent during the dry period. The results from an experimental approach 

carried out to assess the influence of varying salinity (28, 30, 32 PSU) on the DMSP 

production from Prymsesium simplex by Thariath et al. (2019) supports the results seen in 

our present study. The concentration of DMSP and particulate fraction of DMSP elevated 

at higher salinity in the exponential phase of growth and was lower at lower salinity. Similar 
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observations were made in the present study where in Mandovi and Zuari estuary, 

maximum DMSP and DMS concentration was found at the mouth of the estuary where the 

salinity was >30 except during the monsoon period. 

 

Cerqueira and Pio, 1999, reported maximal DMS concentrations during the summer in 

comparison to the winter period in a temperate estuarine system. The relation between 

DMS and salinity was elucidated in a subtropical Pearl River estuary and the adjacent 

northern South China Sea. While no significant correlation was observed between DMS 

and salinity in the wet season, a significant positive correlation was observed in the dry 

season (Hu et al., 2005). Microbial consumption rates of DMS were also studied in an 

estuarine sample of coastal Georgia and it was found that DMS consumption is as rapid as 

its production (Wolfe and Kiene, 1993). Ma et al. (2005) observed remarkable spatial and 

temporal variations in DMS concentrations with the highest values observed at the mouth 

of the Pearl River estuary. DMSP and DMS variations were studied in relation to 

phytoplankton assemblages in St. Lawerence estuary. The study showed a strong 

seasonality with maximal concentrations observed in July and August (Michaud et al., 

2007). In the Zuari estuary, during the south west monsoon, elevated concentrations of 

DMSP and DMS were observed coinciding with a mixed bloom of dinoflagellate and 

diatom (Shenoy and Patil, 2003). While the concentrations of DMS, DMSPt and DMSOt 

might match in some cases and vice-versa in others, it is extremely difficult to compare the 

processes which lead to DMS production among estuaries which are geographically 

different. 
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4.6 Conclusion 

 

Annually, both estuaries experienced 4 temperature regimes; 2 warming and 2 cooling 

phases. Warming phases were observed during the SIM and during the FIM, with higher 

temperatures or greater warming observed during the SIM. The SIM’s 2011 and 2015 were 

warmer than 2012 and 2013. On the other hand, cooling was observed during the SWM 

and during the NEM with lower temperatures during the SWM. Both estuaries showed the 

dominance of freshwater during the wet period and vice-versa during the dry period. 

Generally higher Chl a concentrations were observed in the upper reaches of the estuary. 

2011, 2012 and 2013 were more productive in comparison to 2015. All three species 

DMSPt, DMS and DMSOt, exhibited significant spatial, seasonal as well as inter-annual 

variability. Higher concentrations were generally restricted to the near mouth station and 

decreased with decreasing salinity pattern. Higher DMSPt, DMS concentrations were 

observed during the NEM and SIM. Weak correlation between DMSPt and Chl a suggests 

the species specificity of DMSP producers. The higher DMS concentrations at the near 

mouth stations may be a result of the interaction of the coastal saline waters with the 

freshwater from the river. DMSOt distribution did not follow the DMSPt and DMS pattern. 

DMSOt was present throughout the estuary. The DMSOt at the near mouth stations may be 

attributed to DMS oxidation, whereas the upstream DMSO points out to an unknown 

source. 
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5 ROLE OF SEDIMENT IN THE PRODUCTION OF DMS UNDER LOW 

OXYGEN CONDITIONS 

5.1 Results – Experiment at a coastal station off Goa 

5.1.1 CaTS- G5 

5.1.1.1 Variation in DO 

 

Sediment and water samples for the incubation experiment were collected in the SWM 

during which upwelling occurs along the west coast of India. Due to this, the initial DO 

concentrations were observed to be lower. Fig. 5.1 shows the variation of DO, DMS, 

DMSPt and DMSOt with time during the incubation of sediment with the overlying water 

from the CaTS-G5 station. In the case of Core A and Core B, the initial DO concentrations 

were 205 µM and 121 µM respectively. The higher DO concentration was perhaps due to 

the initial preparation of the cores which involved the pouring of overlying water over the 

sediment in the core liners causing aeration. Nevertheless, as the incubation progressed the 

DO concentrations initially rapidly fell to 16.6 µM within 72 hours and then gradually 

turned anoxic by 216 hours in Core A. In Core B, the DO concentrations initially fell to 20 

µM within 72 hours and later gradually fell to zero by 216 hours (Fig. 5.1). The variation 

in DO between Core A and Core B was statistically insignificant (p > 0.05) suggesting good 

reproducibility. Initial DO concentration in Bag A was hypoxic (25.7 µM), which turned 

anoxic within 96 hours of the incubation period. Core C and Bottle A, did not vary over 

time and remained well oxygenated as expected. Bottle A initially had low oxygen 

concentrations (106 µM) which increased as the incubation followed due to the continuous 

aeration. Hypoxic conditions were observed at the beginning of the experiment in Core E 

(54 µM), as the incubation advanced, concentrations decreased very steadily and reached 

to 19 µM at the end of the experiment. Unlike Core A and Core B, Core E did not turn 

anoxic. 
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Fig. 5.1: Variation of DO, DMS, DMSPt and DMSOt with time during the incubation 

of samples from the CaTS – G5 station. 
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5.1.1.2 Variation in DMS, DMSPt and DMSOt 

 

Initial DMS and DMSPt concentrations in Bag A were 2 nM and 1 nM, respectively. An 

increase in both was noticed at the end of the experiment. DMS was 29 nM and DMSPt 

was 13 nM after 360 hours. No significant variations were observed in DMS, DMSPt and 

DMSOt in other cores, and Bottle A. 

 

5.2 Results - Experiment along the salinity gradient in Mandovi estuary 

5.2.1 Betim 

5.2.1.1 Variation in DO 

 

Unlike the CaTS-G5 sample, which had low initial DO, the samples from the estuary were 

well oxygenated. Fig. 5.2 shows the variation of DO, DMS, DMSPt and DMSOt with time 

during the incubation of sediment with the overlying water from the Betim station. DO in 

the Bag A decreased from 221 µM to 90 µM over 120 hours. However, DO in overlying 

waters of Core A and B, gradually decreased with time. In the case of Core A, DO decrease 

from 202 µM during the start of the experiment to 9.5 µM within 48 hours and after that to 

4.7 µM at the end of 120 hours. DO in Bag B decreased similarly from 202 µM to 4.6 µM 

in 120 hours. A single factor ANOVA was applied between the two data sets to assess the 

variation between replicate cores (Core A and B) and found that variance in DO between 

these two cores was statistically insignificant (p > 0.05). As expected, aerated incubations, 

Core C, Core D and Bottle A was well oxygenated throughout the experiment. In Core E, 

DO concentration also decreased with time, but the decrease was gradual and linear. Initial 

DO in Core E was 189 µM, which decreased to 48 µM at the end of 120 hours. Comparing 

DO variation in Bag A with that of Core A and B implies higher oxygen consumption in 

the presence of sediments. 

 

5.2.1.2 Variation in DMS, DMSPt and DMSOt 

 

In Bag A, DMS, DMSPt and DMSOt did not show any particular trend with time; however, 

the DMSOt concentrations were five times higher than the other two. At T0 DMS 

concentration in Core A and Core B was 9.2 nM and 11.1 nM respectively. The 
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concentrations in both the anaerobic cores showed a minor rise and fall until 50 hours (Fig. 

5.2). After 50 hours, the DMS concentration in both cores rose nearly linearly up to 108 

hours, where the final concentration was 133 nM and 108 nM in Core A and Core B, 

respectively. DMSPt concentration in both cores did not show any trend with time, 

however, in the beginning, DMSP concentration was 21.1 nM which increased non- 

linearly to 47 nM at 60 hours in Core A and 68 nM in Core B and further decreased towards 

the end of the incubation experiment (Fig. 5.2). Although DMSOt concentrations were 

higher than DMSPt, it did not show any particular progression with time in both the 

anaerobic cores. A statistically significant variation was obtained between the bag and 

anaerobic cores (p < 0.05). This differential behaviour between Cores A, B and Bag A may 

indicate that the inputs of high DMS in overlying water could solely be a source from 

sediments and that too under anaerobic conditions since there was no such increase found 

in DMS in Core C and D (aerobic cores). There was no significant variation (p = 0.98) seen 

between bottle and the aerobic cores which imply sediment may not play any particular 

role as a precursor under oxygenated conditions. DMSPt concentrations remained constant 

with time in the aerobic cores. As in the case of DMSOt, concentrations were comparatively 

higher than DMSPt and DMS but variations along the time were insignificant. Interestingly, 

Core E showed contrasting results from all other cores (Fig. 5.3). Extremely high 

concentrations of DMS, DMSPt and DMSOt (nearly 20-30 times more) were observed at 

T0 in Core E. DMSPt concentration was maximum in the beginning (1058 nM) and 

gradually decreased. DMS showed a steady increase from 269.7 nM at 0 hours to 529.7 nM 

after 18 hours. The decrease in DMSP and increase in DMS may be assumed to be the 

conversion of DMSP to DMS. DMSO too showed a decreasing trend with time. 



Chapter 05 

 

84  

 

 

 
 

 

 

 
 

 

 

    

 

 

                 
   

                               

 

 
 

 

 

Fig. 5.2: Variation of DO, DMS, DMSPt and DMSOt with time during the incubation of samples 

from Betim. 
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Fig. 5.3: Variation of DMS, DMSPt and DMSOt with time in Core E during the 

incubation at Betim. 

 

5.2.2 Amona 

5.2.2.1 Variation in DO 

 

In the cores collected at Amona, the DO concentration, in the beginning, was 212 µM 

and 241 µM in Core A and Core B respectively (Fig. 5.4). The DO in both cores 

dropped linearly to 15.8 and 10 µM around 48 hours after which DO in both cores 

decreased gradually and dropped to 4 µM at 66 hours and remained constant till the end 

of the experiment. In Bag A, DO concentration decreased from 242 µM to 164 µM; 

however, the decline, in this case, was largely weaker than the anaerobic cores. A decline 

in DO was also observed in Core E, where DO dropped from the initial concentration of 

236 µM to 55 µM at the end of incubation. In Core C, Core D and Bottle A, high DO 

concentration was seen till the end of the experiment (Fig.5.4) The replicate cores 

(anaerobic and aerobic) did not vary significantly (p > 0.05). 

 

5.2.2.2 Variation in DMS, DMSPt and DMSOt 

 

In Bag A, DMS concentrations did not vary much and remained constant (~5 nM) during 

the incubation period (Fig.5.4). Though DMSPt did not vary much, it showed a marginal 

increase from 4 to 11 nM and later the concentrations fell to 6.5 nM. However, DMSOt 

concentrations observed an initial increase from 8 to 15 nM, followed by a decrease  
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towards the end. In core A and Core B, initial DMS concentration was 4.8 nM and 3.3 nM 

respectively and remained largely unchanged with time where as DMSPt were 13.5 nM and 

11.7 nM at T0 which dropped non- linearly to 1.5 nM and 3.8 nM at 102 hours. DMSOt in 

Core A and Core B decreased from the initial concentration of ~ 45 nM to 15 nM during 

the incubation period. A similar variation in DMSOt was also observed in Core C and Core 

D. Initial DMSPt concentrations in Bottle A, Core C and Core D were observed higher than 

DMS concentration; however, both DMS and DMSPt concentrations decreased with time 

(Fig.5.4). In Core E elevated concentrations of DMS and DMSPt was observed, but with a 

lesser magnitude as compared to Betim. 

 

        
  

 

 

       
 

 

 

 

Fig. 5.4: Variation of DO, DMS, DMSPt and DMSOt with time during the incubation 

of samples from Amona. 
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5.2.3 Ganjem 

5.2.3.1 Variation in DO 

 

DO concentration continuously decreased in overlying waters of Core A and Core B. The 

initial concentration in Core A was 227 µM, and Core B was 232 µM. It fell drastically to 

8 µM and 10 µM after 74 hours and further decreased to 0.6 µM and 8.6 µM by the end of 

110 hours (Fig.5.5). The DO variation between the two anaerobic cores was insignificant (p 

> 0.05). In Bag A, the decline in DO concentration was more gradual and decreased from 

250 µM to 215 µM during the incubation period. Bottle A, Core C and Core D remained 

well oxygenated throughout the experiment. From T0 to T13, DO concentration in Bottle A 

varied from 240 to 228 µM, in Core A ranged between 259 to 309 µM and Core B from 

259 to 298 µM. The decrease in DO in Core E was similar to Cores A and B wherein the 

DO decreased 201 µM to 25 µM. 

 

5.2.3.2 Variation in DMS, DMSPt and DMSOt 

 

Incubation results from Ganjem samples showed random variations in DMS, DMSPt and 

DMSOt concentrations. As expected, the initial concentrations at Ganjem were lower than 

at that observed at Betim since salinity at this location was 1. Initial DMS concentration in 

Core A and B was 4 nM (Fig.5.5). In Core C and Core D, DMS concentration was 2 nM and 

3 nM respectively. DMS and DMSPt in Core C and Core D seemed to show a non-linear 

decrease with time. Initial DMS concentration in Core C was 4 nM and decreased to 2 nM 

at the end of the experiment. Meanwhile, Core D showed a decrease from 15 nM to 3 nM. 

The variations between the two aerobic cores were insignificant. Similarly, DMSPt 

concentrations in both aerobic cores did not show any appreciable change, although an 

overall decreasing pattern was observed. Variation of DMS concentration in Bag A was 

highly irregular whereas DMSPt concentration exhibited a decreasing pattern with time. On 

the other hand, DMSOt concentrations were relatively much higher, which slowly decreased 

marginally with time. 
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Fig. 5.5: Variation of DO, DMS, DMSPt and DMSOt with time during the incubation of 

samples from Ganjem. 
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5.3 Results – Sedimentary DMSPt and DMSOt 

5.3.1 CaTS-G5 

 

Vertical profile of sedimentary DMSPt and DMSOt at CaTS-G5, Betim and Ganjem is 

shown in Fig. 5.6. Surface DMSPt concentration was higher than DMSOt. DMSPt was 137 

ng/g, and DMSOt was 55 ng/g of sediment (Fig. 5.6a). DMSPt did not show any particular 

vertical trend. DMSOt on the other hand non-linearly decreased with the least concentration 

of 46.5 ng/g at 20 cm. Sediment was seen to be enriched by both compounds from the surface 

to bottom of the core. However, the concentration of DMSPt was marginally higher than 

DMSOt concentrations. 

 

5.3.2 Betim 

 

Sediments collected in Mandovi estuary at Betim showed a peculiar trend in the variation of 

DMSPt and DMSOt from the surface to the bottom of the sediment core. In general, DMSPt 

and DMSOt non- linearly decreased from surface to bottom. Surface DMSPt of 199.8 ng S/g 

and DMSOt of 93.8 ng S/g were observed (Fig. 5.6b). DMSPt ranged between 12.9 to 199.8 

ng/g where as DMSOt ranged between 7 to 94 ng/g. Apart from the similar trend, DMSPt 

and DMSOt did not vary much in its magnitude as well, except for the surface sediments 

where DMSPt concentration was higher. 

 

5.3.3 Ganjem 

 

Ganjem, being in the freshwater zone of the estuary, showed different distribution 

characteristics in comparison to CaTS-G5 and Betim. DMSOt concentrations in sediments 

of Ganjem were quite low as compared to CaTS and Betim. Concentrations ranged from 0.2 

to 13.5 ng/g (Fig. 5.6c). DMSO remained low throughout the sediment core. However, 

DMSPt profile showed a different pattern. Concentrations of DMSPt were higher and 

remained nearly constant from the surface to 6 cm and later decreased further. Overall 

DMSPt concentration ranged from 15 to 152 ng/g of sediment (Fig. 5.6c). 
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Fig. 5.6: Vertical profile of sedimentary DMSPt and DMSOt at (a) CaTS-G5 (b) Betim (c) 

Ganjem. 

 

 

5.4 Results – Porewater DMSP and DMSO 

5.4.1 Betim and Ganjem 

 

DMSP and DMSO measurements in the porewater extracted through sediments were carried 

out at two extreme points of the estuary; at Betim (marine end) and Ganjem (freshwater end). 

The results obtained from Betim (Fig. 5.7a) and Ganjem (Fig. 5.7b) concerning the DMSPt and 

DMSOt content in the sediments was unique. In Betim porewater DMSP concentration ranged 

from 3.5 to 27 nM and DMSO concentration varied between 5.5 to 70 nM. However, DMSO 

did not show a particular trend unlike DMSP which decreased down the core. Porewater 

concentrations of DMSP and DMSO gave diverse observations. Low concentrations of DMSP 

(0.5 – 4.2 nM) were seen to be present from the surface to the bottom of the sediment core. 

Interestingly, it was observed that the porewater content of Ganjem held a higher concentration 

of DMSO (5 – 20.4 nM). 

(b)(a) (c)
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Fig. 5.7: Vertical profile of porewater DMSP and DMSO at (a) Betim (b) Ganjem 

 

 
  

5.5  Discussion 

5.5.1 Consumption of DO and formation of low oxygen conditions 

 

Sediments are known to play a vital role in the biogeochemistry of shallow aquatic ecosystems 

like estuaries, bays, continental shelves, etc. (Grenz et al., 2000; Hopkinson, 2001). Production 

and consumption of DO in these systems play a vital role in the biogeochemical cycling of 

carbon, nitrogen and sulphur. In the present set of experiments, it was observed that the DO 

concentration in Core A and Core B went down to suboxia/anoxia in all cases. However, DO 

consumption in the Bag A differed in all cases. While the CaTS-G5 Bag A attained 

anoxia/suboxia, the same was not observed in the case of Betim, Amona and Ganjem. It was 

observed that the fall in DO decreased from Betim to Ganjem. This gave support that the 

overlying water at CaTS-G5 had enough organic matter to drive oxygen consumption to anoxia. 

On the other hand, the low oxygen conditions obtained in Core A and Core B in the case of 

Betim, Amona and Ganjem suggests that the sediments play an important role by supplying 

organic matter to the overlying water column thereby taking the system to low oxygen 

conditions. In all experiments, Core E DO levels decreased gradually but did not turn anoxic 

since the microbial activity was arrested by action of HgCl2. 
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5.5.2 DMS production and controlling factors 

 

In the case of the CaTS-G5 experiment (sampled in October 2013), due to upwelling, the 

DO concentrations during sampling were lower (25.7 µM). In Bag A, DO concentrations 

fell to anoxic levels in 96 hours of incubation (Fig. 5.1). On the other hand, the initial DO 

concentration in all cores was high due to the preparatory steps of incubation. In contrast to 

the expected outcome, DMS concentrations in the anaerobic cores (Cores A & B) did not 

show a build up of DMS with anoxic conditions. Average DMS concentration during the 

experiment was 2 nM. On the contrary, there was 29 nM DMS increase in Bag A. High 

DMS concentration has been reported during SWM in bottom waters in 2013 (Bepari et al., 

2019). Hence this small scale build up in Bag A may be explained as that DMS which had 

already set in the system in low oxygen conditions during seasonal upwelling, the similar 

results have not been observed in anaerobic cores because in the initial incubation 

procedures the overlying waters after 24 hours of incubation has been replaced with the fresh 

overlying waters. Hence the increased DMS signals might have been lost during these steps. 

 

In the present set of experiments, high DMS was observed in Core A and Core B only at 

Betim, whereas there was no build up in the case of CaTS-G5, Amona and Ganjem, even 

though DO concentrations dropped to anoxia/suboxia. The extremely high DMS (442 nM) 

reported from the CaTS-G5 station in bottom waters during the seasonal anoxia (Shenoy et 

al., 2012) provoked an expectation that with the developing anoxic conditions, the anaerobic 

cores will result in the build up of DMS in overlying waters. However, this was not the case. 

 

5.5.3 DMSP and DMSO in coastal and estuarine sediments and its porewaters 

 

The concentrations of DMSPt and DMSOt in the sediments were always higher than the 

concentrations in the overlying waters (Fig. 5.6). A study conducted in the North Sea waters 

and sediments showed similar observations. Concentrations of DMS and DMSP in the 

sediment were always 1000 times higher as compared to the concentrations in the overlying 

waters (Nedwell et al., 1994). At Betim, the concentration of DMSPt and DMSOt in 

sediments was similar to that of sediments from the CaTS-G5 (shelf) and the Ganjem 

(upstream) stations (Fig. 5.6). However, the sediment water interface chemistry was noticed 

to be quite different at the estuarine location. In the case of the Betim, the rate at which DO 

concentrations dropped in anaerobic cores was much faster in comparison to Bag A due to  
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higher demand of oxygen by sedimentary organic matter for its oxidation (Fig. 5.2). DMSPt 

and DMSOt in the overlying water during the incubation period did not show any particular 

trend with decreasing oxygen levels. However, DMS concentration in Core A and Core B 

increased non- linearly with time as the DO concentrations kept falling. After 60 hours, the 

concentration of DMS increased in both cores A & B and reached a maximum of 128 nM 

and 104 nM respectively. From the graphs, it is evident that DMS production increased from 

60 hours when DO concentration decreased and remained constant in near sub-oxic levels. 

DMSPt concentrations present in the overlying water were not sufficient (Fig. 5.2) as a 

precursor (substrate) for the production of DMS. Similarly, the DMSOt concentrations were 

also low if one considers the reduction of DMSO to DMS (Fig. 5.2). If we exclude these two 

as precursors to DMS in the water column, the other source we could suspect here was the 

sediment. Interestingly, high DMSPt concentration of 200 ng/g and DMSOt of 94 ng/g (Fig. 

5.6b) was observed in the surface sediments at Betim. Thus, it seems likely that the DMSP 

and DMSO in the surface sediment may have served as a substrate for the formation of DMS 

under low oxygen conditions. Research carried out on the bacterial strains explain that 

DMSP is not only a photic or oxic process that is confined to the surface ocean but DMSP 

concentration and its synthesis rate is higher in marine surface sediments like the salt marsh 

ponds, estuaries than the overlying seawater (Williams et al., 2019). Some 

alphaproteobacterial, gammaproteobacterial and actinobacteria contained a methionine 

methyltransferase gene (mmtN) which a marker for bacterial synthesis of DMSP through 

methionine methylation pathway. They found that these DMSP producing bacteria was 

much more abundant in marine surface sediments. Nevertheless, these mechanisms in itself 

cannot explain the release of the organosulphur compounds to the overlying water column.  

 

 Porewater measurements of DMSP and DMSO at Betim (Fig.5.7a) suggested that most of 

the total DMSP and DMSO are present in particulate form rather than dissolved phase. At 

Betim, the surface porewater concentration of DMSP (dissolved DMSP) was 11.37 nM and 

DMSO (dissolved DMSO) was 18.74 nM. We also measured dissolved DMSP and DMSO 

in the surface sediments of the CaTS-G5 sample, which interestingly also showed low 

concentrations of 20 nM and 21.5 nM respectively.  Thus, it was quite puzzling to find low 

DMS despite having sub-oxic/anoxic conditions for the CaTS-G5 incubation. To gain 

clarity, we performed a short sub-experiment, wherein we collected surface pore water under 

controlled conditions maintaining the low DO, and added DMSP standard (~274 nM) to it 

and followed the consumption of DMSP over time. Figure 5.8 shows the variation 
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of DMS, dissolved DMSP and DMSO during the experiment. DMS up to 55 nM is produced 

within the first 12 hours which then increases up to 66 nM within 24 hours. The conversion 

is probably affected by the presence of α-Proteobacteria which is widely present in marine 

waters (Hatton et al., 2012). This experiment proves that though DMSPt is present in high 

concentrations in the sediments, it must be available in the dissolved form for the bacteria 

to act and convert to DMS. 

 

 
 
 

Fig. 5.8. Results of DMSP addition to pore water from sediments of the CaTS-G5 station 

during October 2013. The graph shows time series variation of DMS, dissolved DMSP and 

DMSO after addition of 274 nM of DMSP standard. The green line and symbol are for 

DMSP; blue is for DMS and orange for DMSO. 

 

What’s also interesting was the high concentration of DMS, DMSPt and DMSOt observed 

in Core E at Betim, where DMSPt and DMSOt concentrations decreased over time, whereas 

DMS fluctuated but remained somewhat constant. This initial release of DMS, DMSPt and 

DMSOt on the addition of HgCl2 might have been a response to the stress of poisoning, but 

this response was seen only in the case of Betim, though high DMSPt and DMSOt in 

sediments is also observed in the case of CaTS-G5 and Ganjem (Fig. 5.6). 
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5.5.4 Role of salinity gradient 

 

DMS release from sediments to overlying waters varied significantly along the salinity 

gradient (from Betim to Amona to Ganjem). This variation could be due to various factors 

such as temperature, salinity, phytoplankton diversity, benthic fauna, etc. Porewater 

constituents too reflected variations along the salinity gradient. DMSP and DMSO 

concentration in porewater from Betim to Ganjem varied significantly. Concentrations 

decreased from Betim to Ganjem. However, in contrast to the porewaters, the sediments did 

not show a particular difference in the DMSPt content of sediments at Betim and Ganjem. 

This probably suggests that the DMSP is available in sediments related to the 

microphytobenthos residing, but the absence of salinity stress over the organisms and other 

environmental factors does not trigger the release of DMSP to porewaters. Therefore, we 

hypothesise that the substrate for DMS formation in the overlying waters is from the 

sediments. Our hypothesis may be supported by a few studies carried out previously. Kiene 

and Visscher (1987) conducted an experiment where rapid release and substantial 

accumulation of DMS was observed when DMSP was added to anoxic salt marsh sediments. 

Salt marshes are environments with high sulphur emissions assumed to originate from 

decomposition processes in sediment (Dacey et al., 1987). In a seasonally stratified coastal 

pond, maximum DMS concentration was found in the oxygen deficient metalimnion 

(Wakeham et al., 1987). Substantial concentrations of DMS were found in sedimentary 

porewater of Peru upwelling area with a sharp maximum a few centimeters below the 

sediment - water interface (Andreae, 1985). The source of this DMS was most likely 

attributed to the decomposition of detritus which settles to the bottom. Similarly, other 

experiments and incubations have reported methylation of MT and hydrogen sulphide (H2S) 

to DMS indicating that methanogens might play an important role in thiol methylation and 

DMS formation (Stets et al. 2004; Moran et al. 2008). 

 

Sorensen (1988) determined seasonal variation of DMS and methanthiol (MeSH) in 

sediment porewater of a Danish estuary. He found up to 0.1 µM DMS in upper 5 cm of 

sediment during summer which was probably associated with decomposing fragments of 

algae in the surface layer. Intertidal sediments represent environments with a potentially 

high emission of DMS since they are known to hold a high amount of DMSP (Van Bergrijk 

et al., 2002). DMSP was related to microphytobenthos in intertidal estuarine sediments of 

Scheldt estuary. Results suggested that diatoms were the most important source of DMSP in    
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sediment (Van Bergrijk et al., 2006). However, our knowledge of the production and release 

of DMSP in the sediments is quite limited. Most of the previous studies involving 

sedimentary inputs directly or indirectly relate it to the association of algal deposits onto the 

sediments. The high concentration of DMSPt and DMSOt in the sediment in this study can 

be due to various reasons, such as settling dead algae/chlorophyll, benthic diatoms, benthic 

macro, micro and meio fauna which bioaccumulate DMSP and might exude the same under 

low oxygen conditions. Demethylation and cleavage of DMSP in marine intertidal 

sediments were studied by Visscher et al. (1994). Highest consumption rates of added DMSP 

was found inn cyanobacterial mats slurries in comparison to diatom mat and carbonate 

sediment. In addition to the higher concentrations of DMSPt observed in sediments, we also 

observed an accountable amount of DMSOt concentrations. DMSO was reduced to DMS 

under anoxic conditions by a marine purple ‘non-sulphur bacterium strain (Vogt and Fischer. 

1998). DMS production has also been reported from DMSO and MeSH under anoxic 

conditions (Kiene and Capone 1988; Jonkers et al. 1996; Vogt and Fischer 1998; Stets et al., 

2004). 

 

The results obtained from shelf to estuary varied with respect to the DMS release from 

sediments to the overlying waters, although sediments from both sites were enriched in 

DMSP and DMSO. Recently Carrion et al. (2015) reported the characterization of a gene 

for DMSP independent DMS production in the bacterium. The first gene mddA was found 

to encode methyltransferase which methylates methanthiol and generates DMS. This gene 

is present in metagenomes of various environments, especially soil environments. Overall, 

our study can identify that the sediments are the source of the substrate/s for DMS formation 

under low oxygen conditions. However, DMS production from sediments under anoxic 

conditions needs a lot more investigation on the different mechanisms taking place at the 

sediment water interface and under different conditions. 
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5.6 Conclusions 

 

Incubation experiment was carried out at the shelf region and in the Mandovi estuarine 

system to investigate the source of high DMS production observed in the bottom water 

during low oxygen conditions. Sediments played an important role in the consumption of 

DO from the overlying waters by supplying organic matter in all the anaerobic cores except 

in the case of the poisoned Core E, where DO decreased gradually but did not turn anoxic 

since the microbial activity was arrested by action of HgCl2. Over the shelf, the results were 

contradictory to expectations. The anaerobic cores did not show a build up of DMS with 

anoxic conditions. In the present set of experiments, high DMS was observed in Core A and 

Core B only at Betim with the development of low oxygen conditions. Build up in the case 

of CaTS-G5, Amona and Ganjem, was not observed even though DO concentrations 

dropped to anoxia/suboxia. Further, it was identified that the concentrations of DMSPt and 

DMSOt in the sediments were always higher than the concentrations in the overlying waters 

at shelf, Betim (marine) and Ganjem (upstream). However, the sediment water interface 

chemistry was noticed to be quite different at Betim. The DMSPt and DMSOt in the 

overlying waters was not enough to account for the high production of DMS at Betim, thus 

it seems likely that the DMSPt and DMSOt in the surface sediment may have served as a 

substrate for the formation of DMS under low oxygen conditions. Porewater measurements 

of dissolved DMSP and dissolved DMSO at Betim suggested that most of the total DMSP 

and total DMSO were present in particulate form rather than the dissolved phase. With the 

help of a sub-experiment conducted over the shelf by adding dissolved DMSP (standard) to 

the porewater it was proved that though DMSPt was present in high concentrations in the 

sediments, it must be available in the dissolved form for the bacteria to act and convert to 

DMS. However, in the present study, the only site where high DMS production was seen 

may be attributed to the microphytobenthos related to DMSP in sediment, the association of 

algal deposits onto the sediment. However, DMS production from sediments under anoxic 

conditions needs a lot more investigation on the different mechanisms taking place at the 

sediment water interface and under different conditions. 

 



Chapter 06  

98  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Chapter 06 

Summary and Conclusions 



Chapter 06  

99  

6 SUMMARY AND CONCLUSIONS 

6.1 Summary 

 

The Arabian Sea is a region with varied biogeochemical provinces. While we have a 

reasonably good understanding of the variation of DMS and associated compounds in the 

open ocean waters of the Indian Ocean, the annual variation of DMS along the west coast 

of India and its estuaries remained a fairly grey area. The theme of this thesis work is an 

attempt to understand the dynamics of DMS with its associated compounds off the coast of 

Goa and in two of its estuaries. This was the first detailed spatial and temporal study carried 

out along the varying saline stretch of the two estuaries over five years. This study also 

gave light to an interesting finding of association of high DMS in bottom water during 

seasonal anoxia which further provoked for sediment water incubation experiment. This 

experimental work has provided scope for future research work to bring better 

understanding on the concept of sediment water interface study. The highlights of the 

present study are as follows: 

 DMSPt, DMS and DMSO at the CaTS-G5 station exhibited significant seasonal as 

well as inter-annual variability. The years 2009, 2012 and 2013 were the most 

productive for DMSPt, DMS and DMSOt, while 2010 and 2011 showed the least 

DMSPt and DMS. 

 The higher concentrations were attributed to the abundance of diatoms and 

dinoflagellates, while the lower concentrations coincided with low phytoplankton 

biomass. 

 The unique hydrography of the region associated with seasonal changes greatly 

influenced the distribution of the three species. In the NEM, least DMSPt and DMS 

were observed with low Chl a concentrations, whereas moderate DMSPt and DMS 

concentrations were observed during SIM and SWM. SIM was associated with the 

diatom population which succeeded Trichodesmium blooms towards the end of the 

season, while the diatoms were seen to dominate the phytoplankton population during 

the SWM. 

 Towards the end of SWM, higher DMSPt and DMS production were observed in 

association with dinoflagellate, which proliferate in the late phase of the SWM. 

 The most remarkable observation of the study was increased production of DMS 

observed in bottom waters during two years; i.e. during the seasonal anoxic period of 
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September 2009 and October 2013. 

 DMS flux to the atmosphere was estimated to vary between 0.8 and 100 μmol S m−2 

day−1 with an average of 20 μmol S m−2 day−1. 

 During the study period, both the Mandovi and the Zuari estuary experienced two 

warming phases during SIM and FIM and two cooling phases during SWM and FIM. 

 SIM’s of 2011 and 2015 were the warmest in comparison to SIM of 2012 and 2013. 

 Chl a concentrations were observed to be higher at the upstream reaches of the 

estuary, with the years 2011, 2012 and 2013 being the most productive compared to 

2015. 

 Both estuaries exhibited significant seasonal as well as inter-annual variability in 

DMS, DMSPt and DMSOt with maximum concentrations observed at the near mouth 

stations of the estuary following the salinity pattern. 

 Higher DMSPt and DMS concentrations were observed during the NEM and the SIM. 

 Poor correlation was observed in both the estuaries between DMSPt and Chl a 

suggesting the species specificity of DMSP producers. 

 DMSOt distribution did not follow DMSPt and DMS. It was found to be ubiquitous. 

DMSOt at the near mouth stations may be attributed to DMS oxidation, whereas the 

upstream DMSO points out to an unknown source. 

 Incubation experiments were carried out on samples collected at the CaTS-G5 station 

and in the Mandovi estuarine system. The dynamics of DMS, DMSPt and DMSOt at 

the sediment-water interface showed discrete results from shelf to estuarine system. 

 Sediments played an important role in the consumption of DO from the overlying 

waters by supplying the organic matter. 

 With the development of low oxygen conditions, high DMS was observed in Core A 

and Core B at Betim and not the shelf which was contradicting the expected outcome. 

 DMSPt and DMSOt in the sediments were always higher than the concentrations in 

the overlying waters at the shelf, Betim (marine) and Ganjem (upstream). 

 Porewater measurements of dissolved DMSP and dissolved DMSO along the salinity 

gradient showed a decreasing trend following salinity but the same was not the case 

with DMSPt and DMSOt in the sediments. 

 Porewater measurements of dissolved DMSP and dissolved DMSO at Betim 

suggested that most of the total DMSP and total DMSO were present in particulate 

form rather than in the dissolved phase. 
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 Through an experiment, it was proved that though DMSPt was present in high 

concentrations in the sediments, it must be available in the dissolved form for the 

bacteria to act and convert to DMS. 

 The sediment-water interface chemistry was noticed to be quite different at Betim. 

High DMS production observed at Betim may be attributed to the microphytobenthos 

related to DMSP in sediment. 

 

6.2 Topics to be addressed in future research 

 

Following the experiment work carried out as a part of this thesis work, it was seen that 

sediment-water interface chemistry is quite complicated and works differently in shelf and 

estuarine systems. DMS production from sediments under anoxic conditions needs a lot 

more investigation on the different mechanisms taking place at the sediment-water 

interface. As the sediments are a good reservoir of DMSP and DMSO, future work needs 

to focus on the fate of these substrates and elucidate conditions under which they may be 

transformed into DMS 
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A B S T R A C T

Concentrations of total dimethylsulphoniopropionate (DMSPt), Dimethylsulphide (DMS) and total di-
methylsulphoxide (DMSOt) were measured at a coastal time series site, west coast of India, from September 2009
to December 2013. While, DMSPt varied between 0.35 and 252 nM (avg. 24 ± 32.3 nM), DMS varied from 0.5
to 442 nM (avg. 22.5 ± 48.3 nM). The annual phytoplankton regime and succession was observed to play a key
role in DMSP and DMS production. DMSPt, DMS and DMSOt showed high temporal variability with maximum
concentrations observed during the southwest monsoon (SWM; June to September). While the least DMSP and
DMS (<20 nM) concentrations were observed during the northeast monsoon (NEM; December to February) in
association with low Chlorophyll a (Chl a), moderate concentrations (40–60 nM) were observed during the
spring inter-monsoon (SIM; March to May) in association with diatoms which appear during the senescent phase
of the annual Trichodesmium bloom. Moderate concentrations were also observed during the mid-phase of the
SWM (July–August) in association with the diatom population. On the other hand, maximum DMSP and DMS
observed towards the end of the SWM (September) and fall inter-monsoon (FIM; October) were associated with
dinoflagellates, which appear as conditions calm down towards the end of the SWM. There was no correlation
between DMSPt and Chl a. High DMS concentrations (up to 442 nM) were observed in the bottom waters during
the September of 2009 and 2013 in association with the seasonal anoxia. DMSOt distribution closely resembled
that of DMSPt and DMS with an overall variation from 0.56 to 185.9 nM (avg. 27.8 ± 30.1 nM). Though wind
speeds were highest during July, high DMS flux was observed during September owing to the high surface DMS
concentrations. Average surface DMS during the study period was 18.5 nM, whereas average DMS flux was
estimated to be 20.9 μmol Sm−2 D−1. This time series study brings out the importance of hydrography in
shaping the phytoplankton population and its influence on the production of DMS.

1. Introduction

DMS is the most abundant natural source of sulphur gas to the at-
mosphere (Lovelock et al., 1972; Bates et al., 1992). Present in the
surface oceans, its concentration is sufficient to sustain a positive flux to
the atmosphere (Kettle et al., 1999; Yang et al., 1999; Yang, 2000). The
oxidation of DMS in the atmosphere results in the formation of sulphate
aerosols postulated to influence the radiation balance of the Earth
(Charlson et al., 1987). Sulphate aerosols are formed from either sul-
phur dioxide from anthropogenic sources (which occur widely in the
northern hemisphere), or by oxidation of DMS from the oceans (Bates
et al., 1992). In the more pristine southern hemisphere DMS accounts
for 43% of the non-sea salt (nss) sulphate, whereas in the northern

hemisphere with larger anthropogenic load, it accounts for only 9% of
the nss sulphate (Gondwe et al., 2003). DMS is formed from its pre-
cursor DMSP; an intracellular osmolyte widely present in marine phy-
toplankton (Vairavamurthy et al., 1985). The content of DMSP in algal
cells is affected by abiotic and biotic factors like salinity, temperature,
light, nutrient availability and cell age among which salinity is most
studied (Malin and Kirst, 1997). Algal species that synthesize DMSP are
found in a wide range of taxa occurring in diverse ecosystems ranging
from the poles to the tropics. It is synthesized by a variety of eukaryotic
algae of exclusive marine forms (Pokorny et al., 1970; Keller et al.,
1989) which serve many functions in the algal cells. Since the cell cy-
toplasm is known to be hypertonic as compared to the surrounding
seawater, its concentration could be detrimental to the cell membrane.
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DMSP being zwitterionic fulfills the requirement of a compatible solute
(an osmolyte; Groene, 1995). Apart from the osmoregulatory function,
DMSP may also act as a cryoprotectant (Kirst et al., 1991; Karsten et al.,
1992). Karsten et al. (1992) observed an increase in DMSP concentra-
tions (by order of 80mM) when cultures of Enteromorpha bulbosa were
exposed to temperature decrease (by 10 °C). When DMSP breaks down,
it forms DMS and acrylic acid (Challenger and Simpson, 1948; Ishida,
1968). Barnard et al. (1984) proposed that in Phaeocystis poucheti and
few other species of phytoplankton, the release of acrylic acid serves to
inhibit bacterial attack on algae. Antibacterial activity of acrylic acid
was also shown by Sieburth (1961) in culture experiments. The release
of DMSP from phytoplankton during stress, senescence, viral lysis,
microbial attack and grazing by zooplankton can lead to DMS pro-
duction (Wolfe and Steinke, 1996; Sunda et al., 2002; Yoch, 2002 and
references therein). In culture studies, senescence of phytoplankton
cells leads to the release of DMSP and DMS (Turner et al., 1988),
whereas in natural environments, zooplankton grazing on microalgae
plays an important role in DMS production (Dacey and Wakeham,
1986; Wolfe and Steinke, 1996). Evans et al. (2007) revealed that
grazing is by far the most significant process of DMS production in
comparison to viral lysis. However, significant production of DMSP is
limited only to a few algal classes. The species ability to produce DMSP
increases in the following order (Liss et al., 1993).

Diatoms Dinoflagellates Prymnesiophytes< <

While Gibson et al. (1990) recorded 290 nM of DMS in Antarctic
waters during a Phaeocystis bloom, highest concentrations of DMSP and
DMS have been recorded during blooms of specific plankton particu-
larly prymnesiophytes and dinoflagellates (Matrai and Keller, 1993;
Malin et al., 1993). Eutrophic coastal areas and upwelling zones have
higher DMSP and DMS concentrations than oligotrophic open ocean
waters (Hatton et al., 1999; Shenoy and Kumar, 2007). The Arabian Sea
is a region which includes diverse biogeochemical provinces such as
eutrophic, oligotrophic, upwelling and reduced oxygen environments
(Burkill et al., 1993). Hatton et al. (1999) observed higher concentra-
tions of DMS, DMSP and dimethylsulphoxide (DMSO) in the eutrophic
waters off the coast of Oman in comparison to the oligotrophic waters
of the open Arabian Sea. Studies in the Central Indian Ocean during the
winter season of 1998 and 1999 showed clear annual variations in
DMSP and DMS with 1999 showing five times higher concentrations
due to changes in biology triggered by turbulent mixing (Shenoy et al.,
2002). High concentrations of DMS and DMSPt (525 and 916 nM, re-
spectively) were observed along the west coast of India during the
southwest monsoon (Shenoy and Kumar, 2007).

Further, Shenoy et al. (2000) presented the first-ever report on the
measurements on DMS in the Bay of Bengal and found that changes in

salinity could regulate DMSP production. A Study by Shenoy and
Kumar (2007) observed lower DMS concentrations in the Bay of Bengal
compared to the Arabian Sea and the Central Indian Ocean. On the
other hand, Shenoy et al. (2012) reported extremely high concentra-
tions of DMS in the bottom waters (442 nM) in association with sea-
sonal anoxia observed off the west coast of India. Shenoy and Patil
(2003) recorded elevated levels of DMSP and DMS during the SWM
which coincided with the prevalence of a mixed bloom of dino-
flagellates and diatoms in an estuary (Zuari) on the west coast of India.
Viswanadham et al. (2016) examined variation in DMS in 25 major and
medium estuaries from the Indian subcontinent during the wet and dry
periods and reported relatively higher concentrations of DMS in the east
in comparison to the west coast of India during the wet period with no
significant differences observed in the dry period. While we have a
reasonably good understanding of the variation of DMS and associated
compounds in the open ocean waters of the Indian Ocean, the annual
variation of DMS along the west coast of India remains a fairly grey
area. In this paper, we present time series data on DMSPt, DMS and
DMSOt at a coastal time series station off Goa. The seasonal and inter-
annual variation of DMS and associated compounds are discussed in the
light of changing environmental and biological conditions, and finally,
an estimate of DMS flux is presented.

2. Materials and methods

2.1. Study area

The Indian Ocean is unique when compared to the World Oceans for
the reason that it is landlocked to the north by the Asian continent.
Owing to this geographical setting, the northern Indian Ocean is forced
by intense annually reversing monsoon winds. In conjunction with the
reversal of winds, surface current along the west coast of India also
reverses every six months. Our study area, the Candolim time-series
(CaTS) station-G5, is located approximately 12 km off the coast of Goa,
India (Fig. 1). During the NEM, the West India Coastal Current (WICC)
carries warmer, fresher waters of equatorial origin towards the north
(Schott and McCreary, 2001). This current flows against the wind
greatly influencing the biogeochemistry of the region as it induces
downwelling resulting in low nutrient waters with low productivity,
and well‑oxygenated waters due to relatively deep mixed layers (Naqvi
et al., 2006a). The NEM is followed by SIM, during which the warm, lull
and nutrient deficient conditions promote extensive blooms of Tricho-
desmium, a cyanobacteria (Desa et al., 2005; Parab et al., 2006; Basu
et al., 2011). Circulation during the SWM is directed towards the
equator with the subsurface current flowing in the opposite direction
(Schott and McCreary, 2001). This circulation is characterised by

Fig. 1. Map showing Candolim time-series (CaTS)–G5 station in the Arabian Sea.
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coastal upwelling which brings cold, nutrient-rich, low oxygen waters
over the continental shelf. However, this upwelling is not as intense as
the one observed in the Western Arabian Sea (off Somalia and Oman;
Naqvi et al., 2006b). The upwelling accelerates chlorophyll growth and
promotes primary production along the coast during the SWM (Mann
and Lazier, 1996; Naidu et al., 1999). Due to the intense rainfall in the
coastal zone during this period a thin (< 10m) warm fresher layer is
formed which prevents this water from surfacing. Respiration of or-
ganic matter coupled with strong near-surface stratification leads to the
development of very intense oxygen depletion in the sub-surface waters
(Naqvi et al., 2006a). Naqvi et al. (2006a) reported a complete loss of
dissolved oxygen with hydrogen sulphide production and attributed it
to heavy nutrient loading from land over the past few decades. FIM, on
the other hand, experiences the withdrawal of the upwelling conditions.
Thus, the study area was characterised by distinct physical and bio-
geochemical processes.

2.2. Sampling strategy

Seawater samples were collected from the Candolim Time Series
(CaTS)-G5 station (Fig. 1) every month between September 2009 and
December 2013, except during the peak SWM (June–August), when it
was too rough to venture out to sea on a trawler. Temperature and
salinity were measured with the help of a portable CTD (Sea bird sys-
tems; SBE911). Water samples were collected using a 5 litre Niskin
sampler. Sub-sampling was done for dissolved oxygen (DO), DMS,
DMSPt, DMSOt, Chl a and pigments. Gas sampling was done first taking
precaution to minimise exposure to the atmosphere. Dissolved oxygen
samples were fixed immediately upon collection and later analysed in
the laboratory by the Winkler's titration method (Grasshoff et al.,
1983). Chl a and pigment samples were collected in 1-litre brown high-
density plastic bottles and stored in ice during transit to the laboratory.
Chl a was determined by filtering a known volume of seawater sample
through Whatman GF/F filters under low vacuum. Chl a was extracted
with 10ml 90% acetone at 4 °C in the dark for 24 h and analysed
fluorometrically (UNESCO, 1994). Phytoplankton pigments were ana-
lysed using HPLC (Agilent Technologies) using an Eclipse XDB C8
column; the method followed is detailed in Kurian et al. (2012). Phy-
toplankton speciation samples were fixed with Lugol's iodine and ana-
lysed using an inverted microscope (Olympus IX 51; 200×).

2.3. DMS, DMSPt and DMSOt measurements

DMS samples were collected in 60ml amber coloured ground glass
stoppered bottle following the DO collection. The bottles were air-tight with
no headspace and kept in the dark at 4 °C till analysis. The analysis was
completed within 10 h of collection. DMS, DMSPt and DMSOt samples were
analysed using the method detailed in Shenoy et al. (2012) with minor
modification for DMSO analysis as detailed below. The analysis was per-
formed on a gas chromatograph (GC, Shimadzu 2010 AF), fitted with flame
photometric detectors (FPD). A known volume of sample was purged for
15min with dry nitrogen at a flow rate of 60mlmin−1. The system was
well designed to ensure no leaks of the stripped sulphur gases. The stripped
gases were then passed through a series of moisture traps; ice bath, Nafion
tubing with molecular sieve and calcium chloride trap, which were fre-
quently replaced. The stripped gases were collected cryogenically (liquid
nitrogen) on a Teflon loop maintained at−145 °C. On completion of 15min
of purging, the loop was transferred to a water bath maintained at>80 °C,
for elution of trapped gases and transferred to the GC using a gas sampling
valve. The separation was done on a Chromosil 330 column. The oven and
detector temperatures were maintained at 45 °C and 200 °C respectively.
DMS eluted at 1.9min under these conditions. Following DMS analysis,
DMSPt was analysed by hydrolyzing the same sample with 1ml of 10M
NaOH and purging for 20min (Turner et al., 1990). Later DMSOt was
analysed by reducing the same sample to DMS by adding approximately
0.3 g of cobalt doped NaBH4 and purging for 20min (Simo et al., 1996).

Tests revealed>95% conversion of DMSP to DMS during alkaline hydro-
lysis and DMSO to DMS during reduction by NaBH4. Calibration was per-
formed using DMSP standards (Research Plus, New Jersey). The above
method gave a precision between 8 and 10% for samples.

2.4. DMS flux

DMS flux was calculated following Turner et al. (1996) using cor-
rection factors given by Saltzman et al. (1993). The flux of DMS gas
between sea and air is proportional to the concentration gradient across
the air-sea interface and is calculated according to the following
equation.

F k CDMS =

where

FDMS= net flux of DMS
k= transfer (or piston) velocity and
ΔC= concentration gradient across the air–sea interface.

C C C hw a
1=

where

Cw= concentration of DMS is seawater
Ca= concentration of DMS in air
h=Henry's Law constant expressed as the ratio of air to water
concentrations at equilibrium.

As the concentration of DMS in the air is very low, Ca is considered
to be zero and thus Cw equals ΔC.

3. Results

3.1. Temperature and salinity

During the study period, CaTS-G5 station was distinctly char-
acterised by different temperature and salinity regimes on an annual
scale. In general, the water column temperature varied between 22.2
and 31.6 °C, with an average of 26.8 °C (Fig. 2). Near-isothermal con-
ditions were observed in the water column during the NEM, during
which the temperature varied around 28 °C. These conditions, however
changed during the SIM and the SWM. During the SIM the surface water
temperatures varied between 29 and 31 °C, whereas during the SWM
the surface temperatures fell below 28 °C. The SIM of 2010 was unu-
sually warmer with water temperatures increasing up to 31.5 °C. The
subsurface temperatures (below 5m) during the SWM varied between
22 and 26 °C. The lowest temperature of 22.2 °C was observed in the
bottom waters during the SWM (September) of 2010, which in-
cidentally also recorded the highest temperature in the surface waters.

Salinity also showed distinct annual variability. In general, the
water column salinity varied between 26.3 and 37.2, with an average of
34.6 (Fig. 3). Near isohaline conditions were observed during the NEM
during which the salinity varied between 34 and 35. During the SIM,
the water column salinity gradually increased up to 36. In conjunction
with the temperature, 2010 also observed high surface salinities
(> 36). Distinct fall in salinity was observed during the SWM, during
which the surface salinity dropped drastically from ~36 to< 27.
During the SWM a low saline lens was observed in the surface waters.
The lowest salinity was observed during September of 2012.

3.2. Dissolved oxygen

The DO concentration in the water column varied largely between
zero and 6.1mL L−1 (Fig. 4). A clear seasonal pattern was observed in
its variability. The surface waters (up to 6m) were found to be well
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oxygenated throughout the year, where the DO varied between 3.5 and
6.1 mL L−1. During January to March of 2012 and 2013, the DO re-
mained well mixed throughout the column with concentrations ranging
from 4 to 6mL L−1. Just as temperature and salinity, maximal varia-
tions in DO were also observed during the SWM. Low DO (< 3mL L−1)
was observed below 5m with the onset of the SWM, which gradually
decreased during the mid-phase of the SWM (July to August) from
hypoxic (< 2mL L−1) to suboxic (< 0.1mL L−1) conditions. During
the last phase of the SWM (September) and during FIM, bottom DO
concentrations were always suboxic, except during 2009 and 2013,
when it was anoxic with hydrogen sulphide being observed in the
bottom waters. During the rest of the year, the subsurface DO vary
between 2.5 and 5mL L−1.

3.3. Chlorophyll a (Chl a)

Chl a concentrations varied between 0.06 and 14.4mgm−3 in the
water column (Fig. 5). Seasonally, SWM and subsequent FIM exhibited
higher biomass (avg. 2.8mgm−3), followed by the SIM (avg.
1.3 mgm−3) with the least observed during the NEM (avg.
1.2 mgm−3). High Chl a concentrations were observed during 2009
and 2012, whereas low Chl a was observed during 2010 and 2011.
During 2013, low concentrations (< 1mgm−3) were observed in the
surface waters, whereas relatively higher concentrations (between 2
and 4mgm−3) were observed in subsurface waters. Maximum Chl a
concentration observed at subsurface depth during the FIM of 2012,
was associated with the nutricline depth, while during other periods it
was restricted to upper 10m of the water column. The lowest con-
centrations were observed during the beginning of SWM (June) in
2011.

3.4. DMSPt, DMS and DMSOt

Figs. 6, 7 and 8 show the variation of DMSPt, DMS and DMSOt re-
spectively from September 2009 to December 2013 at the CaTS-G5
station. All three parameters showed distinct seasonal as well as inter-
annual variability. During the study period, DMSPt in the water column
varied between 0.35 and 252 nM, with an average of 24 nM. Higher
DMSPt concentrations were observed in 2009, 2012 and 2013 in com-
parison to 2010 and 2011. Seasonally, high DMSPt were observed in the
water column (0–18m) during the latter half of SWM (Au-
gust–September), followed by the FIM and the SIM period with the least
DMSPt concentrations observed during the NEM. The maximum DMSPt
values were observed during the September of 2013 during which
252 nM were recorded in the surface waters, whereas 221 nM and
206 nM were recorded in the mid and bottom waters respectively. High
DMSPt concentrations up to 119 nM and 134 nM were observed during
the SWM of 2009 and 2012 respectively. In comparison, moderate
DMSPt concentrations of up to 40 nM and 60 nM were observed during
the SWM's of 2010 and 2011 respectively. Relatively higher DMSPt
were also observed in the water column (0–18m) during the SIM season
(March–May) during which the concentrations generally varied be-
tween 20 and 60 nM, except during the SIM of 2013 where the DMSPt
concentration of 205 nM was observed at 18m. In general, the DMS
concentrations during the study period varied between 0.5 and 442 nM,
with an average of 22.7 nM. The water column DMS distribution up to
18m followed the same seasonal and inter-annual distribution pattern
as that of DMSPt. Thus higher DMS concentrations were observed
during 2009, 2012 and 2013, whereas, lower DMS concentrations were
observed during 2010 and 2011. High DMS (up to 113 nM and 148 nM)
was observed in the surface waters during the FIM of 2009 and during
the SWM (September) of 2012 respectively. Relatively higher DMS

Fig. 2. Temperature variation at the CaTS-G5 station.

Fig. 3. Salinity variation at the CaTS-G5 station.
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concentrations ranging between 20 nM and 60 nM were also observed
during the mid-phase (August) of SWM in 2012. During the SWM
(September) of 2013 high DMS was observed throughout the water
column with DMS concentrations varying between 157 nM and 241 nM
in the top 18m. In comparison, moderate DMS concentrations ranging
between 20 nM and 40 nM were observed during the SIM of 2010, 2011
and 2012.

On the other hand, high DMS ranging between 80 nM and 100 nM
were observed during the SIM of 2013. The lowest DMS concentrations
(< 20 nM) were observed during the NEM season. One of the inter-
esting features of the time series study is the unusually high DMS
concentration observed during the anoxic events (Shenoy et al., 2012).
During the SWM (September) of 2009 and 2013 unusually high con-
centrations (up to 442 and 233 nM respectively) were observed in the
bottom waters in association with the anoxia.

While, DMSO is produced by photochemical (Brimblecombe and
Shooter, 1986) as well as bacterial oxidation of DMS (Green et al.,
2011) serving as a sink for DMS, it is also reported to be produced by
algae which directly contributes to DMSO in seawater (Simo et al.,
2000). In the present study, DMSO concentrations were generally, al-
though not consistently, higher than DMS concentrations. The dis-
tribution of DMSOt also followed the same pattern as that of DMS and
DMSPt. In general, the DMSOt concentrations varied between 0.3 nM
and 186 nM. The maximum concentration was observed during the SIM
of 2013 at 18m depth. This apart, high concentrations varying between
125 and 184 nM were observed in surface water (up to 10m) during
SWM and FIM (September–October) of 2009, 2012 and 2013. In com-
parison, low concentrations were observed in 2010 and 2011 except a
pocket of high concentration (~80 nM) during the NEM of 2011.
During the NEM and SWM of 2012, high DMSOt concentrations (up to
80 nM) were observed throughout the water column. Thus, our data set

showed higher concentrations of DMSPt, DMS and DMSOt in 2009,
2012 and 2013 in comparison to 2010 and 2011.

4. Discussion

Three different hydrographic regimes operating during the NEM,
SIM and SWM-FIM succeed each other along the west coast of India and
play a crucial role in phytoplankton speciation and succession. This, in
turn, was observed to influence the distribution pattern of DMSPt, DMS
and DMSOt at the coastal time series site. From the overall distribution
of DMSPt and DMS, it was evident that DMS follows DMSPt distribution,
which in turn depends on phytoplankton biomass (Chl a). In the present
study, overall low DMSPt, DMS and DMSOt observed during 2010 and
2011 may be attributed to low productivity as seen from low Chl a
during these years (Fig. 5). On the other hand, the high DMSPt and DMS
during 2009 and 2012 may be attributed to the high Chl a observed
during these years. The exception to this was the high DMSPt observed
during 2013. However, as DMSP production is species dependant (Liss
et al., 1993) a good correlation never usually exists between DMSPt and
Chl a (Barnard et al., 1982; Kwint and Kramer, 1996; Simo et al., 1997).
As expected, in the present study too there was no correlation between
DMSPt and Chl a (Fig. 9). However, the high values observed in the
study are coincident with specific seasons and to specific groups or
species known for DMSP production. The seasonal variation keeping in
focus the high values during different seasons of the year are discussed
below.

4.1. Northeast monsoon variation

During the NEM, the waters were well-mixed as seen from the
uniform temperatures throughout the water column (Fig. 2).

Fig. 4. DO variation at the CaTS-G5 station.

Fig. 5. Chl a variation at the CaTS-G5 station.
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Downwelling dominated during this period, and productivity was low
as seen from the low Chl a concentrations (Fig. 5). In the present study,
the low DMSPt, DMS and DMSOt observed during the NEM may be
attributed to the low productivity as seen from the low Chl a con-
centrations during these months. An exception to this was the high
DMSO in 2011 (at 9m) and in 2012 (throughout the water column).
DMSO is produced in seawater as a result of photochemical or bacterial
oxidation of DMS (Brimblecombe and Shooter, 1986; Kieber et al.,
1996; Hatton et al., 1999; Lee et al., 1999). As the high concentrations
were not supported by high DMSP and DMS concentrations, these re-
sults stand out and need further investigation.

4.2. Spring inter-monsoon variation

During the SIM, mild stratification was observed at the station as the
surface waters were warmed up due to the solar insolation during
summer. The SIM was dominated by blooms of cyanobacteria
Trichodesmium, which occur on an annual basis and contribute sig-
nificantly to the phytoplankton biomass. These are often associated
with the occurrence of diatoms and sometimes dinoflagellates during
the senescent phase of the Trichodesmium bloom (Devassy et al., 1979;
Parab et al., 2006). In May 2010, at 9m diatoms contributed up to 81%
of the phytoplankton cell count (7×104 cells L−1), whereas

Fig. 6. Variation of DMSPt at CaTS-G5 from September 2009 to December 2013. Some of the high concentration points (actual concentrations are marked with an
arrow) have been taken as 100 nM to avoid skewing of the graphs.

Fig. 7. Variation of DMS at CaTS-G5 from September 2009 to December 2013. Some of the high concentration points (actual concentrations are marked with an
arrow) have been taken as 100 nM to avoid skewing of the graphs.

Fig. 8. Variation of DMSOt at CaTS-G5 from September 2009 to December 2013. Some of the high concentration points (actual concentrations are marked with an
arrow) have been taken as 100 nM to avoid skewing of the graphs.
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dinoflagellates contributed up to 19% (1.6× 104 cells L−1). Similarly,
in April 2011, diatoms contributed up to 91% of the phytoplankton cell
count (1.7× 105 cells L−1), whereas dinoflagellates contributed to
nearly 9% (1.7× 104 cells L−1) in surface waters. On the other hand in
April 2013 at 18m, diatoms contributed up to 63% (1.1×104 cells
L−1), whereas dinoflagellates contributed up to 37% (0.7×104 cells
L−1) of the total phytoplankton cell counts (1.8× 104 cells L−1) with
Scrippsiella sp as the dominant dinoflagellate. Thus, in the present study,
the high sub-surface Chl a observed towards the end of the SIM may be
attributed to the mixed populations of diatoms and dinoflagellates. The
moderately higher concentrations of DMSPt and DMS observed during
the late phase of the SIM may be attributed to diatoms and dino-
flagellates, which proliferate during these time periods, whereas the
high concentrations of DMSPt, DMS and DMSOt observed during the
SIM of 2013 may be attributed to the dinoflagellate Scrippsiella sp, a
high DMSP producer (Keller et al., 1989; Hatton et al., 2012).

4.3. Southwest monsoon–fall inter-monsoon variation

On the other hand, during the SWM (between June and September),
the study site experienced rough weather conditions due to the high
winds of the SWM, upwelling as seen from the low temperatures be-
tween 22 and 27 °C accompanied with low dissolved oxygen con-
centrations of< 2.5mL L−1 below 5m depth (Fig. 2). These upwelled
waters being rich in nutrients, drive the primary productivity over the
shelf (Naqvi et al., 2000). During the mid-phase of SWM, diatoms
contribute significantly to the phytoplankton biomass (Naqvi, 2006).
During July 2012, diatoms contributed nearly 100% of the phyto-
plankton biomass with a cell count of 3.6× 106 cells L−1. Similar to
SIM, the moderately higher concentrations of DMSPt and DMS observed
during the mid-phase of the SWM may also be attributed to diatoms,
which proliferate during these months. However, as the rough weather
conditions which prevail predominantly from July and mid-August
subside, dinoflagellates begin to proliferate (Naqvi, 2006). We also used
HPLC-based pigment analysis to get an insight into the phytoplankton
community structure. Based on Uitz et al. (2006), we determined the
fraction of the phytoplankton associated with the microplankton (fmicro)
mainly comprising diatoms and dinoflagellates. The microplankton

fraction contributed maximum to the overall biomass of the study area,
indicating the dominance of diatoms as seen from high fucoxanthin
concentrations during the study period. Overall, 2010 and 2011 showed
the least fmicro (60 and 63% respectively) during the study period as also
supported by the low Chl a concentrations. During the SWM of 2010
and 2011, both diatom marker pigment (fucoxanthin) and dino-
flagellate marker pigment (peridinin) were low, whereas, the SWM of
2009 and 2012 showed high fmicro (87 and 97% respectively). During
September of 2009, dinoflagellates contributed up to 96% of the total
phytoplankton biomass in surface waters (Shenoy et al., 2012). On the
other hand, during the September of 2013, the entire water column had
a higher percentage of dinoflagellates varying between 15% (0.8× 104

cells L−1) at the surface and up to 85% (3× 104 cells L−1) at 18m due
to the presence of a Cochlodinium bloom. Thus diatoms dominated the
mid-phase of the SWM monsoon, whereas dinoflagellates proliferated
towards the end of the SWM and early FIM. The high DMSPt and DMS
concentrations observed in the surface waters during the SWM of 2009
may be attributed to dinoflagellates, which contributed up to 96% of
the total phytoplankton biomass. On the other hand, the high DMSPt
and DMS observed in the entire water column during the late phase of
SWM of 2013 may be attributed to the bloom of Cochlodinium spp. The
high DMSO observed during the SWM and FIM of 2009, 2012 and 2013
(Fig. 8) may be attributed to the photo-oxidation of DMS as seen from
the high concentration of DMS (Fig. 7) for these years.

Another remarkable feature observed in the present study was the
occurrence of high DMS (442 nM; Fig. 7) in the bottom waters in as-
sociation with H2S during late SWM's of 2009 and 2013. In 2009, the
high DMS in bottom waters was not associated with high DMSP (Fig. 6)
or DMSO (Fig. 8) in the water column. Such a scenario results in
speculation that the sediments might be a source for the high DMS
observed under anoxic conditions (Shenoy et al., 2012). Interestingly,
high DMSPt and DMSOt have been observed in the sediments at CaTS-
G5 station. Sediment-slurry experiments have also indicated a sedi-
mentary source for the extremely high DMS observed in association
with anoxia (Bepari et al., in preparation). Omuri et al. (2015) have
shown enhanced DMS production and reduced bacterial DMS con-
sumption under anoxic condition. Other studies had shown that
methoxy groups of naturally occurring compounds were efficiently

Fig. 9. Correlation between DMSPt v/s chl a during the study period.
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converted to DMS and MeSH in marine and freshwater anoxic sedi-
ments when sulphide was present (Kiene and Capone, 1988; Finster
et al., 1990; Lomans et al., 1997; Visscher et al., 2003). Incubation
experiments conducted with Methanosarcina acetivorans have suggested
sulphide methylation as a possible pathway for the production of DMS
and methanethiol (MeSH; Moran et al., 2008). In the present study, the
production of high DMS in the presence of H2S could be a result of
similar mechanisms. On the other hand, in 2013, the high DMS ob-
served in the bottom waters in association with anoxia was also asso-
ciated with a high concentration of DMSP, indicating that both water
column DMSP, as well as sediments, might have been the source of the
high DMS.

4.4. Community shift and DMSP/DMS production

One of the observations from this time series data is the build-up of
DMSPt and DMS as the phytoplankton community shift from one to
another. In the present case during the senescent phase of the
Trichodesmium bloom in SIM, diatoms and dinoflagellates appear in the
water column, thus contributing to the DMSPt and DMS concentrations.
Dinoflagellates also contributed to the high DMSPt, and DMS observed
during the late phase of the SWM. Hatton et al. (1999) measured bio-
genic sulphur compounds (DMS, DMSP and DMSO) in the central
Arabian Sea during the SWM, and found an increase in the concentra-
tion of these compounds over three weeks following a phytoplankton
community shift from diatoms to prymnesiophytes. Shenoy and Patil
(2003) reported high concentrations of DMSPt (up to 420 nM) in the
Zuari estuary during the SWM and attributed high DMSPt to the oc-
currence of a mixed bloom of diatoms and dinoflagellates. Similarly,
Matrai and Vernet (1997) have reported high DMSP and DMS in asso-
ciation with blooms of Phaeocystis pouchetii and diatoms, where the
contribution of diatoms to the water column budgets of DMSP and DMS
appeared to be significant. In another study, Levasseur et al. (1996)
observed an increase in DMSP and DMS content during a phytoplankton
succession from the diatom Skeletonema costatum to the prymnesiophyte
Emiliania huxleyi. The results from the present study are in agreement
with other investigations.

Though the distribution of DMS follows that of DMSPt, the corre-
lation between the two is not straightforward. Fig. 10a shows the re-
lation between DMSPt and DMS for the September–October period,
whereas Fig. 10b shows the relation for the rest of the months in a year.
The slopes in the Figures show a better conversion of DMSP to DMS in
the case of September–October period, when dinoflagellates were

present, in comparison to the rest of the year, during which diatoms
were dominant. Though the presence of dinoflagellates supports the
high DMSP and DMS during the present study, other factors such as
their physiological state (Keller et al., 1989), zooplankton grazing
(Dacey and Wakeham, 1986; Nguyen et al., 1988), viral lysis (Hill et al.,
1998; Malin et al., 1998) cannot be ruled out. As the late SWM was
marked by a higher contribution of dinoflagellates, this result probably
suggests a better conversion of DMSP to DMS in dinoflagellates com-
pared to diatoms.

4.5. Seasonal variation and comparison

Table 1 shows the seasonal column range and the average for DMS
at the CaTS-G5 station during the study period. The lowest average
(9.3 nM) was observed during the NEM, whereas the highest (28.9 nM)
was observed during the SWM. Average concentrations were also
higher during FIM and SIM (22.6 nM and 19.7 nM) respectively. The
DMS concentrations observed in the present study are higher than the
open ocean waters of the Arabian Sea and the Bay of Bengal. They are
also higher than the surface DMS concentrations observed in northeast
Atlantic and the eastern North Pacific (Table 2). Some of the highest
DMS concentrations (> 300 nM) observed in Antarctic waters are in
association with spring blooms (Barnard et al., 1984; Gibson et al.,
1990; Ditullio et al., 2003). Similarly, high DMS concentrations have
also been associated with the spring and summer blooms in the North
Atlantic and frontal regions (Holligan et al., 1987; Holligan et al.,
1993). However, these regions experience high DMS usually once
during the year, in association with the spring or summer blooms. In
comparison, the west coast of India experiences several blooms
throughout the year; Trichodesmium and diatoms during March–May,
diatoms during July–August and dinoflagellates during September and
October.

Fig. 10. Correlation of DMS v/s DMSPt for (a) all data points for September and October during the study period and (b) for all data points for the rest of the year.

Table 1
Column DMS range (surface to 28m; minimum and maximum values) and
average during different seasons at CaTS-G5.

Season DMS (nM)
Minimum–maximum (avg.± SD)

South west monsoon (n= 157) 0.45–442 (28.9 ± 61.6)
Fall inter monsoon (n=34) 0.63–172.90 (22.6 ± 36.9)
North east monsoon (n= 64) 0.44–58.87 (9.3 ± 11.3)
Spring inter monsoon (n= 44) 3.30–95.82 (19.7 ± 19.8)
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5. Wind and DMS flux

Wind largely determines the air-sea interaction process. The study
area experiences seasonally variable winds. During the SWM the wind
speed ranged from 4.9 to 8.8 m s−1 with the maximum wind observed
during July 2013. Moderate wind speeds were observed during the
NEM and SIM varying between 4.1 and 6.1m s−1 and the least was
observed during October. Overall wind speed during the study period
varied from 3.9 to 8.8m s−1 with an average of 5.6 m s−1. Surface DMS
concentrations varied from 2.2 nM to 100 nM with an average of 18 nM;
the maximum DMS concentration being observed in September 2013.
DMS flux varied between 0.8 and 100 μmol S m−2 day−1 with an
average of 20 μmol S m−2 day−1. Though wind speeds were con-
sistently higher during July, surface DMS concentrations were low,
ranging from 8 nM to 20 nM due to which resultant DMS flux to the
atmosphere was also low.

On the other hand, high DMS flux (100 μmol S m−2 day−1) was
recorded during September 2013 as a result of high DMS concentrations
in surface waters even though the wind speeds dropped from 5.5 to
4.8 m s−1. The average flux observed in the present study was nearly six
times the flux estimated for coastal waters (3.4 μmol S m−2 day−1) by
Shenoy and Kumar (2007). This may be attributed to the lower wind
speeds during earlier observations. Our present estimates are also much
higher than those observed for East (3.4 μmol S m−2 day−1; Yang et al.,
2000) and South (5.5 μmol m−2 day−1; Yang, 2000) China Sea. How-
ever, our results agree well with Wong et al. (2005), who estimated an
average flux of 16 μmol m−2 day−1 in the subarctic northeast Pacific
Ocean.

6. Conclusion

Time series measurements on DMS, DMSPt and DMSOt were carried
out from September 2009 to December 2013 at the CaTS-G5 station,
west coast of India. All three sulphur species DMSPt, DMS and DMSOt

exhibited significant seasonal as well as inter-annual variability. The
years 2009, 2012 and 2013 were most productive for DMSPt, DMS and
DMSOt due to the abundance of diatoms and dinoflagellates. In con-
trast, 2010 and 2011 showed the least DMSPt and DMS coincident with
low phytoplankton biomass. The least DMSPt and DMS was observed
during the NEM, during which downwelling prevailed at the station
resulting in low Chl a. Moderate concentrations of DMSPt and DMS
were observed during the SIM, in association with the diatom popula-
tion which succeeded the Trichodesmium blooms towards the end of the
season. Similarly, moderate concentrations were also observed during
the mid-phase of the SWM during which diatoms dominated the phy-
toplankton population. The maximum DMSPt and DMS concentrations
were observed during the last phase of the SWM, due to the presence of
dinoflagellates, which proliferate following the relaxation of the rough
weather conditions towards the end of the SMW. While the maximum
observed DMS in the bottom waters in September 2009 suggested a

benthic source for DMS, the high concentrations in bottom waters
during the September of 2013 was supported by high DMSPt. While
there was no correlation between DMSPt and Chl a, phytoplankton
regime and succession was observed to play a key role in determining
DMSPt and DMS concentrations. Correlation between DMSPt and DMS
suggested a better turnover of DMS during dinoflagellate abundance in
comparison to diatoms. DMS flux to the atmosphere was estimated to
vary between 0.8 and 100 μmol S m−2 day−1 with an average of 20
μmol S m−2 day−1.
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