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Chapter I-Introduction and review of literature 

Chapter I 

Introduction and review of literature 

1.1. General Introduction 

Planktonic communities comprise a wide variety of organisms that fonn the 

basis of marine food webs. They are adapted physiologically and morphologically 

to live in the waters of the oceans. Many are capable of regulating their position in 

the water column by means of various types of locomotory appendages and other 

regulatory mechanisms. It is needless to mention that they all are subjected to 

passive movement induced by wind and currents. 

The plankton has traditionally been divided in to phytoplankton 

(autotrophic) (Plate 1.1a) and zooplankton (heterotrophic) (Plate l.lb), but this 

division requires further expansion in the light of recent plankton research and 

taxonomic reorganization. While the microcrustacea, rotifers, coelenterates, 

ctenophores, annelids and molluscs can be called zooplankton, and the diverse 

range of autotrophic organisms distantly related could be tenned as phytoplankton, 

there are other groups, which do not fall completely under the above categories. 

The Protozoa consist of diverse group of organisms with a variety of nutritional 

modes and are no longer regarded as a Phylum in the Animal Kingdom, but as a 

Sub-Kingdom in the Kingdom Protista (Wittaker, 1969 and Margulis, 1974). 

Bacteria are some of the smallest among the plankton community and the 

role of bacteria within the ecosystem was believed to be only as decomposers. 

Research during the last 20 years has shown that they, in fact, play a far more vital 

role in sustaining the food web. Due to their small size and resultant large surface 

area to volume ratio, bacteria are highly successful exploiters of dissolved minerals 

and compounds. The protists (ciliates and flagellates), consume bacteria as a 

nutritional requirement. Meso and macro zooplankton in turn consume Protists. 

This type of recycling in the food web is known as the micro,ial loop (Azam et 

al., 1983) (Figure 1.1, Pathway 2). 
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Among the zooplankton, microzooplankton is understood to play a 

significant role in plankton community and hence their ecology and dynamics 

needs attention. Furthermore some of the recent studies in Indian waters have 

indicated their role in the 'microbial loop', which mediates energy flow in aquatic 

environment (Mangesh et al., 1996; Madhupratap et al., 1996, 2001; Nair et al., 

1999). The ecological role of microzooplankton in marine system has been the 

subject of extensive investigations world wide (Gast, 1985 and Pierce & Turner, 

1992). These studies suggest that micTOzooplankton play a significant role in 

determining carbon flow in marine ecosystems. 

1.2. Definition,composition and characteristics of microzooplankton 

Planktonic organisms have been classified in different ways and one of the 

most important classifications is based on their body size. Accordingly, Dussart 

(1965) classified plankton as ultraplankton «211m), nanoplankton (2 - 20J,lm), 

microplankton (20 - 20011m), mesoplankton (20011m - 2mm) and megaplankton 

(> 2mm). Sieburth et al., (1978) has categorized plankton as femtoplankton (0.02 -

0.211m), picoplankton (0.2 - 211m). nanoplankton (2 - 2011m). microplankton (20 -

200Jlm), mesozooplankton (20011m - 2mm) and megaplankton (> 2mm). While the 

above classifications are based on body size. the organisms of the different 

categories are heterogeneous and consist of diverse group of organisms with many 

nutritional modes like autotrophy, heterotrophy, mixotrophy (autotrophy combined 

with heterotrophy), phagotrophy (indiscriminate particle feeding) etc. 

Microplankton also consists of both autotrophic and heterotrophic forms. Since the 

modes of nutrition (autotrophy and heterotrophy) is considered as one of the most 

basic character for categorizing animals and plants, the heterotrophic forms of 

microplankton (20 - 20011m) are referred as microzooplankton, which 

taxonomicaHy composed of both protozoans and metazoans. Among the organisms 

constituting the assemblage of marine protist grazers, ciliates and heterotrophic 

dinoflagellates are the major contributors in the 20 - 20011m size ranges and 

microzooplankton primarily consists of ciliates and heterotrophic dinoflagellates, 

with a contribution from crustacean larval stages. 

2 
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According to the definition by Dussart, (1965) microzooplankton (Plate 

1.2) are phagotrophic organisms that are <200Jlm in length and comprised of both 

Protozoa and Metazoa. However, since the lower threshold in size is not identified 

in the above defmition, the community may include organisms in the size range of 

2 - 20J,1m, which may have different names depending on the classification scheme 

(Dussart, 1965 and Sieburth et al., 1978) and hence this definition has left with 

much ambiguity. 

Ciliates are an important component of the protistan plankton in the seas, 

estuaries and freshwaters (Beers and Stewart, 1967,1969,1971; Rassoulzadegan & 

Gostan, 1976; Pace & Orcutt, 1981; Smetacek, 1981; Sorokin, 1981; Revelante & 

Gilmartin, 1983; Sherr et al., 1986a). Reviews by Sorokin et al., (1985); Banse 

(1982) and Porter et al., (1985) have dealt on the factors influencing ciliate 

production. They are a major component of planktonic food webs (Porter et al., 

1985 and Lyon and Montagnes, 1991). They are also known to comprise an 

abundant and productive component of neritic environments (Burkill, 1982; 

Verity, 1987; Sherr & Sherr, 1988; Lyon & Montagnes, 1991; Pierce & Turner, 

1992). Fenchel (1988); found that ciliates could graze significant quantities of 

autotrophic and heterotrophic microbial production in temperate and boreal waters. 

Tintionids are the most common and widespread group of shell-building 

protozoan ciliates populating the planktonic fauna. They are numerically important 

as second-trophic level feeders, grazing upon small diatoms, dinoflagellates and 

other ultra-and nanoplankton. Quantitative information on abundance and 

distribution of Tintinnina from neritic and coastal environments (Hedin, 1974; 

Burkovosky, 1976; Hargraves, 1981) as well as from oceanic waters (Beers & 

Stewart, 1971; Kimor & Golandsky, 1977; Krsinic, 1982; Tumantseva, 1983a& b) 

are available. Early works ofWright (1907), Gran, (1933), and Gran and Braarud, 

(1935) provide species list of tintinnids. J ohansen (1976) has described seasonal 

distribution of tintinnids from a coastal inlet of Canada. 

Dinoflagellates, which lack chloroplasts, have been known by taxonomists 

for about a century and the naked forms were earlier recognised as phagotrophs 

3 
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since they contain food vacuoles (Gaines & Elbrachter, 1987). The feeding 

mechanism and the prey of colourless thecate dinoflagellates have been studied 

only recently and it has been revealed that they also are phagotrophic (Gaines & 

Taylor, 1984; Jacobson & Anderson, 1986; Hansen, 1991b). Although rarely 

quantified, the heterotrophic dinoflagellates could make up a substantial biomass, 

which at times can even exceed that of other zooplankton groups (Kimor, 1981; 

Smetace~ 1981; Dale & Dabl, 1987; Lessard, 1991). Until now zooplankton 

ecologists and protozoologists have not paid much attention to these organisms 

because they have been regarded as the representatives of the phytoplankton. The 

reason for this was the insufficient knowledge on the ecological role this group as 

grazers in the marine pelagic food web. 

Heterotrophic nutrition patterns III dinoflagelIates are diverse and the 

strategies employed include auxotrophy, mixotrophy and osmotrophy (Gaines & 

Elbrachter, 1987). In the present study, the term heterotrophic dinoflagellate is used 

to describe those species that are obligate heterotrophs that lack chloroplasts. There 

is evidence that planktonic dinoflagellates feed on a prey size spectrum from 

bacteria (Lessard & Swift, 1985) to large diatoms (Hansen, 1992), copepod eggs 

and even early naupliar stages of copepods (Sekiguchi & Kato, 1976). The ability 

of dinoflagellates to feed on such a wide size spectrum of prey may reflect the 

variety of feeding mechanisms that they employ. Three mechanisms of feeding on 

phytoplankton have been described: ingestion of entire cells (strict phagotrophy); 

use of a peduncle to pierce the prey cells and to suck out the cell contents 

(myzocytosis); and deployment of cytoplasmic veil to enclose prey cells with in 

which digestion of the prey occurs (pallium feeding) (review by Elbrachter, 1991). 

Heterotrophic dinoflagellates are often abundant and ubiquitous protists in 

marine environments (Lessard, 1991; Hansen, 1991 a; S trom & B uskey, 1991 ; 

Verity et al., 1993a). They play diverse ecological roles like 1) predators on a broad 

range of prey species including bacteria, phytoplankton, heterotrophic protists, and 

metazoans; 2) important prey for some metazoans; 3) some are not only prey for 

copepods, but also predators of the eggs and naupliar stages of the some copepod 

4 
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species and 4) some are predators of and simultaneously prey for other 

dinoflagellates (reciprocal predation). In the latter two cases, the predator-prey 

relationship can be reversed at any time and, as a result, carbon can be quickly 

recycled between populations of different trophic levels. This reversal of the 

predator-prey relationship may affect our conventional view of energy flow and 

carbon cycling in the marine planktonic community. 

In recent years, there has been an upsurge of interest in research on 

microzooplankton in the marine ecosystem, owing to the recognition of their 

importance in trophic dynamics. They are widespread and comprise a substantial 

portion of the marine zooplankton community, even though their biomass is usually 

less than the biomass of meso and macrozooplankton (Beers & Stuart, 1969 & 

1971). However, due to small body size, microzooplankton, have higher weight 

specific physiological rates such as feeding, respiration, excretion and growth 

(Fenchel, 1987 & Verity, 1985) than large metazoans, and they are capable of 

exploiting pico and nanoplankton, which are inefficiently utilized by large 

metazoans such as copepods (Nival & Nival, 1976). They also act as a significant 

food source for a variety of invertebrate and vertebrate predators (Robertson, 1983; 

Stoecker & EglofI. 1987; Stoecker & Capuzzo, 1990; Fukami et al.. 1999). 

According to Stoecker & Capuzzo (1990), protozoan microzooplankton form a 

potential food for the early larval stages of marine fishes, hence they have a 

lucrative value in mariculture. Thus microzooplankton are an important link in 

transferring pico and nannoplankton production to higher trophic levels. In addition 

to their impact on phytoplankton production, microzooplankton grazing can 

significantly, effect bacterioplankton and suggest as an important mechanism 

controlling communities of bacteria (Azam et al., 1983; Albright et al., 1987; 

Bemad & Rassoulzadegen, 1993). Beyond their trophic role, protozooplankton has 

also been implicated as important agents of nutrient regeneration (Probyn, 1987) 

and are thought to act as trophic intermediate between the bacterioplankton and 

larger mesozooplankton grazers (Haas & Webb, 1979 and GifIord & Dagg, 199 I). 

5 
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1.3. Role of microzooplankton in the food web 

Natural zooplankton communities consist of a great variety of species. 

Although quantitative studies on microzooplankton were pioneered many years ago 

(Lohmann, 1908), only recently a renewed interest has been generated for this 

group, a major component in planktonic food webs. They are thought to play a 

significant role in detennining carbon flow in marine ecosystems (Gast, 1985 and 

Pierce & Turner, 1992). Because of their high metabolic and growth rates, 

microzooplankton are able to consume a significant proportion of daily primary 

production. In addition to their impact on phytoplankton production 

microzooplankton grazing can significantly affect bacterioplankton and has been 

suggested as an important mechanism controlling bacterial communities (Turley et 

al., 1986; Albright et al., 1987; Bernard & Rassoulzadegan, 1993). 

Microzooplankton have also been implicated as important agents of nutrient 

regeneration (Probyn, 1987) and are thought to act as trophic intennediates between 

the bacterioplankton and larger mesozooplankton grazers (Hass and Webb, 1979 

and GitTord & Dagg, 1991). 

The realization that phytoplankton biomass and productivity are dominated 

by nanoplankton «20llm; Malone, 1980 and references therein) and picoplankton 

«2flm; Sieburth et al., 1978; Stoecker & Antia, 1986; Stoecker, 1988 and 

references therein) raised questions concerning the efficiency of utilization of the 

majority of phytoplankton by grazers. The assumption that copepods and other 

zooplankton are unable to crop these algae efficiently (Marshall, 1973) led to the 

consideration that microzooplankton grazers might be able to do so. Direct 

microscopic examination on microzooplankton have indicated that they consume 

phytoplankton, heterotrophic flagellates, cyanobacteria and heterotrophic 

bacterioplankton (Tay 1 or, 1978; Smetacek, 1981; Johnson et aI., 1982; Gifford, 

1985; Laval-Peuto et al., 1986; Sherr et al., 1986a; Rassoulzadegan et al., 1988). 

In near shore (Heinle et al., 1977) and oceanic (Silver & Alldredge, 1981; 

Caron et al., 1982; Silver et al., 1984) environment, small flagellates and ciliates 

may be an important food source for zooplankton. A simulation model given by 

6 
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Parsons & Kessler (1986) shows that the presence of microzooplankton during 

introduction of freshwater plumes can enhance zooplankton production by many 

folds. Madhupratap & Parulekar (1993) found higher zooplankton density in the 

presence of ciliates. Inclusion of tintinnids in the diet of female Acartia lansa can 

increase egg production by 25% compared with a pure algal diet (Stoecker & 

EglotT, 1987). Similarly, inclusion of tintinnids in the diet of larval ctenophores 

increases their early survival (Stoecker et al., 1987b). Similar laboratory 

experiments conducted by Klein Bretler (1980) found that a number of marine 

copepods grew better when their standard algal diet was supplemented with 

heterotrophic flagellates. 

Heterotrophic microflagellates are considered to be the major bacteriovores 

in pelagic waters (Fenchel, 1982 and Sieburth & Davis, 1982). However, ciliates 

are also important consumers of bacteria in some planktonic marine environments 

(Gast, 1985; Rivier et ai., 1985; Sherr & Sherr, 1987). The ciliates are a known 

food source for macrozooplankton, including fish larvae and copepods (Berk et al., 

1977 and Robertson, 1983) and may represent a direct trophic link among 

picoplankton, nanoplankton and metazoans (Porter et aI., 1979 and 10hnson et aI., 

1982). 

The importance of microzooplankton in different ecosystems is evident from 

the previous account and has become increasingly evident during the past decade. 

By virtue of their small body size, microzooplankton can exploit small food 

particles, which may be unavailable to larger animals, and they may act as 

significant food source for larger metazoan predators (Stoecker & Egloff, 1987 and 

Stoecker & Capuzzo, 1990). They thus have a central role in the nutrition of 

microbial system especially in areas where seasonal stratification occurs in the 

water colwnn. In the tropical oceans, relatively strong stratification occurs in most 

of the regions, but seasonally, some areas become mixed due. to some physical 

processes. So it has been thought that intra- annually there may be two possible 

food chains existing (Cushing, 1989). During the productive season (well mixed 

water colwnn) zooplankton may follow pathway 1 (Figure 1.1). However, during 

7 
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oligotrophic condition (strongly stratified water column) zooplankton switch 

over to pathway 2-the 'microbial loop' (Figure 1.1). Under such stratified conditions 

dissolved nutrients above the thermocline are generally low and the phytoplankton 

are dominated by small flagellates. A study by Aksnes & Egge, (1991) pointed out 

that small cells with high surface to volume ratio have a higher efficiency for 

utilization of nutrients than large cells. This implies that smaller cells proliferate in 

these nutrient-Iow waters. A relatively high percentage of the gross primary 

production ends up as dissolved organic matter, which is utilised by bacteria. 

Within the euphotic zone free-living bacteria may account for the major part of the 

total heterotrophic activity in the sea (Pomeroy, 1974) and cyanobacteria could 

account for much of the autotrophic production (Johnson and Sieburth 1979; Platt 

1983; Li et aI., 1983). However, their very small size puts bacteria beyond the 

reach of many zooplankton. Azam et aI., (1983), pointed out how these 

bacterioplankton may be linked to metazoan food chain via., a microbial loop. 

They envisaged that water column bacteria utilizes dissolved organic matter, 

mainly of phytoplankton origin, for growth and that their densities are controlled by 

predation by heterotrophic flagellates. Flagellates, in turn, are preyed upon by 

microzooplankton and the so-called herbivorous zooplankters preferentially feeding 

upon microzooplankton (Wiadnyana & Rassoulzadegan, 1989). There are also 

evidences of microzooplankton directly ingesting bacteria (Sherr & Sherr, 1987 and 

Oast, 1985) thereby short-circuiting the microbial loop. It has been recently 

recognized that microbial and microzooplankton components of aquatic food webs 

are much more important than previously thought. Due to the close coupling 

between these two components, relatively little organic carbon may leave the 

euphotic zone, especially where microzooplankton represents the major route for 

the uptake of organic carbon thus influencing the biogeochemical cycle. 

Studies on grazing impact of microzooplankton in different areas were 

carried out by Landry and others using dilution technique (see Landry & Hasset, 

1982; Landry et al., 1995; Landry et al., 1998). James & Hall (1998) studied the 

grazing rates of microzooplankton on total phytoplankton, picophytoplankton and 

8 
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bacteria in Sub Tropical, Sub Tropical Convergence and Sub Antarctic waters 

in winter and spring of 1993. They found that the grazing impact on total chlorphyll 

a standing stock and phytoplankton production ranged from 10-92% in winter and 

4-57% in spring, respectively. The abundance of microzooplankton was generally 

higher in spring than winter. Grazing by microzooplankton is known to be 

quantitatively significant (Burkill et ai., 1987; 1993 a, b; Verity et ai, 1990 & 

1993b) because of their central role in the microbial system where they graze 

particles of a large range of sizes. This allows the incorporation of a greater 

proportion of the primary production into the food chain. Microzooplankton is 

capable of consuming a significant proportion of primary production (Frost, 1991), 

which is reported to be of 40-70% of the total primary production (Riley et aI., 

1965 and Beers & Stewart, 1970). Indeed, field experiments have demonstrated that 

microzooplankton consumes between 10 and 75% of daily primary production 

(Garrison, 1991 and Pierce & Turner, 1992). Studies (Capriulo & Carpenter, 1983 

and Cosper & Stepien, 1982) have shown that certain components of the 

microzooplankton conununity alone would have consumed 20-100% of primary 

production. Burkill (1982), Capriulo &Carpenter (1983) and Verity (1987) found 

that the tintinnids are responsible for the consumption of ~30% of the annual 

primary production, a value of the same order of magnitude as those consumed by 

copepods. Johnsson (1987) and Stoecker et ai., (l987c) pointed out that the 

autotrophic and mixotrophic ciliates also contribute to primary production in the 

microplankton size fraction. 

Observations of Garrison et ai., (1984) suggest that the grazing impact of 

microzooplankton on phytoplankton in high latitudes might be similar to that 

observed in the lower latitudes. Recent studies have shown that they dominate 

among the grazers of tropical oceanic phytoplankton in the Atlantic (Burkill et al., 

1993a; Verity et aI., 1993 a and b), Indian (Burkill et al., 1993 b) and Pacific 

Oceans (Miller, 1993). Studies speculate that microzooplankton may be important 

grazers during the spring bloom (Heinbokel, 1978a; Landry & Hasset 1982; 

Capriulo & Carpenter 1983). Grazing pressure of microzooplankton on 

9 
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phytoplankton is responsible for not only regulating the phytoplankton species 

(e.g. Capriulo & Carpenter, 1983 and Paranjape, 1990), or filter/mucus feeding 

mesozooplankton directly ingesting bacteria (Sorokin, 1981) but also regulating the 

size compositions (Blackbourn, 1974; Johansen, 1976; Verity, 1986a). In coastal 

and inshore areas they are known to control the growth of certain species by 

selective predation (Hewes et ai., 1985 and Burkill et ai., 1987). 

The works of Eppley & Peterson, (1979); Gilbert, (1982); Wheeler & 

Kirchman, (1986); Caron & Dennet, (1988); Ferrier and Rassouldegan, (1991), 

have shown that the primary production in the oceans relies mostly on nutrients 

recycled in the euphotic zone by protozoa rather than bacteria. Also the importance 

of the microbial communities in recycling processes increases as the system 

approaches oligotrophy (Harrison, 1980). 

1.4. Objectives and the scope of the present study 

Our knowledge about microzooplankton is still very fragmentary 

particularly from the Indian waters. Along the west coast of India, the available 

literature (Mangesh et al., 1996 and Mangesh, 2000) points out the importance of 

microzooplankton in the Arabian Sea. In Arabian Sea, microzooplankton 

contribution to the total biomass of zooplankton was considerable and in some 

seasons it exceeded that of mesozooplankton thereby contributing much to the 

productivity . 

In the east coast of India, Prasad, (1956); Krishnamurthy & Santhanam, 

(1975 & 1978); Krishnamurthy & Damodara Naidu, (1977); Damodara Naidu & 

Krishnamurthy, (1985); Godhantaraman et al., (2001); Godhantaraman & 

Krishnamurthy, (1997); Sujatha Mishra & Panigrahy, (1999) have contributed to 

the literature on tintinnids and their studies were concentrated in the estuarine and 

very coastal regions of east coast of India. Moreover, none of these studies 

attempted to understand microzooplankton as a heterogeneous group. They did not 

address heterotrophic dinoflagellates and aloricate ciliates and hence majority of 

the microzooplanktonic organisms remained unaccounted. There are increasing 

evidences to consider that heterotrophic dinoflagellates and aloricate ciliates are the 
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important microzooplanktonic organisms III tropical regIons along with 

tintinnid ciliates (Leakey et al., 1994; Mangesh et al., 1996, Jyothibabu et al., 

2003). There is virtually no seasonal data available on microzooplankton from the 

Bay of Bengal with an extensive and systematic coverage. 

In the present study an attempt has been made to understand the 

microzooplankton community along the east coast of India. Most of the earlier 

studies projected Bay of Bengal as an oligotrophic system where phytoplankton 

growth is limited by a number of factors among which nutrients are the foremost 

(Ryther et al., 1966; Radhakrishna et aI., 1978a; Radhakrishna, 1978b; Gomes et 

al., 2000; Prasanna Kumar et aI., 2000; Madhupratap et al., 2003). Hence it is 

logical to consider that most of the primary production in the Bay of Bengal could 

be contributed by small sized phytoplankton harnessing the available resources, 

which in turn can be utilized efficiently by the microzooplankton only (Pathway 2 

of Figure 1.1). Hence microzooplankton could play an important role in 

transferring primary organic carbon to higher trophic levels in this region. 

Objectives of the present study can be listed as 

• To understand the taxonomic composition of microzooplankton in the Bay 

of Bengal 

• To study the fluxes of biomass of microzooplankton in comparison with 

mesozooplankton 

• To study the temporal and spatial variations of micro zoo plankton 

• To investigate the ecobiogeography of microzooplankton 

• To understand the magnitude of microzooplankton herbivory in the Bay of 

Bengal. 
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Chapter 2 

The Environment - Bay of Bengal 

2.1. General features of the Bay of Bengal 

The Bay of Bengal, extends between latitudes 0° and 23 oN and longitudes 80° 

and 1000E occupying an area of 4.087 x 106 km2
• It is surrounded on three sides by 

landmasses and is a region of positive water balance. The average annual excess of 

precipitation over evaporation is of the order of 70 cm (Venkateswaran, 1956). The 

total annual river runoff in the Bay of Bengal has been estimated to be 2000 km3 

(Sen Gupta et al., 1977 and Naqvi & Naik, 1983). All the major rivers of India, 

Bangladesh and Myanmar drain into the Bay of Bengal. It is a unique ocean with 

interrelated oceanographic, biological and sedimentary processes driven by the 

monsoon winds. The semi enclosed nature of the Bay and its proximity to the 

equator make it different from other ocean. Associated with monsoon is the large 

volume of freshwater supply and sediment input by Ganges, Brahmaputra and other 

rivers (Figure 2.1). Thus the prevalent low salinity plays a major role in various 

exchange processes between the atmosphere, surface and deep waters that affect the 

biological and biochemical processes. 

2.2. Physical aspects 

Understanding of the physical oceanography of the Bay of Bengal is largely 

based on the evaluation of the climatological features of the area and its 

neighborhood. The hinterland of the Bay of Bengal is defined as the extensive land 

area that contains the tributaries and distributaries of the major rivers, which flow 

into the Bay. The hinterland acquires special importance because of the extensive 

river runoff into the Bay and its effect on water properties. Thus the catchment 

areas, the plains and the deltas of the big rivers- Brahmaputra, Cauvery, Damodar, 

Ganges, Godavari, Irrawady, Krishna, Mahanadi, Mahaveli, Pennar and Salween

fall in to the hinterland (Varkey et al., 1996). 
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The Bay and its hinterland cover a wide range of climatic features. Since the 

climate of the study area is primarily influenced by the monsoons, a climatic 

classification based on amounts of precipitation, particularly about the length of dry 

and wet seasons, is relevant and such a classification for this area is presented by 

Landsberg et al., (1966). The hinterland of the Ganges, Brahmaputra, Damodar, 

Mahanadi and Mahaveli experiences tropical rainy climates and tropical humid 

summer climates with humid winters. The rivers that flow into the bay across the 

southeast coast of India are associated with landmasses of tropical semi-deserts of 

dry climates with humid winters. 

Rain over the Bay of Bengal shows strong seasonality. The southeast coast 

of India has a winter rainfall maximum and the rest of the east coast of India, 

Bangladesh and Myanmar have a summer rainfall maximum (Ramage, 1984). 

Over the Bay of Bengal stonns and depressions are observed mostly from June to 

November (Rao, 1981). Tropical cyclones in the Bay of Bengal during the post 

monsoon transition period are associated with very heavy rain and stonny winds 

especially in the coastal areas (Rao, 1981). The existing literature presents the 

following hydrographical setting in the Bay of Bengal during different seasons. 

During the winter monsoon, surface salinities in the Bay of Bengal ranges 

between 27.0 and 33.0 practical salinity unit (psu). The 33.0 psu isohaline runs 

almost parallel to the coast. Lowest salinity (27.0 psu) is observed in the region 

around 200N and is a result of river runoff from the Ganges - Brahmaputra system. 

At 100 m, over most of the shelf, salinity varies between 34.6 psu and 34.9 psu 

except near the river mouths where the effect of freshwater discharge is still 

noticeable (Suryanarayana, 1988, Suryanarayana et al., 1991). At 200m, salinity is 

more unifonn with insignificant mixing with top diluted water (<34.5 psu). During 

this season along 14°N surface salinities vary from 32.0 to 34.4 psu from about 100 

to 300 km offshore compared with 27.0 to 32.5 psu along 200N from 50 - 300 km 

offshore. At about 17°N, surface salinities vary between 27 psu (near the shore) and 

33.5 psu (about 200 km). Less salinity extends up to 200 km and vertically 

occupies about 60 m of the water column. During the season in the 20oN, surface 
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salinities vary from 27 psu near the shore to 32.5 psu towards offshore (300m). The 

low saline water (>34.5 psu) extends up to over 300 km from the shore and up to 

SOm of depth. 

During summer monsoon, the surface salinities range between 22.0 psu and 

34.0 psu over the coastal area. The 33.0 psu isohaline forms a boundary across 

central east coast (at about 16°N) between the southern high salinity belts. The low 

salinity front in the north is formed as a result of heavy run off from the Mahanadi • 

Ganges-Brahmaputra system. Off Madras, the diluted water extends up to about 50 

m with more or less uniform thickness, whereas in winter the pattern shows wavy 

structures. Off Visakhapatnam (around 17°N) the diluted water extends up to 

around 70 - 90 m with a wavy pattern across the shelf. In the northern regions (near 

200 N), the diluted water extends up to > 110 m with almost uniform thickness 

(Shetye et al., 1991). Further northwards salinity decreases to 21.0 psu. 

Gopalakrishna & Sastry (1985) reported a low salinity of20.0 psu around 20oN. 

During the intermonsoon season, sea surface temperature (SST) increases 

from 27.5°C in the north to 30.5°C in the central Bay. The SST distribution 

indicates the warming of the surface waters between winter and summer. The lower 

SSTs in the northwestern Bay show the after effects of strong surface cooling 

during winter. The higher SSTs in the central Bay represent the seasonal peak 

during intermonsoon. During the summer monsoon, warm waters (>29.5°N) are 

noticed in the northwestern Bay. From this region, SST decreases gradually to 28°C 

toward southwest along Indian coast. In general it can be seen that the surface 

waters south of 14°N are cooler «29°C) compared with those north of 14°N. 

During winter monsoon, the lowest SST is 2S.5°C observed in the northern Bay 

and SSTs around 26°C are seen in the central east coast of India. In the southern 

and central Bay, Rao & Jayaraman, (1968) reported variations of SST between 

26°C and 28.6°C during February-March 1963 and the highest SSTs (>27.5°C) 

were attributed to the diurnal sea surface temperature maximum. The temperature 

difference from the head of the Bay to the Southern Bay is 3.0°C (Balaramamurthy, 

1958 and Wyrtki, 1971). The southward increase of temperature is partly accounted 
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for by the latitudinal variation of insolation. In the northwestern Bay, cold 

«26.0°C) surface waters and a temperature inversion of 1 °C at 50m at the distance 

of 360km from the Gopalpur coast was reported during 1965 (Sankaranarayana & 

Reddy, 1968). Rao & Sastry, (1981) reported temperature inversions of 1.5°C at 

depths of 5 - 50 m in the northern Bay during January 1963. Suryanarayana et al., 

(1993) and Pankajakshan et al., (2002) have also reported low «26.5°C) 

temperature at near surface depths and a temperature inversion of 2°C at subsurface 

layers in the northwestern Bay during winter period. 

Murty & Varadachari (1968) reported strong upwelling of the Waltair coast 

and weak upwelling along off Madras during summer monsoon of 1964. The 

difference in the intensity of upwelling during this period was attributed to the 

relatively strong winds along the coast of Waltair. Naqvi et al., (1979) reported 

moderate level of upwelling along east coast of India during summer monsoon, 

even though the runoff from the rivers may partially compensate for the offshore 

movement of the surface waters (Sen Gupta et al., 1977). Hydrographic data 

collected (Shetye et al., 1991) during the summer monsoon of 1989 along the east 

coast of India showed (a) an upwelling band (about 40 km wide) along most of the 

coastline and (b) a southward moving freshwater plume over the northwestern Bay 

of Bengal. 

The turbidity of the waters of the east coast of India varies greatly from 

season to season depending on runoff and associated suspended load. Suspended 

sediment enters the Bay of Bengal through the many rivers mainly during the 

summer monsoon. The Bay receives about 16x108 tonnes of silt yearly 

(Suryanarayana, 1988) along with abundant runoff. The suspended load settles 

down or gets transported away from the river mouths depending upon currents. La 

Fond & Sastry, (1957) used a hydrophotometer to study the transparency of the 

coastal waters along the east coast of India. They found that in the summer season, 

turbid water tends to remain near shore and flows down the coast. As the rainy 

season recedes the water becomes clearer in near shore areas, remaining, however, 

more turbid than over the shelf. Sundara Raman & Sreerama Murty, (1968) found 
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that during the month of March (intennonsoon) the transparency was 100% at >8 

km off the Karaikal coast. 

2.3. Chemical aspects 

The immense river runoff into the Bay of Bengal is expected to influence the 

biogeochemical cycles to a great extent. In addition to supplying large amounts of 

dissolved and suspended matter, the runoff may also affect the chemistry through 

controls on circulation and mixing. The rivers from these regions are known to 

make excessively large contributions to the global transport of suspended load by 

rivers to the ocean (MilIiman & Maede, 1983) and the lithogenic substances may 

strongly influence the sedimentation of biogenic matter (Ittekkot et al., 1992). This 

is expected to significantly alter the water-column regeneration processes, the 

extent of which remains unknown. 

In the Bay of Bengal, dissolved oxygen concentration in the mixed layer is 

close to the saturation values. As depth increases, the oxygen concentration 

decreases and like other parts of the northern Indian Ocean, the Bay also 

experiences depletion of dissolved oxygen at intennediate depths (Wyrtki, 1971). 

However unlike the Arabian Sea, the redox conditions within the oxygen minimum 

layer in the Bay of Bengal are just above those required to support denitrification 

(Rao et aI., 1994). The oxygen concentrations at comparable depths below the 

thennocline are generally lower in the Arabian Sea than in the Bay of Bengal 

(Wyrtki, 1971). This may be attributed to a high rate of supply and oxidation of 

organic matter in the fonner region due to a higher rate of organic production at the 

surface. 

However the sediment trap deployments have shown that organic carbon 

fluxes to the deep Bay of Bengal are higher than those in the Arabian Sea (Ittekkot 

et al., 1991). Ittekkot et aI., (1991) postulated that a large riverine input of nutrients 

might support the large export of production in the Bay of Bengal. But the available 

data on nutrients are not compatible with this interpretation. The chemical data 

available show that the rivers flowing into the Bay might not contribute much to the 

inorganic nutrient pool (Sen Gupta & Naqvi, 1984; Prasanna Kumar et al., 2002). 
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Rao et al., 1994), has given two possible explanations for the observed higher 

sinking fluxes with the inferred lower respiration rates in the Bay. The first 

possibility, the export production in the Bay of Bengal may be lower than that in 

the Arabian Sea, but the extend of water column regeneration from the soft tissue 

may also be lower as a consequence of incorporation of organic carbon in the fast 

settling matter due to the large terrigenous inputs. There are other evidences to 

believe that the organic matter reaches the deep sea floor in relatively 

undecomposed state in the Bay of Bengal (Broecker et al., 1980). The second 

possibility is, as a consequence of a reduced advection and strong stratification, the 

supply of fresh and labile Doe to the subsurface layers of the Bay may also be 

less. This difference assumes significance in view of the reported insufficiency of 

the vertical sinking fluxes in fuelling subsurface respiration in the Arabian Sea 

(Ducklow, 1993 and Naqvi & Shailaja, 1993). 

Sankaranarayanan & Reddy, (1968) studied the distribution of nutrients in 

the northern Bay of Bengal and observed marked regional variations. The maximal 

values of phosphate and nitrate occurred shallower than in the Arabian Sea, at 600 -

800m and 300-800m respectively. No increase in silicate concentrations is 

observed in the surface waters of the northern Bay, in spite of massive river runoff, 

which occurs in the region. 

The most recent publication mentioning the nutrient distribution in the Bay 

of Bengal during summer monsoon (Prasanna Kumar et ai., 2002) reports that, in 

the Bay the upper 30m of the water column has depleted levels of nitrate. They 

further observed that the nitracline (in general) is situated between 50 and lOOm 

depths. Silicate distribution in the Bay showed similarity to that of nitrate, except 

for a high concentration of more than 2J..lM in the upper waters of the north. The 

higher silicate indicated that it must have originated from the source in the north. 

2.4. Biological aspects 

The biological productivity of any oceanic region is largely based on the 

organic production (primary production) of that region. Measurements of primary 

production in the Bay of Bengal were made for the first time during Galathea 
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Expedition. Subsequently, during International Indian Ocean Expedition (1I0E) 

similar measurements were made from many parts of the Bay of Bengal 

(Kabanova, 1964,1968; Krey, 1973,1976). Later, Radhakrishna et al., 1978a; 

Radhakrishna, 1978b; Devassy et al., 1983; and Bhattathiri et al., 1980) studied the 

primary productivity of Bay of Bengal. Most of the studies depict Bay of Bengal as 

an oligotrophic system. Although, many major world river systems, bring in large 

quantities of suspended and dissolved substances, the narrow shelf, heavy cloud 

cover, less light penetration have been attributed as reason for this (Qasim, 1977; 

Radhakrishna, 1978b, Gomes et aI., 2000). More recently, Prasanna Kumar et aI., 

(2002) and Madhupratap et al., (2003) reported Bay as a low productive region. 

During their study (July - August 2001) surface chlorophyll a in the Bay weakly 

increased from 0.06 mg m-3 in the south to 0.28 mg m-3 in the north, which is 4 - 5 

times less, compared to Arabian Sea (0.32 - 1.12 mg m-3
) during the same season. 

Integrated chlorophyll a (up to 120 m) apart from being low varied only nominally 

from 9 - 11 mg m-2 in the Bay of Bengal compared to Arabian Sea values (26 - 60 

mg m-2
). Integrated primary productivity (up to 120 m) was also less in the Bay of 

Bengal and varied from 89 - 221 mg Cm-2 d- I compared to Arabian Sea (770 - 1782 

mgC m-2 d- I). 

Due to their sheer abundance and intermediary role between phytoplankton 

and fish, the zooplankton are mainly the index of utilization of aquatic biotope at 

the secondary trophic level. Zooplankton distribution usually shows patchiness and 

studies on mesozooplankton up to 1985 suggest an increasing trends in biomass 

towards the south in the Bay of Bengal. Maximum biomass (0.75 - 1 ml m-3
) was 

observed off the region between Madras and Visakhapatnam while the other 

regions had much lower biomass (See review by Desai & Kesava Das, 1988). 

Madhupratap & Parulekar, (1993) reviewed the earlier works in the Bay of Bengal 

and reported the lack of good coverage for zooplankton in the Bay of Bengal. 

Despite fairly high production along its western boundary during southwest 

monsoon, zooplankton standing stock appears to be of the modest ranges. 1I0E data 

have averages ranging from 10 - 18 mg m-3 from the northern Bay. Other data 
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available show 31- 54 mg m-3 during August - September between 10 - l3°N 

(Achuthankutty et aI., 1980) and 18 - 3 1 mg m -3 in June between 13 - 17°N (N air et 

al., 1981). Both of these reports show much poorer values for the rest of the coastal 

areas (Nair et al., 1977). 

During night increase of biomass and abundance of zooplankton species 

including those of carnivores occur in the upper 200m layer as a result of upward 

migrations, including those of carnivores, from deeper waters. A large number of 

epipelagic species however does not migrate to mesopelagic depths probably 

because they cannot survive in the poorly oxygenated waters of the oxygen 

minimum layers (Madhupratap & Parulekar, 1993). 

The preceding account on Bay of Bengal illustrates the peculiarities of this 

region as a tropical basin and the available infonnation on hydrography and 

biological parameters. However, it is also evident that this region is one of the least 

explored areas in the Indian Ocean especially with regard to many biological 

aspects. Hence, the present investigation is relevant while it has generated seasonal 

data on many of the biological parameters (chlorophyll a, primary production and 

mesozooplankton biomass). In addition to this, a fresh data set has been generated 

for microzooplankton, an important component of the planktonic food web, which 

has hitherto not been studied in this region. 
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Samples for microzooplankton were collected from the Exclusive Economic 

Zone (EEZ) along the east coast of India (Bay of Bengal). Samples were collected 

from three cruises of FORV Sagar Sampada representing winter monsoon 

(November - February). spring intermonsoon (March - May) and summer monsoon 

(June - September). Seventeen stations (B 1 - B 17) were sampled seasonally along 

the latitudes 11. 13. 15, 17, 19 and 20.5 ON (Figure 3.1). Sampling was carried out 

during March and December 2001 and July 2002. For comparative assessment 

three stations were fixed in each transect, one coastal, one in the middle and one in 

the offshore except in the northern most transect were only two stations were 

investigated. Details of collection, preservation and analysis for each parameter are 

described below. Water samples from the desired depths were collected using 

thoroughly cleaned Go Flo bottles (5 litre capacity) attached to a Conductivity -

Temperature - Depth profiler (CTD) rosette and used for studying biological 

parameters (microzooplankton, phytoplankton standing stock (chlorophyll a) and 

primary productivity) and chemical parameters (nitrate, phosphate, silicate and 

dissolved oxygen). Profiles of temperature and salinity at each sampling station 

were obtained from respective sensors fitted on to a CTD (Plate 3.la). 

3.2. Biological parameters 

3.2.1. Microzooplankton (Qualitative and quantitative study) 

In the present study, all microzooplankton in the size range 20 - 200 !lm 

were studied. Water samples from the Go Flo bottles triggered during up - cast at 

depths of 150, 120, 100, 75, 50, 20, 10 m and surface were collected for 

microzooplankton samples at each station. From each depth, 5 - 7 litres of water 

samples were collected and transferred in to black carboys. Although Joint Global 

Ocean Flux Studies (JGOFS) protocols (UNESCO, 1994) suggest 250 ml - 2 litres 

volume as standard for microzooplankton, in the present study more quantity (5 - 7 
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litres) were processed to get fair representation of microzooplankton while the Bay 

of Bengal is reported to be oligotrophic. Initially the water samples from each depth 

were prefiltered gently through a 200 J.1m bolting silk to remove the 

mesozooplankton and the filtered samples were collected in black polythene 

bottles. Subsequently, samples were concentrated by siphoning through a PVC 

tubing with it's cod end fitted with a 20 J.1m Nitex screen for retaining all the 

microzooplankton of :::20 J.1m size at the bottom of the carboy. Thus 

microzooplankton samples were concentrated to 100 ml volume and then preserved 

in 1 - 3% acid Lugol's solution. These microzooplankton concentrates were then 

used for enumeration, identification and estimating the biomass. 

Organic carbon being the principal component of all organIsms and its 

transfer at various trophic levels draws comparisons and computation at biomass 

level and bioenergetics. Estimate of carbon biomass of microscopic planktonic 

organisms are usually made by converting microscopic size measurements to cell 

volumes, which are then converted to carbon biomass using empirically or 

theoretically derived carbon to volume ratios. 

During the analysis, the initial sample concentrates (ca. 100 ml) were 

allowed to settle for 3 days. The settled samples were observed in Sedgwick rafter 

counting chamber under inverted microscope (Plates 3.1 b & c) with phase contrast 

optics at 100 - 400x magnifications. Microzooplankton were identified and 

categorized in to the following four groups: ciliates, heterotrophic dinoflagellates, 

other protozoans and micrometazoans. The ciliates and heterotrophic 

dinofiagellates were identified up to the species level wherever possible and the 

others were identified up to genus level following available publications (Kofoid & 

Campbell, 1904; Jorgensen, 1924; Marshall, 1969; Karen, 1970; Subrahmanyan, 

1971; Gopinathan, 1975; Tayior, 1976; Corliss, 1979; Small et a/., 1985; 

Maeda,1985 &1986; Lynn et aI., 1988). Photomicrographs of the identified species 

were taken using a Nikon camera and proper scaling was presented on the images. 

Appropriate body dimensions (J.1m) of the organisms were measured using a 

micrometer and the suitable conversion factors were reviewed by Gifford & Caron, 
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(2000). The lorica volume of tintinnids and cell volume of naked ciliates were 

detennined according to their geometric configurations. From lorica volume (!lm3
) 

the body weight of a tintinnid (pgC) was calculated using the equations described 

below. The cell volume of tint inn id ciliate in the present study was assumed as 50% 

of lorica volume, similar to the method by Gilron & Lynn (1989). The carbon 

content of naked ciliates was converted from cell volume using a factor of 0.19 pg 

C J,lm-3 (Putt & Stoecker, 1989) and 0.14 pg C !lm-3 for dinoflagellates (Lessard, 

1991). The carbon content of copepod nauplii was calculated by assuming 16 

ngC/individual (Uye, 1982). 

3.2.2. Microzooplankton herbivory 

Microzooplankton herb ivory experiments were carried out at four locations 

along the south east coast of India during winter monsoon. Microzooplankton 

herb ivory were shown in JGOFS and other studies to be a major pathway for the 

trophic transformation of phytoplankton in surface waters (Burkill et aI., 1993a, 

Verity et al., 1993b). It therefore provides important information about the flux of 

organic carbon in surface waters. Microzooplankton herbivory is defined as the rate 

of grazing of phytoplankton organic carbon by microzooplankton per unit volume 

of seawater. The units of this are mgC liter-I day-I. During the present study, 

microzooplankton herbivory experiments were carried out at four stations in the 

southeast coast of India during winter monsoon. 

One of the most important methods, which had been used routinely in 

JOOFS measurements, was the "dilution approach" of Landry & Hassett (1982). 

The dilution approach protocol is based on the experimental determination of 

phytoplankton growth in a dilution series. The dilution series is made up by 

combining the natural microbial community (natural sea water) with seawater that 

has been filtered free of microbial components. The theoretical and practical 

considerations of this technique are fully described in Landry & Hassett (1982). 

Essentially, phytoplankton growth is assumed to be density independent with 

specific growth rates that are constant for all dilution conditions. Per capita 

clearance rates of microzooplankton are assumed to be constant among the dilution 
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treatments, leading to proportionately higher phytoplankton mortality with greater 

concentrations of microzooplankton. Consequently there is a progressive 

uncoupling with dilution between phytoplankton growth and mortality due to 

grazing. It is further assumed that phytoplankton growth and grazing mortality are 

appropriately represented by exponential rates. 

Before starting the experiment, experimental bottles was marked up for 

appropriate dilution (e.g. 40% concentration should be marked externally with 

water proof marker) and all experimental polycarbonate bottles were acid cleaned 

and rinsed in distilled water. Concentrations used in the dilution series were 100%, 

75%, 50% and 25% of ambient concentration with triplicate bottles incubated at 

each concentration. Sufficient water was filtered (approximately half the overall 

water) free of microbial community using 0.2 ~m porosity Millipore filter papers. 

This 'predator - and - prey' free water then combined with the unfiltered seawater 

to generate concentrations of 100, 70, 40 and 10% made up to 2 litres in acid 

washed polycarbonate bottles. 

Experimental bottles were mixed gently by inverting them slowly. Sub 

samples were taken from each bottle for phytoplankton pigments and filtered onto 

0.2 J.lm Millipore filters. Filter papers were stored in deep freezer until required for 

analysis. Sub-samples were also taken from each bottle for determination of 

microzooplankton at the beginning and end of the experiment, which was 24 hours. 

Experimental dilution bottles were incubated under simulated deck incubation with 

appropriate light attenuation filters. 

Phytoplankton biomass was quantified through measurement of chlorophyll 

a soon after sampling, since pigments degrade rapidly with time. Chlorophyll a was 

analysed spectrophotometrically (Strickland & Parsons, 1972). 

Turnover rate of phytoplankton by microzooplankton (days -I) was 

calculated from the slope of regression equation (= l-e -slope). Rate of grazing of 

chlorophyll (mg chlliter -I day -I) was calculated from turnover rate by multiplying 

the ambient chlorophyll concentration (= chlorophyll concentration* turnover rate). 
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Rate of grazing of phytoplankton carbon by microzooplankton was calculated from 

chlorophyll rate * carbon to chlorophyll ratio. This ratio varies between 10 and 200 

an average of 40 was used for oligotrophic open waters. 

3.2.3. Phytoplankton standing stock (Chlorophyll a) 

By definition, the term chlorophyll (ChI) denotes a group of photosynthetic 

pigments important for carbon fixation and capable of absorbing blue - violet and 

red light. Two liters of water from each standard depth was filtered through GF IF 

filters (nominal pore size 0.7J.1m) to estimate chlorophyll a and estimated 

spectrophotometrically (Hitachi, Model, U - 2000) using 10 ml 90% acetone for 

extraction (Strickland & Parsons 1972). The ChI a pigments were extracted for 24 

hours in 10 ml 90% acetone (Qualigens AR, Mumbai) in a refrigerator overnight. 

Samples were brought to room temperature and the absorbance was measured using 

a spectrophotometer. The chlorophyll a was calculated by the following equations. 

Chi a (chlorophyll a) = 11.6 E 665 -1.31 E 645 - 0.14 E 630, Where., 

E stands for the absorbance values, at wavelengths indicated at the subscripts. The 

absorbance was measured in 10 cm cells and 'cell-to-cell blank' corrections were 

made as described in Strickland & Parsons, (1972). 

3.2.4. Primary production 

Primary production is defined as the uptake of inorganic carbon by 

autotrophic communities for the formation of new cellular component into the 

eventual production of particulate organic matter. The rate of carbon fixation by 

autotrophs in seawater was measured by tracing the uptake of radioactive 14C (Na2 

H14C03). Primary production is expressed as 'mg carbon m-3 dol. A known 

concentration of radiocarbon was added to the seawater sample and the ratio of the 

uptake of radiocarbon to the added radiocarbon by the phytoplankton was 

converted to total carbon uptake by multiplying with the total inorganic carbon in 

the sample. Vertical profiles of production measurements were integrated to yield a 

production rate per unit area in units of 'mg carbon m,2 d-I, 
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Polycarbonate bottles (PC, Nalgene, USA) used for primary productivity 

measurements were soaked for 72 hours in a 5% solution of detergent. These 

bottles were then rinsed thoroughly with deionized water and subsequently soaked 

for 72 hours in the acid cleaning solution (0.5N HCl solution prepared with distilled 

water). Bottles were then rinsed 3 times with Milli-Q water (or distilled water) and 

allowed to stand there for at least 48 hrs. 

For measuring primary productivity, water samples were obtained from 8 

predetermined depths (0, 10, 20, 50, 75, 100 and 120 m) from the euphotic zone in 

the Bay of Bengal. From each depth, samples were collected to five clean bottles. 

Before addition of radioactive carbonate, none of the samples were exposed to light 

(as either light can enhance productivity or degrade/reduce the cell capacity to 

produce due to light shock in samples particularly from deeper depths). To each PC 

bottle containing seawater sample (-250 - 300 ml) I ml of aqueous solution of 

5JlCi of radioactive carbon (BRIT, Bhabha Atomic Research Centre, Department of 

Atomic Energy, Mumbai) was added. To determine the initial activity of 14C added 

at time zero, 0.2 m) of sample from one of the bottle was transferred to a 

scintillation vial and 0.2 ml of ethanolamine was added to it (ethanolamine prevents 

the radiolabelled inorganic CO2 from escapement in to the atmosphere). Similarly, 

sample in one of the bottle was filtered through 47mm GFIF filter paper for 

determining the initial adsorption of the 14C by the particles in the bottle. From the 

remaining four bottles from each depth, one was covered with aluminum foil and 

transferred to a black bag to determine the dark production. Thus, one dark and 

three light bottles were used from each depth for in situ incubation for 12 hours 

from sunrise to sunset. The bottles were deployed in situ corresponding with their 

depths of origin by suspending them on a polypropylene line attached to a buoy 

with a life line (Plates 3.2 a & b). The "mooring" system used to be deployed 

approximately one hour before sunrise, and was allowed to drift freely for 12 hours 

during the fair weather. However, during inclement weather, primary productivity 

mooring used to be tied to the ship with adequate leave way for drifting. The ship 
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was occasionally maneuvered to keep the pp mooring ~ 150 - 200 m away from her. 

The mooring system was invariably retrieved ca ~ 30 minutes after sunset. 

Upon retrieval, samples in each bottle were filtered on to GF IF filter and the 

filters were transferred to scintillation glass vials. Drop of 0.5 N HCI was added to 

each vial and capped overnight. All vials were kept at room temperature until the 

radioactivity was counted. Before counting, all vials were un capped and left open 

overnight. Five ml of liquid scintillation cocktail (SISCO-Bombay) was added and 

the radioactivity counted in a liquid scintillation system (Wallac, Finland). The 

counts were converted to daily production rates (mg C m-3 d· l
), which were 

obtained from the triplicates samples, which generally agreed within ± 10% of 

covariance and were averaged to obtain the mean value for a given depth. 

Production in the dark bottle was subtracted from the mean obtained from the light 

bottles to correct for adsorption. The daily production rate at given depths was used 

to calculate the integrated water column production (mg C m·2 d· I
). The following 

equation was used for the calculation. 

Primary Production (mg C m -3 day -I) = 1.05 X SDPM x W I SA X T, Where, 

1.05 - correction for the lower uptake of 14C compared to 12C, S DPM - DPMs in 

filtered sample, DPM - disintegration per minute, W - dissolved inorganic carbon 

(DIC) concentration in sample (-25000 mg C m-3
), Sample Activity (SA) - V * 

T DPM IAvol, T - time (days), V - volume of filtered sample (liters), T DPM - Total 14C 

DPMs (in 0.25 mt), A Vol - volume taken to measure sample activity. 

3.2.5. Mesozooplankton biomass 

Mesozooplankton is a group of heterotrophic organisms that depend on 

organic matter produced by autotrophic (as well as microheterotrophic) organisms 

for their nutrition and are an important component in the food web of the oceans. 

Generally, it has a body size >200~m. 

The zooplankton samples were collected with a Multiple Closing and 

Opening Plankton Net (Hydro - Bios, mouth area 0.25 m2
, mesh width 200 ~m) 

(Plate 3.2c), which has an electronic depth sensor. The net can be operated at 

desired depths with the help of a deck unit onboard. Zooplankton samples were 
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collected from the bottom of the thennocline up to the surface so that the 

representation of zooplankton biomass up to - 200m depth could be accounted. 

Mesozooplankton biomass was measured as displacement volume, which 

was converted to dry weight (l ml displacement volume = 0.075 g dry wt.) and to 

carbon (34.2% of dry wt.) (Madhupratap et al., 1981 and Madhupratap & Haridas, 

1990). 

3.3. Environmental data 

3.3.1. Temperature and Salinity 

Temperature and salinity profiles from the study area were obtained from 

CID (Sea Bird Electronics Seacat, SBE 911 Plus, USA) profiler onboard FORV 

Sagar Sampada. Data were collected from 28 stations along 6 latitudinal transects 

with 10 difference in longitude. The physical environmental data derived were 

used for interpreting the biological components. 

3.3.2. Transparency 

Water column transparency is generally expressed in tenns of attenuation 

coefficient and is a measure of the physical conditions of the water column in tenns 

of its light penetration capability (Pickard & Emery, 1982). It is important for a 

variety of reasons. For ego if the nutrients are not limiting, the biological 

productivity of a given water column is directly dependent on the amount of 

sunlight with depth, known as euphotic zone. The classic method of measuring 

water clarity is by lowering Secchi disc overboard and visually noting the depth at 

which it disappears from nonnal visual range. This method is dependent on the 

intensity of sunlight and its incident angle. 

During the present study, Secchi disc was used to measure the water 

transparency in all the primary productivity stations. A rope was tied to the disc for 

lowering it from the vessel's deck in to the water. The water depth at which the disc 

disappeared from view was recorded. Operationally, this was achieved by lowering 

the disc one meter beyond the depth where it disappeared followed by lifting it up 

for reappearance. The mean of two readings was taken as the transparency. From 

the observed transparency value, attenuation coefficient (k) was calculated using 

31 



Chapter 3 - Materials and methods 

the following formula. Higher attenuation coefficient indicate high turbidity and 

less light penetration. 

Attenuation coefficient (k) = 1.71D; Where 'D' is the Secchi disc depth.,1.7 is a 

constant for oceanic (clear) waters and 1.4 is for coastal (turbid) waters. 

3.3.4. Dissolved oxygen 

Dissolved oxygen (DO) in seawater was measured following Winkler's 

method as described in Strickland & Parsons (1972). Water samples collected from 

desired depths in the rosette of Niskin bottles (General Oceanics, USA) were 

carefully collected in to oxygen glass bottle (50 ml) without trapping air bubbles. 

Immediately samples were fixed by adding 0.5 ml of Winkler A (manganous 

chloride) and 0.5 ml of Winkler B (alkaline iodide) solution to each 50 ml of water 

samples. 

The dissolved oxygen analysed by titration method was calculated using the 

fonnula 

Dissolved Oxygen (mlllitre) = 5.6 * N * (S - bm) * V/CV - 1) * (IOOO/A), Where., 

N - Normality of the thiosulphate, S - Titre value for sample 

bm- Mean titre value for blank, V - Volume of the sample bottle 

A - Volume of sample titrated (50ml) 

3.3.5. Nutrients (nitrate, phosphate and silicate) 

Samples for nutrients were collected into clean glass bottles. The analyses 

were carried out in an autoanalyser SKALAR (Model 51001-1). The principle 

behind the measurements are as follows. 

Nitrate in the sample was first reduced to nitrite by passing through a 

reducing column filled with copper amalgamated cadmium granules. The reduced 

nitrate (N03) i.e nitrite (N02) then reacts with sulphanilamide in an acid solution. 

The resulting diazonium compound got coupled with N-(1-Naphthyl)

ethylenediamine dihydrochloride to form a colored azo dye, the absorbance is 

measured spectrophotometrically at 543nm. The concentration of reactive nitrate is 

given in Ilmol rl. Silicate in the sample was acidified and mixed with an 

ammonium molybdate solution fonning molybdosilicic acid. This acid was reduced 
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with ascorbic acid to a blue dye, which was measured spectrophotometrically at 

81Onm. Oxalic acid was added to the sample to avoid phosphate interference. 

Phosphate in the sample was allowed to react with ammonium molybdate and 

potassium antimony tartarate in acid medium form an antimony - phospho -

molybdate complex. This complex was reduced to an intensely blue coloured 

complex by ascorbic acid, which was measured spectrophotometrically at 880nm. 

3.4. Statistical analyses 

3.4.1. Diversity indices 

The presence / absence or the number of taxa / species in an area may be due 

to two factors, (1) Evolutionary history of the geographic area, (2) The interactions 

of the taxa and their relationships to the physical environment (Clifford & 

Stephenson, 1975). These factors are not mutually exclusive. Evolution affects the 

pattern of interactions in a community and the pattern of interactions in a 

community detennine to a great extend the course of evolution. In the competition 

between two taxa / species, one taxon / species are almost always appear to cause 

extinction of the other in the absence of mitigating factors such as fluctuating 

environment and spatial heterogeneity. Therefore the number of groups and their 

relative abundance are the basis of descriptions such as simple, complex or 

dominated by one or a few groups, each of which refers to the general tenn 

diversity. Thus diversity indicates the degree of complexity of a community 

structure. It is a function of two elements namely number of taxa / species and their 

abundance or equitability, that is, richness and evenness with which the individuals 

are distributed among the group. Diversity is a concise expression of how 

individuals in a community are distributed with in subsets of the groups. Diversity 

decreases when one or a few groups dominate in a community, when individuals of 

a more common group replace individuals of rare groups or when one or a few 

groups rapidly reproduce. 

Diversity is often related to certain environmental characteristics of water 

masses and the degree of complexity of the flow of energy with in the community. 

The measurements of the temporal variation of diversity provide useful information 
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• 
on the succession of the community structure. Diversity is generally greater in 

waters of lower latitudes than in higher latitudes, higher in marine environments 

than in freshwater and the lowest in brackish waters (Sanders, 1968). Diversity is 

reported to the higher in the deep sea than in shallow waters and it decreases 

gradually with depth. Higher diversity tends to be seen in areas of greater 

environmental stability / predictability especially if associated with higher levels of 

productivity (Dumpar, 1960; Patten, 1962 and Paine, 1966). To mathematically 

analyze and compare changes in aquatic communities due to environmental 

stresses, species diversity (Pielou, 1966 a &b) is one of the tools, which can be 

made use of. Odum (1971) has defined species diversity indices as ratios between 

the number of species and important values such as biomass (wet weight), numbers 

and productivity etc. 

Several diversity indices have been proposed and among which the 

following were used in the present study. 

(a) Margalefs index (Marga/ef, 1951) 

a, = (S-I) / log eN 

(b) Simpson's index (Simpson, 1949) 

Sla= 1 - Lni (ni- 1)/N (N-l) 

(c) Shannon and weaver 

H = -L (Pi log2 Pi) where Pi = ni / N (Shannon and weaver (1963) 

Dominance of the taxonomic group is studied by means of evenness indices. 

The abundance relationships in a community have been measured in terms of the 

evenness component of the diversity index where evenness expresses the degree of 

equality of the abundance of the taxa / species of the community. 

Heips evenness index 

he=(eH-l)/(S-I), S>1 (Heips, 1974) 

3.4.2. Analysis of variance (ANOV A) 

Three way ANOV A is applied to compare between stations, between species 

and between depths and also to see whether there is any station - species, station -
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depth and species - depth specificity I interaction based on species abundance for 

ciliates and dinoflagellates separately for each season (Snedecor & Cochran, 1967). 

3.4.3. Cluster analysis 

Bray Curtis similarity index (Clifford & Stephenson1975) is applied for the 

10glO (X + 1) converted data of species abundance, to study similarity between 

species and between depths at each station during different seasons. Similarity 

index calculated for species is presented as a Dendrogram using group linkage 

clustering techniques. Similarity between depths is presented as MDS (Non -

Metric Multi Dimensional Scaling (MDS) (Clarks & Gorley, 2001). 
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Chapter 4 

Results - Physicochemical environment 

4.1. Physical environment 

4.1.1. Winter monsoon 

During the season, sea surface temperature (SST) ranged between 25.5 and 

29.2°C (Figure 4.la). SST in general showed a steady decrease towards the coast 

along 1I and 13°N. Along 15°N, SST was found to vary from 27.7 - 28.4°C with 

minimum at 83DE. To the north of I5DN, the SST decreased northward and the 

lowest (25.5°C) was observed along 20.5°N. Sea Surface Salinity (SSS) ranged 

from 25.3 - 33.8 psu, with high saline waters towards the open ocean region along 

the southeast coast and relatively low saline waters «30 psu) prevailed along the 

entire east coast (Figure 4.1 b). Salinity was minimum near the coast along 19 and 

20.5°N that could be attributed to the inflow of Mahanadi - Ganges - Brahmaputra 

river systems. Similarly coastal regions along 15°N showed low salinity due to the 

Krishna river influx. Mixed layer depth (MLD) ranged between 5 - 50m and was 

very shallow in the regions where SSS were low (Figure 4.1c). In general, MLD 

increased towards offshore from 11 - 17°N, except along ISDN, where it shall owed 

(""tom) towards 83°E. Obviously MLD in the northern transects was shallow 

«tom) due to low surface salinity. 

Vertical thermal structure along lIoN showed relatively deeper isothermal 

surface layer in the open ocean region (Figure 4.2a). But near the coastal areas, 

thermal structure showed an inversion below 30m. Another significant observation 

was the doming of isotherms (cold core eddy signature), which was clear below 

150m, centered around 82°E and was more conspicuous at 200m depth. Salinity 

structure in the upper 50m showed frontal pattern towards the coast indicating the 

freshwater influx from the continent (Figure 4.2a). Isopycnals in the upper SOm 

resembled the isohaline pattern, below which the temperature dominated over 

salinity in the density field (Figure 4.2a). The vertical profiles along 13°N 
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resembled the pattern along lIoN but the eddy signals were not so prominent as 

that of the latter transect (Figure 4.2b). However along IsoN, profiles of 

temperature, salinity and density showed prominent eddy signatures, which was 

intense at 75m between 82 and 83°E (Figure 4.2c). Doming of isolines was also 

evident along 17 and 19°N, but with a weaker gradient. 

Salinity structure in the upper 40m along 17°N showed a frontal pattern 

with low saline waters near the coast, which indicated the freshwater influx from 

the continent, which had a gradient of almost 2 psu in the upper SOm (Figure 4.3a). 

But along I9°N, the low salinity pools were observed about 200km from the shore 

with a gradient of almost S psu in the upper SOm (Figure 4.3b). Salinity structure 

along 20.S0N also showed a frontal pattern due to fresh water influx from the 

continent with a sharp gradient of 8 psu in the upper SOm (Figure 4.3c). The most 

conspicuous feature in the thermal structure along the northern transects was the 

presence of cold surface waters overlying the warmer waters (thennal inversion). 

The amplitude of the thermal inversions increased northward and the maximum 

(>3°C) were observed in the northern transects (19°N & 20.S0N), while small scale 

inversions «O.SOC) were noticed in the southern regions (Figures 4.4 a & b). 

During the season, transparency (attenuation coefficient) of the water 

column varied from 0.047 - 0.094 (Avg. 0.070) and the minimum was observed at 

the oceanic station along IsoN and maximum at the coastal station along 20.S0N 

(Table 4.1). Along the coastal transect, maximum sunlight penetration was found at 

IsoN. Attenuation coefficient ranged between 0.OS4 and 0.094 (Avg.0.075) and 

minimum (0.047) was observed along BON. Average euphotic column (considered 

as 1 % of the surface illumination) along the coastal transect 

(69m) was much lower than the oceanic transect (82m) which indicated the 

presence of higher suspended matter in the fonner compared to the latter the mean 

value for all the stations was 76m. 

4.1.2. Spring intermonsoon 

SST showed minimum spatial variability, which ranged between 28.6°C and 

30.25°C, with minimum near the coast along I5°N and maximum along the open 
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ocean waters along 13°N (Figure 4.5a). SSS ranged from 32.8 - 34.3 psu and low 

salinity pockets were observed at the surface layer about 200 - 400 km away from 

the shore particularly between 13 - 19°N (Figure 4.5b). The warm and low saline 

waters in the oceanic region provided stratified surface layer which resulted in thin 

mixed layer «30m), however along 17°N, between 84 - 86°E, comparatively 

deeper MLD was observed (--40m) (Figure 4.5c). Isopycnals showed stratification 

and resembled the pattern of salinity at the surface layer but in the deeper waters 

they followed the isothennal pattern. 

The vertical thennal structure along 11 ON and 13°N showed the wann 

surface layer (>30°C) (Figures 4.6a & b). Along these transects pools of low 

salinity was found around 200m away from the coast. The near shore values of SST 

along ISON were relatively lower «29°C) than that of the offshore values (~30°C) 

(Figure 4.6c). In this transect, pools of low salinity were observed much far from 

the coastal region (--400km from the shore) compared to 13°N and the salinity 

structure showed sharp gradients in the upper 120m, below which the gradients 

were minimum. The density stratification at the surface reduced the mixed layer 

depth, and the denser water (-20.S) was observed near the shore. Isopycnals of the 

sigma-t structure showed dominance of salinity over the temperature in the upper 

SOm, below which temperature dominated the density field. 

The vertical thennal structure along 17°N exhibited warm surface isothennal 

layer, below which it showed gentle down curving of isothenns (wann core eddy 

signature) centered around 8soE (Figure 4.7a) and the feature was more 

conspicuous at 150m depths. Below the surface layer, isohalines also showed 

downsloping towards 85°E and the low saline patches at the surface layer were 

observed about 300km from the shore. The isopycnals at the surface layer followed 

the same trend as the salinity, below which the density reflected combined effects 

of temperature and salinity and showed downs loping of isolines towards 8S°E. 

Though the downsloping was not intense as at 17°N, temperature, salinity and 

sigma-t structure along 19°N also exhibited downsloping of isolines towards 87°E 
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(Figure 4.7b). However along 20.5°N, temperature, salinity and density profiles 

did not show any significant feature (Figure 4.7c). 

Attenuation coefficient during the season ranged between 0.036 - 0.062 

(Avg. 0.048) and minimum value was found at the oceanic station along BON and 

maximum at the coastal station along 20.soN (Table 4.1). Generally coastal stations 

showed lower euphotic column depth (Avg. 96m) compared to the oceanic stations 

(Avg. 117m). Along the coastal stations, attenuation coefficient varied from 0.045 

- 0.062 (Avg. 0.053) where as in the oceanic stations it ranged between 0.036 -

0.058 (Avg. 0.044) and euphotic column was maximum at BON and minimum 

along 20.soN and it varied from 81 - 141m (Average 106m). 

4.1.3. Summer monsoon 

In general, warm sea surface (>29.2°C) was observed during the period 

except near the coast along 15°N where SST dropped to 27.9°C (Figure 4.8a). SSS 

varied from 27.9 - 29.4 psu and showed marked north - south gradients where 

higher values were found at the northernmost transect (Figure 4.8b). Relatively 

high saline waters (>33.5 psu) were present along the southeast coast, whereas in 

the northeast coast the SSS was considerably less and the lowest value of 25 psu 

was observed near the coast along 20.5°N. Similar to the SSS distribution, MLD 

showed north - south gradients and along the south east coast it was relatively thick 

and it ranged from 30 - 60m, but shallowed towards the northern transects (19° and 

20.5°N) except near the coast along ISON where comparatively shallower MLD 

was noticed (Figure 4.8c). 

Vertical thermal structure along lIoN showed a relatively deeper isothermal 

surface layer (>50m), below which dome shaped isolines (eddy signatures) were 

distinct and the maximum ascent was observed at 175m depth of 82°E (Figure 

4.9a). Comparatively high surface salinity was observed in the coastal region and 

the sigma-t structure showed relatively deep mixed layer along this transect, except 

near the coast. In general, the isopycnals of the density structure followed the 

isotherms indicating the dominance of temperature over salinity in the density field. 

Vertical structure of temperature, salinity and density along BON showed relatively 
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deeper MLD, which oscillated between 40 - SOm depth (Figure 4.9b). Below 75m, 

isothenns, isohalines and isopycnals showed upsloping towards the coast indicating 

subsurface upwelling. Another notable feature was the appearance of a high 

salinity core (>35.2 psu) between 75 and 150m, centred around 82.soE, where the 

thermal structure showed diffused thennocline. The vertical thennal structure 

along 15°N showed fine upsloping of isotherms towards the coast and relatively 

cold waters «28°C) at the surface (Figure 4.9c). The upsloping of isothenns are 

conspicuous in the upper lOOm. The isohalines and isopycnals also showed 

upsloping towards the coast in the upper 75m, which indicated the upwelling 

processes. Distribution of temperature, salinity and density along 17°N showed 

fine upsloping of isolines from the offshore region (Figure 4. lOa). Vertical profiles 

of temperature along 19 and 20.5°N showed an appreciable isothermal surface layer 

(Figures 4.10 b&c), but the low saline waters were dominant over the temperature 

resulted in density stratification in the surface layers and a reduced mixed layer. 

A gradual increase in the extinction coefficient towards north was a general 

feature of the season, which indicated relatively high suspended load towards north 

and the average value was 0.084 (Table 4.1). Along the coastal transect, extinction 

coefficient varied from 0.060 - 0.130 and maximum was found along 20.5°N. 

Along this transect, euphotic column was maximum (84m) at 15°N and minimum 

(39m) was at 20.soN. Average value of the euphotic column along the coastal 

transect was 63m. Along the oceanic transect, attenuation coefficient was 

maximum (0.121) at 20.5°N and minimum (0.054) at llON and the average value 

for the transect was 0.081. Average depth of the euphotic column along the coastal 

stations was low (63m) compared to oceanic stations (68m) and the average 

euphotic column during the period was 66m. 

4.2. Chemical environment 

Distribution of chemical parameters such as dissolved oxygen, nitrate, 

phosphate and silicate were studied along coastal, middle and offshore stations 

during different seasons. Vertical distributions of these chemical parameters were 

plotted up to a depth of200m. 
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4.2.1. Winter monsoon 

Along the coastal stations northernmost latitudes showed higher dissolved 

oxygen concentration (200IlM) in the surface waters (Figure 4.11a) and the upper 

20m water column had > 170IlM. Nitrate distribution showed its absence in the 

upper 30m water column and in the surface layers latitudinal variations of nitrate 

was not well marked (Figure 4.11 b). Similar to nitrate distribution, silicate also was 

low in the upper 30m water column and 1 J,1M contour of silicate was found around 

30m depth in the southernmost transect around 20m in the northernmost location 

(Figure 4.1lc). Distribution of phosphate showed downsloping towards north and 

the upper 30m water column was devoid of any measurable quantities of phosphate 

(Figure 4.11 d). 

Similar to the coastal transect, dissolved oxygen concentration in the upper 

30m water column along the middle transect was> 170llM (Figure 4.12a). In 

deeper waters relatively low oxygen concentration was found at comparatively 

shallow depth compared to coastal transect. The oxygen concentration at 60m depth 

along the middle transect was 40llM while at the same depth along the coastal 

transect showed IOOIlM. Upper lOOm water column along the middle transect had 

more than 20J,1M of oxygen concentration while at the same depth along the coastal 

transect it was more than 30IlM. Relatively low oxygen concentration along 

subsurface waters is due to the cold core eddy which was centered along the middle 

stations. Nitrate concentration in the upper 30m water column was less than 1 IlM 

and in the subsurface layers it followed the pattern of dissolved oxygen. (Figure 

4.l2b). The 12IlM contour of nitrate which was found below 80m along coastal 

transect was found around 60m along the middle transect. Silicate concentration 

was less than 1 J.lM in the upper 30m and a marginal upliftment in the subsurface 

layers was found resulting in higher concentration of this nutrient in shallower 

depth compared to coastal stations. These features further support the cold core 

eddy signatures found at the subsurface layers along the middle stations (Figure 

4.l2c), which was evident in the physical features. However phosphate distribution 

did not show any features of eddy formation. However downsloping of phosphate 
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contours towards north in the subsurface layers was more intense and I ",M contour 

was at shallower depth along this transect compared to the coastal areas (Figure 

4.12d). 

Like the coastal and middle stations, dissolved oxygen along the offshore 

stations showed > 170",M concentration in the upper 30m water column below 

which upsloping towards north was evident (Figure 4.13c). Oxygen distribution in 

the subsurface layers were similar to those along the coastal transect. Nitrate 

distribution was also similar to the distribution along the coastal transect, but I)lM 

contour was found at much deeper depths (50m) (Figure 4.13b) compared to the 

coastal station (40m). Below 40m, downsloping of isolines towards north was 

observed. Silicate distribution at the surface along the transect was similar to the 

middle transect where upper 25m water column had less than I)lM concentration 

(Figure 4.l3c). Phosphate was below measurable concentration and latitudinal 

variation was not evident. However below 40m, phosphate contours showed a 

marginal downsloping towards north (Figure 4.13d). 

4.2.2. Spring intermonsoon 

Along the coastal transect, dissolved oxygen concentration was> 190",M in 

the upper 40m water column (Figure 4.14a). Isolines of dissolved oxygen below 

40m showed a downsloping towards north. Distribution of nitrate showed its 

absence in the upper 50m water column and l)lM contour was at deeper depth 

(60m, Figure 4.l4b). In the surface layers, distribution of silicate was similar to 

nitrate. Upper 40m water column had undetectable levels of silicate concentration 

(Figure 4.14c). Ups loping of isolines towards north was evident and I JlM 

concentration of silicate found below 40m in the southern region could be traced 

above 40m in the northern region. Phosphate distribution also showed similarity to 

the nitrate and silicate. 1 ",M contour of phosphate was below 40m, which showed 

absence of measurable quantity of this nutrient above 30m depth (Figure 4.14d). 

Upper water column (O-50m) along the middle stations was well oxygenated 

(>180JlM) compared to the coastal stations (Figure 4.1 Sa). The upsloping of 

isolines towards north was evident. In the southern region oxygen concentration 
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was relatively higher (>200J.1M) at the surface. Distribution of nitrate was similar to 

the distribution along coastal transect where it was below measurable concentration 

in the upper 50m water column. At 100 and 160m depth nitrate distribution showed 

pockets of low concentration, which was supportive to the warm core eddy 

signatures found in the physical features. Silicate concentration also was similar to 

the distribution along the coastal transect where upper 50m water column showed 

less than 1 J..1M concentration. However the eddy signatures found in the distribution 

of nitrate was not so prominent in the silicate distribution although tilting of 

isolines were observed at subsurface layers (Figure 4.15c). Upper 40m of the water 

column showed less than 1 J..1M concentration of phosphate (Figure 4.15). Similar to 

nitrate distribution, low concentration pockets of phosphate were seen below 60m 

depth along 15°N and 17°N that indicated wann core eddy. 

Along the oceanic transect, dissolved oxygen concentration in the surface 

water was relatively higher in the southern transects (Figure 4.16a). Ups loping of 

isolines towards north was evident indicating higher nitrate concentration in 

relatively shallower depth in the northern region. Along the transect, upper 50m 

water column had >lJ..1M nitrate (Figure 4.16b). Like coastal and middle transects, 

upper 50m water column along the transect had less than I!J.M concentration of 

silicate (Figure 4.16c) and a gradual upsloping of isolines towards north was 

evident. Phosphate distribution showed undetectable concentration up to 50m depth 

(Figure 4.16d). 

4.2.3. Summer monsoon 

Dissolved oxygen concentration along the coastal stations showed> 180JlM 

in the upper 30m water column and higher concentration was found in the northern 

transect (Figure 4.17a). During the period, 1 J..1M nitrate contour was found at 30m 

depth. Nitrate distribution showed peculiar features, which were typical for 

upwelIing processes (Figure 4.17b). At 15°N, 10m depth had I!J.M nitrate 

concentration and in other stations of the transect 1 J..1M contour of nitrate was 

around 30m depth. Silicate distribution was similar to the nitrate, with higher 

concentration (1 Jlm) at IOm depth along I5°N (Figure 4.17 c) and in other stations 
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at 20 - 30m depth. Distribution of phosphate showed less than 1 JlM concentration 

in the upper 40m depth in the southern latitudes which shall owed up to 20m depth 

in the northernmost transect (Figure 4.17d). 

Along the middle transect, upper 30m had > 170JlM concentrations of 

dissolved oxygen (Figure 4.18a) and northern regions had generally higher 

concentration. Nitrate concentration in the upper 20m water column was 

undetectable and 1 JlM contour was found around 30m depth in the south and 

shall owed up to around 20m depth in the northern transects. Downsloping of 

isolines in the deep waters towards north was also observed (Figure 4.18b). Silicate 

distribution showed <IJlM concentration in the upper 30m water column (Figure 

4.l8c). The IJ..lM contour of silicate which was present at 30m depth at the southern 

region shallowed up towards north. Higher concentration of silicate at relatively 

shallower depth in the north could be due to the immense river discharge in that 

area. Phosphate distribution showed downs lopping of 1 JlM contour towards north 

and the upper 40m water column had <I JlM concentration (Figure 4.18d). 

Along the oceanic region, upper 20m water column was almost unifonnly 

saturated with> 180J..lM of dissolved oxygen and the latitudinal variations was less 

(Figure 4.19a). Below 40m depth gradual ups lopping of isolines towards north was 

visible. Nitrate showed its absence in the upper 20m water column and 1 J.lM 

contour was noticed at 30m depth (Figure 4.19b). Distribution of silicate was 

similar to nitrate in the upper layers and I J.lM silicate was found around 30m 

(Figure 4.19b). Phosphate was below 1 J.lM concentration in the upper 30m water 

column (Figure 19d). In the deeper waters downs loping of isolines towards north 

was observed. 

4.3. Summary 

During winter monsoon, sea surface temperature (SST) showed marked 

north - south variability and generally decreased towards north and a minimum 

value of25.5 was observed along 20.5°N (Figure 4.1a). Sea surface salinity ranged 

from 25.3 - 33.8 psu and relatively low saline waters «30psu) prevailed along the 

entire east coast (Figure 4.lb). Minimum salinity «28 psu) was found at the coastal 
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station along 15, 19 and 20.5°N due to the freshwater influx from Krishna River in 

the fonner and Mahanadi - Ganges - Brahmaputra river influx in the latter regions. 

Generally, mixed layer depth (MLD) varied from 5 - 50m and increased towards 

offshore regions in the southern transects due to high salinity and temperature and 

decreased towards north due to Iow surface salinity (Figure 4.1c). Vertical structure 

of temperature, salinity and density showed subsurface cold core eddy features 

which was generally below 50m along transects 11 - 19°N. However, along 15°N, 

cold core eddy signatures were evident up to a depth of 25m (Figure 4.2b). The 

most outstanding feature in the thermal structure along the northern transects was 

the presence of cold surface waters overlying the wanner waters (thennal 

inversion). The amplitude of the thennal inversion increased northward and the 

maximum (>3°C) was observed in the northern transects (19 and 20.5°N), while 

small-scale inversion «0.5°C) was noticed in the southern regions (Figure 4.4). 

Transparency of the water column (attenuation coefficient) varied from 0.047 -

0.094 (A vg. 0.070) (Table 4.1). Average euphotic column along the coastal transect 

(69m) was much lower than the offshore transect (82m) and the average euphotic 

column for the entire region was 76m. During the period, upper 40m water column 

had less than IJlM concentration of nutrients (nitrate, silicate and phosphate). 

Subsurface layers along the middle transects showed elevated concentration of 

nitrate and silicate due to the subsurface cold core eddy which was centered along 

the transect (Figures 4.11 - 4.13). 

During spring intennonsoon, SST showed minimum spatial variability and 

ranged between 28.6 and 30.25°C (Figure 4.5a). SSS also showed minimum spatial 

variability during the period, which ranged between 32.8 and 34.3 psu and the low 

saline waters were found 200 - 400 km away from the shore (Figure 4.5b). Wanner 

and low saline waters in the offshore region provided stratified surface layers which 

resulted in thin mixed layer «30m, Figure 4.5c). Vertical structure of temperature, 

salinity and density showed warm core eddy features below 75m along 15, 17 and 

19°N (Figures 4.6 - 4.7). Distribution of nitrate and silicate was below measurable 

concentration in the upper 50m water column and IJlM contour was present at 60m 
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depth (Figures 4.14 - 4.16). Along the middle transect vertical distribution of 

nitrate and phosphate showed warm core eddy features where low pockets of 

concentration were found at deeper depths along 17 ~nd 19°N (Figure 4.15). During 

the period transparency value was maximum (A vg. 0.048). Euphotic column was 

maximum during the season that varied from 81 - 141 m with an average of 106m 

(Table 4.1). 

During summer monsoon SST varied from 27 - 30.2°C and higher value 

(>29.4°C) were found north of 19°N (Figure 4.8a). SSS showed relatively high 

saline waters along the southern transects (Figure 4.8b). Northern transects showed 

low salinity with a minimum (25psu) along 20.5°N. MLD showed similarity to the 

SSS distribution and varied from 30 - 60m which shallowed towards northern 

transects (Figure 4.8c). Vertical structure of temperature, salinity and density 

showed fine upsloping of isolines towards the coast along 15 and 17°N, which 

indicated the upwelling process (Figures 4.9 & 4.10). Profiles of temperature along 

19 and 20.soN showed a deep isothermal layer, but the low saline waters were 

dominant over temperature resulted in density stratification in the surface layers 

and hence reduced mixed layer. Mean attenuation coefficient was maximum 

(0.084) during the period and the euphotic column was minimum (Avg. 66m) 

(Table 4.1). Vertical distribution of nitrate and silicate showed peculiar features, 

which indicate the upwelling process operating along 15 and 17°N (Figure 4.17). 

Along these transects vertical distribution of nitrate and silicate showed sharp 

upsloping of isothenns towards the coast (I IlM of nitrate and silicate was found at 

lOm depth). In other stations, 1 IlM of these nutrients were found at 30m depth 

(Figures 4.14 - 4.19). 
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Figwe 4.1. Distribution of (a) sea surface temperature (QC), (b) surface 
salinity (psu) and (d) mixed layer depth (m) during winter monsoon in 
the western Bay of Bengal 
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Figure 4.2.Vertical distribution of temperature, salinity and sigma-t along (a) li oN 
(b) I3°N and (c) IsoN during winter monsoon in the western Bay of Bengal 
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Figure 4.3. Vertical distribution of temperature, salinity and sigma - t along (a) 17"N, 
(b) 19DN and (c) 20.5DN during winter monsoon in the western Bay of Bengal 
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Figure 4.4. Thermal inversion and salinity stratification 
in the northern latitudes of western Bay of Bengal 
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Figure 4.5. Distribution of(3) sea surface temperature (0C), (b) sea surface 
salinity (psu) and (c) mixed layer depth (m) during spring intermonsoon in 
the western Bay of Bengal 
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Figure 4.6. Vertical distribution of temperature. salinity and sigma-t along (a) I ION. (b) 
13"N and (c) 15°N during spring intennonsoon in the western Bay ofBengai 
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Figure 4.7.Vertical distribution of temperature, salinity and sigma-t along (a) 17°N. 
(b) 19°N and (c) 20.5°N during spring intennonsoon in the western Bay of Bengal 
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Figure 4.8. Distribution of (a) sea surface temperature (DC),(b) sea surface 
salinity (psu) and (c) mixed layer depth (m) during summer monsoon in 
the western Bay of Bengal 
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Figure 4.9. Vertical distribution of temperature, salinity and sigma-t along (a) lioN, 
(b) l3°N and (c) 15°N during summer mOl\SOOn in the western Bay of Bengal 
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Figure 4.10. Vertical distribution of temperature, salinity and sigma-t along (a) 17°N, 
(b) 19°N and (c) 20.5"N during summer monsoon in the western Bay ofBeogal 
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Figure 4 .11. Vertical distribution of (a) dissolved 
oxygen (I'M r'), (b) nitrale (I'M r'), (c) silicate 
(.,M r') and (d) phospbate (.,M r') along the coastal 
stations during wintennonsoon 

60 



., 

., 

., 

., 
: -1 

11 

(. ) 

__ --,---1 

--

" " (e) 

1 
'-
" 
" 

- 21 

17 19 

........... lMiIIIde ("'N). ........... .. . . 

-
" 

Figure 4.12. Vertical distributioo of (a) dissolved 
oxygen (1lM rl), (b) nitrate (1lM r'), (e) siliI:ate 
(I'M rl) and (d) phosphate (I'M rl) a100g the middle 
stations during wintennoosooo 
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Figure 4.13. Vertical distribution of (a) dissolved 
oxygen (flM r'), (b) oitnlte (flM r'), (c) silicate 
(I'M r') and (d) phosphate (I'M r') along the oceanic 
stations during wintermOllSOOll 
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Figme 4.14. Vertical distribution of (a) dissolved 
oxygen (11M r'). (b) nitrate (I'M r'). (c) silicate 
(I'M r') and (d) phosphate (I'M r') along the 
coastal stations during spring intennonsoon 
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Figure 4.15. Vertical distribution of (a) dissolved 
oxygen (IIM r'), (b) nitrUe (IIM r'), (c) silicate 
(IIM r') and (d) phosphate (IIM r') along the 
middle stations during spring intmnoosoon 
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Figure 4.16. Vertical distribution of (a) dissolved 
oxygen (I'M r'), (b) nitrate (I'M rl~ (c) silicate 
(1lM r') and (d) phosphate (1lM r ) along the 
oceanic stations during spring intennonsooo 
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Figwe 4.17. Vertical distribution of (a) dissolved oxygen 
(I'M r'), (b) nitrate (I'M r'), (c) silicate (I'M r') and 
(d) phosphate (I'M r') along the coastal stations during 
swnmer monsoon 
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Figure 4.18. Vertical distribution of (a) dissolved 
oxygen (I'M r'). (b) nitrate (I'M r'). (c) silicate 
(I'M r') and (d) phosphate (I'M r') along the middle 
stations during summer monsoon 
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Figure 4.19. Vertical distribution Of(8) dissolved 
oxygen (I'M r'). (b) nitrate (I'M r'). (c) silicate 
(I' Mr') and (d) phosphate (I'M r') along the oceanic 
stations during summer monsoon 
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Chapter 5 

Results - Biological environment 

5.1. Phytoplankton standing stock (chlorophyll a) 

5.1.1. Winter monsoon 

During winter monsoon, chlorophyll a at the surface waters varied from 0.01 

- 0.2 mg m-3 (Avg. 0.16 mg m-3
) (Table 5.1) and maximum was found at the 

oceanic station along 11 ON (B3). Column chlorophyll a varied from 6 - 16 mg m-2 

(Avg. 11.5 mg m-2
) (Table 5.1) and maximum (16 mg m-2

) was found at the middle 

station along 15°N (B8) where cold core eddy signatures were prominent. Latitudes 

11 - 15°N (hereafter referred as southern transects) showed higher average surface 

and column chlorophyll a (0.12 mg m-3 and 13.4 mg m-2 respectively) compared to 

17 - 20.5°N (hereafter referred as northern transects) (Table 5.2). Vertical 

distribution of chlorophyll a during the season showed a uniform pattern (Figure 

5.1 - 5.3). In most of the stations, upper 50m water column sustained maximum 

concentration chlorophyll a and below which it decreased with increasing depth. 

5.1.2. Spring intermonsoon 

During intermonsoon, chlorophyll a at the surface varied from 0.01 - 0.22 

mg m-3 (Avg. 0.089 mg m-3
) (Table 5.1) and the maximum was found at the coastal 

stations along 20.5°N. Maximum column chlorophyll a (20.3 mg m-2
) was found at 

the oceanic station along lioN (B3) and the minimum (8.5 mg m-2
) at the coastal 

station along 15°N (B7) with an average of 13.8 mg m-2
. During the period average 

column chlorophyll a was higher (Avg. 13.4 mg m-2
) in the southern transects 

(Table 5.2). During the period column primary production was slightly higher in 

the northern transects compared to the south (250 mgC m-2 d-I vs. 236 mgC m-2 d-I). 

Vertical distribution of chlorophyll a showed peculiar features (Figures 5.1 - 5.3). 

Except along 20.5°N, chlorophyll a concentrations in the surface waters were 

relatively less and the maxima were found in deeper depths (from 50 - 75m) 

(Figures 5.1 - 5.3). But along 20.5°N, higher chlorophyll a concentration was 
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found in the upper 20m water column and the chlorophyll maxima were invariably 

found above 20m. 

5.1.3. Summer monsoon 

During summer monsoon, chlorophyll a at the surface varied from 0.09 - 0.8 

mg m-3 (Avg. 0.246 mg m-3) (Table 5.1) and maximum was found at the coastal 

station along 15°N (B7). Maximum column chlorophyll a (42.8 mg m-z) also was 

found at the coastal station along 15°N (B7) and minimum (5.3 mg m-Z) at the 

coastal stations along lION. Maximum average surface and column chlorophyll a 

(0.27 mg m-3 and 22 mg mOz respectively) was found at the southern transects 

(Table 5.2). Vertical distribution of chlorophyll a showed a different pattern 

compared to spring intermonsoon. During the season, higher chlorophyll a 

concentration was present in the surface layers and below 20m there was a decrease 

with increasing depth (Figures 5.1 - 5.3). 

5.2. Primary production 

5.2.1. Winter monsoon 

During winter monsoon, primary production at the surface waters varied 

from 2.2 - 10.5 mgC m-3 d-I (Table 5.1) and maximum was found at the station 

along 15°N (Table 5.1). Column primary production varied from 87 - 401 mgC m-z 

dol (Table 5.1) and the maximum (401 mgC m-2 d- l
) was along 15°N where the cold 

core eddy signatures were evident. Surface and column primary production was 

higher in the southern transects (5.71 mgC m-3 d-I and 275 mgC m-2 d-I 

respectivelyXTable 5.2). Vertical distribution of primary production during the 

season showed a general pattern. In all the stations, upper 20m water column 

sustained maximum primary productivity and below which it decreased with 

increasing depth (Figures 5.1 - 5.3). Primary productivity maxima were found at 

10m depth in most of the stations except in the oceanic stations along 19°N and 

20.5°N where maxima were at the surface. 

5.2.2. Spring intermonsoon 

During spring intermonsoon, primary production at the surface varied 

from 1 - 15 mgC m"3 d-I and the maximum value (15 mgC m-3 d"l) was found at the 
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oceanic station along 15°N (Table 5.1). Maximum column primary production (385 

mgC m-2 dol) was found at the coastal station along 13°N and the minimum (149.4 

mgC mo2 dol) was at the coastal station along l7°N. Higher surface primary 

production (Avg.7.55 mgC mo2 dol) was found in the southern transects. However 

the average column primary production in the southern and northern transects was 

comparable (236 mgC mo2 dol vs 250 mgC m-2 d-I) (Table 5.2). Vertical distribution 

of primary production showed features similar to winter monsoon, where higher 

primary production was in the surface waters and the maxima were found in 

shallower depths (in the upper 20m)(Figures 5.1 - 5.3). 

S.2.3. Summer monsoon 

During summer monsoon, primary production at the surface varied from I -

45.8 mgC mo3 dol and the maximum (45.8 mgC m-3 d-I) was found at the coastal 

station along 19°N (Table 5.1). Maximum column primary production (556 mgC 

m-2 d-I) was found at the coastal station along 19°N followed by the coastal station 

along 15°N (470 mgC m-2 d-I). Higher surface primary production was found in the 

southern transects but the column values showed relatively higher primary 

production (297 mgC m-2 d-I) in the northern region compared to the south (238 

mgC m-2 d-I) (Table 5.2). During the period, vertical distribution of primary 

production was similar to winter and spring intennonsoon and higher values were 

relatively at shallower depths (mostly in the upper 20m) (Figures 5.1 - 5.3). 

5.3. Trichodesmium bloom 

Trichodesmium or 'sea saw-dust', is a marine cyanobacterium or 'blue

green algae', belonging to the family Oscillatoriace~ closely related to many 

freshwater species. These filamentous cyanobacteria is the most important known 

nitrogen-fixer in the se~ contribute considerably to the 'new production'. 

During spring intennonsoon, two oceanic blooms of Trichodesmium 

erylhraeum (plates 5.1 a & b), first one stretched around 10 km off Karaikkal 

(Lat.10058' N, Lon.81 °50' E) and the second one off south of Calcutta (Lat.19° 44' 

N, Lon. 89° 04' E) (Figure 5.4). The second bloom was comparatively less 

stretched. The blooms were so intense and appeared as a thick layer of saw dust on 
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the surface waters. Samples were collected with a plastic bucket and the adhering 

nature of the algae made it difficult to handle the sample. One small trichome was 

taken on a glass slide, pressed gently after placing a cover slip and observed under 

a compound microscope (Plate 5 .1 c). Average column values of different chemical 

parameters in the upper 30m water columns were below measurable concentration 

«O.lJ1M), which indicated the oligotrophic nature of the water column. The 

weather was calm and the transparency was high (Secchi disc depth > 30m). The 

surface seawater temperature was warm (>29°). 

5.4. Mesozooplankton biomass 

During winter monsoon, biomass of zooplankton varied from 230 - 1539 

mgC m-2 (Avg. 776 mgC m-2
) (Table 5.3). Maximum biomass (1539 mgC m-2

) was 

found at the coastal station along 15°N. Zooplankton biomass was mostly 

contributed by copepods (>80%). In the southern region, biomass varied from 410 

-1539 mgC m-2 (Avg.883 mgC m-2
) and in the northern region it varied from 230-

1231 mgC m-2 (Avg. 750 mgC m-2
). Average biomass in the southern region (883 

mgC m-2
) was higher than the northern region (756 mgC m-2

). 

During inter monsoon, zooplankton biomass varied from 174 - 1410 mgC 

m-2 (Avg. 406 mgC m-2
). Maximum biomass (1410 mgC m-2

) was found at the 

coastal station along 15°N. Excluding the coastal station along 15°N, variation of 

biomass between stations were minimum during the season. In the southern region, 

biomass varied from 205 - 1410 mgC m-2 and in the northern region from 174 - 974 

mgC m-2
• Average biomasses of northern (410 mgC m-2

) and southern regions (418 

mgC m-2
) were comparable (Table 5.3). 

During summer monsoon, zooplankton biomass varied from 229 - 1949 

mgC m2 (676 mgC m-2
). Maximum biomass (1949 mgC m-2

) was found at the 

oceanic location 19°N. In the southern region biomass varied from 229 - 872 mgC 

m-2 and in the southern region from 308-1949 mgC m-2
• During the season average 

biomass in the northern region was considerably higher (928 mgC m-2
) compared to 

the south (480 mgC m-2
) (Table 5.3). 
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In general, during intennonsoon spnng zooplankton biomass was 

considerably less in the entire study area. But during winter and summer monsoon 

biomass distribution showed noticeable geographical variations. Southern regions 

had higher zooplankton biomass during winter monsoon (883 mgC m-2
) followed 

by summer monsoon (480 mgC m-2
). Contrasting to this, the northern region 

showed higher average biomass during summer (928 mgC m-2
) followed by winter 

(656 mgC m-2
) (Table 5.3). 

5.5. Summary 

Maximum average surface chlorophyll a (0.246 mg m-3
) and primary 

production (11 mgC m-3 dol) was during summer monsoon followed by winter and 

spring intennonsoon (Table 5.1). Average column chlorophyll a and primary 

production was also maximum (18.4 mg m-2 and 556 mgC m-2 dol respectively) 

during summer monsoon and minimum during winter monsoon. Average column 

primary production varied marginally from 242 - 265 mgC m-2 dol during different 

seasons. During winter monsoon cold core eddy centered around the middle of the 

transect along 15°N, which resulted in enhanced phytoplankton biomass (16 mg m
O 

2) and primary production (401 mgC m-2 dol). During summer monsoon upWelling 

along 15°N resulted in appreciably high standing stock of phytoplankton biomass 

(42.8 mg m-2
) at the coastal station. Vertical distribution of chlorophyll a showed 

higher concentration above 50 m depth during summer and winter monsoon, but 

during spring intennonsoon higher concentration was found at relatively deeper 

depths (50 - 75m) (Figures 5.1 - 5.3). However, vertical distribution of primary 

production showed maximum values above 20m depth in all seasons (Figures 5.1 -

5.3). During spring intennonsoon, two oceanic blooms of Trichodesmium 

erythraeum were observed (Plate 5.1), first one stretched around 10 km off 

Karaikkal (Lat.10058' N, Lon,8(50' E) and the second one off south of Calcutta 

(Lat.19° 44' N, Lon. 89° 04' E). Concentration of nutrients (nitrate, phosphate and 

silicate) in the upper 30m water column at these stations were below detectable 

level which showed the oligotrophy of the water column. 
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During spring intennonsoon zooplankton biomass was considerably less in 

the entire study area compared to other seasons. During winter and summer 

monsoon biomass distribution showed noticeable geographical variations. Southern 

regions had maximum zooplankton biomass during winter monsoon season (883 

mgC m·2) followed by summer monsoon (480 mgC mo2
). Contrasting to this, the 

northern region showed higher average biomass during summer (928 mgC mo2
) 

followed by winter (656 mgC mo2
) (Table 5.3). 
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Seasons S Chl.a C Chl.a spp CPP 

Winter monsoon 0.01 - 0.2 5.6 - 16.3 2.2 - 10.5 87 - 401 
(0.16) (11.5) (6) (245) 

Spring intennonsoon 0.01 - 0.22 8.5 - 20.3 1 - 15 131 - 385 
(0.089) (13.8) (5) (242) 

Summer monsoon (0.09 - 0.8) 5.3 - 42.8 1 - 45.8 60 - 426 
0.246 18.14 (11) (265) 

Table 5.1. Seasonal variations of chlorophyll a and primary production 

( SChI a - surface chlorophyll a (mg m-3
), CChl a - column chlorophyll a (mg m-2

), 

Spp - surface primary production (mgC m-3 d-J
), CPP - column primary production 

(mgC m-2 d- I
). Averages are in brackets) 

Winter monsoon 
LateN) SChl.a CChl.a SPP CPP 

11-15°N 0.12 13.4 5.71 275 
17 -20.5°N 0.09 9.42 4.7 210 

Spring intennonsoon 
LateN) SChl. a CChl.a SPP CPP 

11-15 ON 0.04 15 7.5 236 
17 -20.5 ON 0.10 12 10.6 250 

Summer monsoon 
Lat (oN) SChl. a CChl.a SPP CPP 

11-15°N 0.27 22 12 238 
17 -20.5 ON 0.2 13 14 297 

Table 5.2. Seasonal averages of chlorophyll a and primary production 

( SChl a - surface chlorophyll a (mg m-3
), CChl a - column chlorophyll a (mg m-2

), 

SPP - surface primary production (mgC m-3 d-J
), CPP - column primary production 

(mgC m-2 d- I) 
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Area Lat Loo. Zooplankton biomass JmgC/m~) 
(oN) eE) Winter Inter Summer 

11 80.5 410 205 615 
11 82 1026 277 872 r:: 

84 513 225 229 0 11 .-01) 

13 80 718 308 512 ~ 

5 13 83 1539 462 255 

~ 13 84 1179 338 409 
0 15 81 1539 1410 307 en 

15 83 410 308 258 
15 85 615 226 871 

Average 883 418 480 
17 83 923 441 -
17 85 461 174 871 = 17 87 1179 333 860 0 

·50 
19 85 564 974 974 ~ 

5 19 87 410 257 820 

"€ 19 89 1231 200 1949 
0 20.5 88 256 431 308 Z 

20.5 89 230 - 718 
Average 750 401 928 

Total Average 776 406 628 

Table 5.3. Temporal variations of me so zoo plankton biomass from 
the base of the thennocline to surface during different seasons 
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(c) 

Plate 5.1. Trichodesmium erythraeum bloom observed 
(a) off Karaikkal and (b) off south ofCulcutta and 
(c) photomicrograph of two trichome. 

82 



Chapter 6 - Results - Microzooplankton 

Chapter 6 

Results - Microzooplankton 

6.1. Biocomposition 

During the study, microzooplankton community composed of both 

protozoans and larval stages of invertebrate metazoans. Protozoans were the most 

dominant group in terms of abundance and biomass. Ciliates, heterotrophic 

dinoflagellates, radiolarians and foraminifers were the protozoans present in the 

samples. Among these protozoans, heterotrophic dinoflagellates and ciliates 

contributed substantially and the individual contributions of sarcordines 

(radiolarians, and foraminifers) were minor and referred hereafter as 'others'. 

6.1.1. Protozoans 

Heterotrophic dinoflagellates were the most abundant group of organisms, 

which contributed maximum of the microzooplankton community irrespective of 

seasons. Its percentage contribution to the total abundance of microzooplankton 

ranged between 62 and 77%, 48 and 75% and 57 and 73% during winter, inter and 

summer monsoon respectively (Figures 6.1 - 6.3). Maximum average contribution 

of dinoflagellates was during winter (69%) followed by summer (65%) and the 

least (60%) during inter monsoon season. Maximum percentage contribution of 

dinoflagellates to the total microzooplankton community was found at the middle 

station along 17°N (B 11). 

Altogether 12 genera and 57 species of heterotrophic dinoflagellates were 

identified during the study. Complete list and photomicrographs of the species 

identified during the study is presented (Table 6.1 and Plates 6.1 - 6.5 

respectively). The most common genera present in the samples were 

Protoperidinium, Ornithocercus, Dinophysis, Phalacroma and Podolamphus. Most 

common species of dinoflagellates observed during the study were Peridinium 

oceanicum, P. conicum, P. divergens, P. grandae, P. claudicans. P. breve, 

Ornitohocercus thumii, 0. magnificus, Podolamphus elegans, P. bipes, 

Phalacroma doryphorum, P. rotundatum and Dinophysis hastate. Protoperidinium 
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was the most abundant genus among dinoflagellates and represented by maximum 

number of species. Genus Protoperidinium represented 21 species during winter, 

22 species during inter and 24 species during summer monsoon. During the study, 

7 species were present from the genus Phalacroma followed by Ornithocercus (6 

species) and Podolamphus (5 species). 

Ciliates were the secoad abundant group of organisms in the samples. Its 

percentage contribution varied from 4 - 17%, 14 - 33% and 13 - 26% during 

winter, inter and summer monsoon respectively (Figures 6.1 - 6.3). Maximum 

average density of ciliates was during intermonsoon (23%) followed by summer 

(20%) and winter monsoon (14%). During the present study they represented from 

35 genera with 78 species (Table 6.2, Plates 6.6 - 6.12). Basically ciliates in the 

microzooplankton community belong to two distinct categories called loricate 

ciliates (tintinnids) and aloricate ciliates (oligotrichs). Among ciliates, maximum 

number of species (8) was present from the genus Tintinnopsis followed by 

Codonellopsis (7 species). Genus Tintinnopsis was represented by 5 species during 

winter, 8 species during inter and 7 species during summer monsoon season. Genus 

Codonellopsis had three species during winter, 7 species during inter and 4 species 

during summer monsoon. 

During the study, tintinnids (loricates) were the most dominant group among 

ciliates followed by aloricates. Tintinnid ciliates had representation from 31 genera 

with 72 species. Common genera of tintinnids found in the samples were 

Tintinnopsis, Amphorella, Undella, Rhabdonella, Eutintinnus, Saipingella, 

Salpingacantha, Dictyocysta, Codonella and Codonellopsis. Common species of 

tintinnids found in the study area were Tintinnopsis cylindrica, T. uruguayensis, T. 

beroidea, Amphorella quadrilineata, A. aculeate, A. pyramidata, Propiectella 

c1aparedi, Undella hyalina, Rhabdonella spiralis, R. amour, Eutintinnus fraknoi, 

Salpingella acuminata, Salpingacantha ampla, Dictyocysta lepida, D. eiegans, 

Codonellopsis orthoceros and Codonella nationalis. Aloricate ciliates were 

numerically less compared to tintinnid ciliates and represented by 4 genera and 6 

species. The genera of aloricate ciliates present were Halteria, Lohmaniella, 
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Strombidium, Strombilidim, etc. The different species of aloricate ciliates present 

were Halteria chlorelligera, Lohmaniella oviformes, L. spiralis, Strombidium 

bilobum, S. conicum and Strobilidium minimum. 

Other protozoans (others) present in the samples belong to two different 

groups namely radiolarians and foraminifers. They were identified only up to the 

group level. Collectively their average numerical abundance was 9% during winter 

monsoon, 8% during inter monsoon and 7% during summer monsoon (Figures 6.1 

- 6.3, Plate 6.13). 

During winter monsoon 90 species of protozoans were identified from the 

study area in which 46 species belong to dinoflagellates and 44 to ciliates. 

Similarly, during intermonsoon 126 species of protozoans were identified among 

which 48 belong to dinoflagellates and 78 belong to ciliates. During summer 

monsoon, 109 species of protozoans were found, 50 belong to dinoflagellates and 

59 belong to ciliates (Tables 1&2). Apart from these, in all the stations a few 

representatives of radiolarians and foraminifers were also present, but they were 

identified only up to the group level and hence could not be included while 

referring the species composition. 

In general, maximum number of species of microzooplankton was found 

during spring intermonsoon (126) followed by summer monsoon (109) and least 

during winter monsoon (90). Maximum species of ciliates (78) was during spring 

in termon soon followed by summer monsoon (59) and winter monsoon (44). 

Similarly dinoflagellates had maximum representation of species during summer 

monsoon (50) followed by spring intermonsoon (48) and least during winter 

monsoon (46). 

6.1.2. Metazoans 

Eggs and larval forms of crustaceans formed the metazoan component of the 

microzooplankton community (Plate 6.13). They formed 8 - 11 % in abundance 

during winter, 6 - 10% during spring intermonsoon and 6 - 10% during summer 

monsoon (Figures 6.1 - 6.3). These larval forms and eggs were categorized only up 
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to the group level and hence could not be accounted while detailing about the 

species composition of microzooplankton community. 

6.2. Distribution 

6.2.1. Geographical distribution 

6.2.1.1. Winter monsoon 

Density of microzoopiankton integrated up to 10m depth from the surface 

(hereafter referred as surface density) varied from 27 - 70 x 104 m
o2 

(Avg. 49 x 104 

m-2) and maximum (70 x 104 mo2
) was found at the middle station along 15°N (B8) 

(Table 6.3). Southern region (considered as the area from and south of 15°N) 

showed higher density (Avg. 55 x 104 mo2
) compared to the northern region (Avg. 

43 x 104 mo2
) (considered as the area north of 15°N) (Figure 6.4a, Table 6.3). 

During the period, abundance in the coastal (Avg. 49 x 104 mo2
) and oceanic (48 x 

104 m-2
) stations did not show much variation (Table 6.4). Microzooplankton 

biomass integrated up to 10m from the surface (hereafter referred as surface 

biomass) was similar to the density distribution with higher abundance in the 

southern transects (Avg. 16 x 103 mgC mo2
) compared the north (Avg. 11 x 103 

mgC m-2
) (Table 6.3). Biomass values varied from 8 - 19 X 103 mgC mo2 (Avg. 

13.5 x 103 mgC mo2
) and maximum (19 x 103 mgC mo2

) was at the middle station 

along 15°N (B8) where maximum abundance was recorded (Table 6.3). Alike the 

density distribution, coastal and oceanic stations had equal biomass (A vg. 14 x 103 

mgC mo2 and 14 x 103 mgC mo2 respectively) (Table 6.4). 

During the season microzooplankton density integrated up to 150m depth 

from the surface (hereafter referred as column density) ranged between 205 - 515 x 

104 m-2 (Avg. 350 x 104 m-2
) (Figure 6.6a, Table 6.5). It was higher (Avg. 410 x 

104 m
o2

) in the southern region with highest value (515 x 104 mo2
) at the coastal 

station along 15 ON (B7) (Table 6.5). In the northern region, abundance ranged 

between 205 and 367 x 104 mo2 (Avg. 283 x 104 mo2
) (Table 6.5). Coastal stations in 

the southern region showed higher abundance (Avg. 490 x 104 mo2
) compared to the 

oceanic stations (Avg. 369 x 104 m-2
) (Table 6.6). Density varied from 205 - 515 x 

104 m-2 in the coastal stations and 306 - 457 x 104 mo2 in the oceanic locations 
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(Table 6.6). But in the northern region, coastal (296 x 104 m-2
) as well as oceanic 

(Avg. 276 x 104 m-2
) stations did not show much variation in abundance (Table 

6.6). 

Microzooplankton biomass integrated up to 150m depth from the surface 

(hereafter referred as column biomass) ranged between 56 - 159 x 103 mgC m-2 and 

showed similar trend as that of density distribution with higher biomass (A vg. 119 

x 103 mgC m-2
) in the southern region (Figure 6.7, Table 6.5). In the southern 

transects the biomass ranged between 86 and 159 x 103 mgC m-2 and the maximum 

(159 x 103 mgC m-2
) was found at the oceanic stations along 13°N (B6). Coastal 

stations of the southern region showed higher biomass (Avg. 138 x 103 mgC m-2
) 

compared to the oceanic stations (A vg. 110 x 103 mgC m-2
) (Table 6.6). But along 

the northern transects the average biomass in the coastal stations (84 x 103 mgC m-

2) was comparable with the open ocean values (86 x 103 mgC m-2
) (Table 6.6). 

6.2.1.2. Spring intermonsoon 

Surface density of microzooplankton varied from 23 - 72 x 104 m-2 (A vg. 51 

x 104 m-2
) and maximum value (72 x 104 m-2

) was found at the middle station along 

l7°N (B8) (Table 6.3). Unlike winter monsoon, surface waters of northern region 

showed higher density (Avg. 57 x 104 m-2
) compared to the southern transects 

(Avg. 47 x 104 m-2
) (Figure 6.4b, Table 6.3). Abundance in the coastal stations 

(Avg. 46 x 104 m-2
) was lesser than oceanic station (54 x 104 m-2)(Table 6.4). 

Distribution of surface biomass was similar to the density distribution with higher 

concentrations in the northern transects (Avg. 17x 103 mgC m-2
) compared the 

south (Avg. 14 x 103 mgC m-2
) (Figure 6.5b, Table 6.3). During the season, 

biomass values varied from 10 - 23 X 103 mgC m-2 (Avg. 15 x 103 mgC m-2
) and 

maximum (23 x 103 mgC m -2) was at the middle of the transect along 17 ON (B 1I ) 

(Table 6.3). Unlike the density distribution, coastal and oceanic stations showed 

comparable biomass (Avg. 16 x 103 mgC m-2 and IS x 103 mgC m-2 respectively) 

(Table 6.4). 

During the season column density ranged between 211 - 912 x 104 m-2 

(Avg. 702 x 104 m-2
) (Table 6.5). It was higher (Avg. 724 x 104 m-2

) in the southern 
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region with maximum value (912 x 104 m-2
) at the coastal station along liON (Bl) 

(Table 6.5). In the northern region, abundance ranged between 211 and 858 x 104 

m·2 (Avg. 676 x 104 mo2
) (Figure 6.6b, Table 6.5). Coastal stations in the southern 

region showed higher abundance (Avg. 792 x 104 m
o2

) compared to the oceanic 

stations (Avg. 690 x 104 m
o2

) (Table 6.6). In the southern region abundance varied 

from 763 - 912 x 104 mo2 (Avg. 792 x 104 m02) in the coastal stations and 633 - 804 

x 104 mo2 (Avg. 639 x 104 m02
) in the oceanic areas sampled (Table 6.6). But in the 

northern region, average value in the coastal region (639 x 104 m
o2

) was relatively 

less than the oceanic areas (698 x 104 m
02

) (Table 6.6). 

Microzooplankton column biomass ranged between 110 - 424 x 103 mgC m
O 

2 and showed similar trend as that of density distribution with higher value (A vg. 

247 x 103 mgC m
o2

) in the southern region (Figure 6.7b, Table 6.5). In the southern 

transects the biomass ranged between 195 and 424 x 103 mgC m
o2 

and the 

maximum was found at the coastal station along the liON (B 1 XTable 6.5). Coastal 

stations of the southern region showed higher biomass (Avg. 303 x 103 mgC mo2
) 

compared to the oceanic stations (Avg. 220 x 103 mgC mo2
) (Table 6.6). But along 

the northern transects the average biomass in the coastal stations (177 x 103 mgC 

mo2
) was lesser than the open ocean values (224 x 103 mgC mo2

) (Table 6.6). 

6.2.1.3 Summer monsoon 

Surface density of micro zoo plankton varied from 128 - 275 x 104 mo2 (Avg. 

175 x 104 m
o2

) and the maximum value (275 x 104 mo2
) was found at the middle 

station along 19°N (BI4) (Table 6.3). Northern region showed higher density (Avg. 

185 x 104 m
o2

) compared to the southern transects (Avg. 168 x 104 mo2
) (Figure 

6.4c, Table 6.3). Abundance in the oceanic stations showed higher values (179 x 

104 m
o2

) compared to the coastal station (166 x 104 mo2
) (Table 6.4). Distribution of 

surface biomass was similar to the density distribution with relatively higher 

concentrations in the southern transects (Avg. 50 x 103 mgC mo2
) compared the 

north (Avg. 46 x 103 mgC m
o2

) (Figure 6.5c, Table 6.3). During the period, biomass 

varied from 27 - 79 x 103 mgC mo2 (Avg. 48 x 103 mgC mo2
) and maximum (79 x 

103 mgC m
o2

) was at the coastal station along 20.5°N (AI7) (Table 6.3). Unlike the 
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density distribution, coastal stations showed higher surface biomass (50 x 103 mgC 

m·2) compared to the oceanic stations (47 x 103 mgC m-2
) (Table 6.4). Distribution 

of average surface biomass in the northern region (46 x 103 mgC m-2
) was 

comparable with the southern region (50x 103 mgC m-2
) with a marginal increase in 

the latter (Table 6.3). 

During the season microzooplankton column density ranged between 323 -

710 x 104 m-2 (Avg. 575 x 104 m-2
) (Table 6.5). It was higher (Avg. 630 x 104 m-2

) 

in the southern region with maximum value (710 x 104 m-2
) at the offshore station 

(B9) along 15 ON (Figure 6.6c, Table 6.5). In the northern region, abundance 

ranged between 323 and 593 x 104 m-2 (Avg. 505 x 104 m-2
) (Table 6.5). Coastal 

stations in the southern region showed higher abundance (A vg. 646 x 104 m -2) 

compared to the oceanic stations (Avg. 621 x 104 m-2
) (Table 6.6). During the 

season, column density varied from 612 - 704 x 104 m-2 in the coastal stations and 

552 - 710 x 104 m-2 in the oceanic locations (Table 6.6). Coastal stations along the 

northern region also showed relatively lesser densities (Avg. 446 x 104 m-2
) 

compared to the oceanic stations (Avg. 529 x 104 m-2
) (Table 6.6). 

Microzooplankton column biomass ranged between 86 - 210 x 103 mgC m-2 

and showed similar trend as that of density distribution with higher values (A vg. 

166 x 103 mgC m-2
) in the southern region (Figure 6.6c, Table 6.5). In the southern 

transects the biomass ranged between 131 and 210 x 103 mgC m-2 and the 

maximum was found at the middle station along the liON (B2}(Table 6.5). Coastal 

stations of the southern region showed higher biomass (Avg. 174 x 103 mgC m-2
) 

compared to the oceanic stations (Avg. 162 x 103 mgC m-2
). But along the northern 

transects the average biomass in the coastal stations (Avg. 133x 103 mgC m-2
) was 

comparable with the open ocean values (Avg. 132 x 103 mgC m-2
) (Table 6.6). 

6.2.1.4. Temporal variations 

Summer monsoon showed higher surface density of microzooplankton 

(Avg. 175 x 104 m-2
) compared to the inter monsoon (Avg. 51 x 104 m-2

) and winter 

monsoon (Avg. 49 x 104 m-2
) (Table 6.3). During summer and spring 

intermonsoon, northern region showed higher surface abundance (A vg.185 x 104 m-
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2 and 57 X 104 m-2) compared to the south (Figure 6.3, Table 6.3). Surface biomass 

also showed similar trends with higher concentration during swnmer (46 mgC m-2) 

followed by spring (17 mgC m-2) and winter monsoon (13 mgC m-2) (Table 6.3). 

During swnmer and spring intermonsoon season higher average surface abundance 

(179 and 54 x 104 m-2) was at the oceanic region but during winter relatively higher 

density (49 x 104 m-2) was in the coastal region (Table 6.4). 

Distribution of column density showed a different pattern compared to 

surface density. Maximum average density was observed during inter monsoon 

(702 x 104 m-2) followed by summer (575 x 104 m-2) and winter monsoon (350 x 

104 m-2) (Figure 6.6, Table 6.5). During all the three seasons, southern region 

showed higher average column density compared to the north. Coastal re.ions 

showed maximum average column density (705, 546 and 393 x 104 m-2 during 

inter, summer and winter respectively). irrespective of seasons (Table 6.6). Column 

biomass showed similar distribution with maximum average biomass (228 mgC m-

2) during inter monsoon followed by swnmer (152 mgC m -2) and winter monsoon 

(103 mgC m-2). Like column density, biomass also was higher in the southern 

region irrespective of seasons (Table 6.5). 

6.2.2. Spatial (vertical) distribution 

6.2.2.1. Winter monsoon 

During winter monsoon, numerical abundance of microzooplankton varied 

from 5 - 83 x 103 m-3 and the maximum value was found at 10m depth of the 

middle station (B8) along 15°N (Figure 6.8). Biomass of microzooplankton ranged 

between 0.2 and 2.3 x 103mgCm-3 and the maximum value coincided with 

maximum numerical abundance (Figure 6.9). 

During winter monsoon, vertical distribution of microzooplankton at 

different stations showed uniform pattern. In all stations, maximum abundance of 

microzooplankton was above 20m depth (20m - surface) below, which it decreased 

with increasing depth (Figure 6.8). Along lION higher abundance was observed at 

tOm depths in the middle (50 x 103m-3) and oceanic (48 x 103m-3) stations (B2 and 

B3) but in the coastal station (BI), 20m had maximum density (55 x 103 m-\ 
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Along13°N, in the middle and oceanic stations (Bs and B6), maximum abundance 

(75 and 73 x 103 m-3) were at 20m depth but in the coastal station (B4) maximum 

abundance (60 x 103m-3) was at IOm depth. Along 15°N middle and oceanic 

stations (B8 and B9) showed maximum abundance (83 and 75 x 103m-3) at 10m 

depth and in the coastal station maximum abundance (60 x 103m-3) was at 20m. 

Along 17~, peak was evident at the surface in the oceanic station (B 12), but in the 

coastal and middle station maximum density was observed at 10m depth. Along 

19°N, coastal and oceanic stations (B 13 and B 15) showed surface peaks (45 and 58 

x 103 m-3) and in the middle station (BI4) maximum density (40 x 103 m-3) was at 

20 m depth. Along 20.5, the oceanic station (B 17) had maximum density (48 x 103 

m-3) at 10m depth and in the coastal station maximum abundance was at the surface 

(55 x 103 m-3
). 

Like density distribution, microzooplankton biomass was higher above 20m 

depth (20m - surface) (Figure 6.9). In most of the location higher biomass 

corresponded to higher numerical abundance. Along lIoN, maximum biomass was 

observed at 20m depth of the coastal station (B I). Middle and oceanic stations (B2 

and B3) in this transect showed maximum abundance at 10m depth. Along 13°N, 

higher biomass (1.5 mgC m-3) was at surface while at the middle and oceanic 

station higher biomass was at 20m depth. Along 15°N, middle and oceanic stations 

(88 and B9) had higher biomass at 10m depth but in the coastal station, 20m had 

higher concentration. Along 17°N, coastal and oceanic stations had higher values 

(1.5 and 1.6 mgC m-3) at surface but the middle station had maximum (1.1 mgC m-

3) at 10m depth. Along 19°N and 20.5°N all the stations showed higher biomass at 

the surface layer. Along 19 ON, coastal and oceanic stations (BB and B15) had 

maximum biomass (1.3 & 1.6 mgC m-3
) at the surface but in the middle station 

(814) maximum biomass was at the surface. Along 20.5°N, coastal stations had 

maximum biomass at the surface but the oceanic station had maximum at 10m 

depth. Maximum biomass in the coastal and oceanic stations was 1.5 and 1.2 

respectively. 
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6.2.2.2. Spring intermonsoon 

During spring intermonsoon, numerical abundance of microzooplankton 

varied from 5 - 93 X 103 m-3 and the maximum value was found at 75m depth of 

the coastal station along liON (Figure 6.10). Biomass of microzooplankton ranged 

between 0.1 and 3.9 x 103 m-3 and the maximum value coincided with maximum 

numerical abundance (Figure 6.11). 

Higher concentration of microzooplankton in the subsurface layers was the 

general feature of the season (Figure 6.10). Subsurface peaks at different stations 

varied from 10 - 75m depths. Along lioN, maximum microzooplankton density 

(74x 103m-3) was observed at 50m in' the coastal stations (93 x 103m-3
). In the 

middle and oceanic stations (B2 & B3), maximum density was found at 50m depth. 

At the coastal station along 13°N, subsurface maximum (68 x 103m-3
) was found at 

75m depth, but in the middle and oceanic stations (Bs and B6), maximum density 

was observed at 50m depth. Along 15°N, maximum density in all stations (B7' B8 

and B9) was observed at 50m. Along 17°N, coastal and middle station had 

maximum abundance (85 and 88 x 103 m-3
) at 50m, but the oceanic station (A 12) 

showed maximum density (88 x 103 m-3
) at 75m depths. Along 19°N, all the three 

stations showed maximum density at 50m depth. Along 20.5°N, coastal station had 

maximum density (75 x 103 m-3
) at IOm depths and at the oceanic station, 

maximum density (53 x 103 m-3
) was observed at the surface. 

Biomass of microzooplankton varied from 0.1 to 3.9 mgC m-3 and the 

maximum value coincided with maximum numerical abundance (Figure 6.11). Like 

numerical abundance, biomass distribution also showed subsurface peaks. Along 

liON maximum biomass was observed at 75m depth at the middle and oceanic 

stations but at the coastal station maximum was at 50m depth. Along 13 ON coastal 

stations had maximum biomass at 75m depth but at the middle and oceanic stations 

maximum was at 75m depth. Along 15 ON higher biomass at all the station were at 

SOm. Along 17°N, coastal and middle station had higher biomass (2.3 and 3.4 mgC 

m-3
) at 50m depth, but in the oceanic station maximum biomass (2.2 mgC m-3

) was 

at 75m. Along 19 ON, coastal and middle station had maximum biomass at 50m 
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depth but in the oceanic station maximum density was SOm. Along 20.5 oN, coastal 

station had maximum at 10m depth and in the oceanic station maximum was at the 

surface. 

6.2.2.3. Summer monsoon 

During summer monsoon, numerical abundance of microzooplankton varied 

from 5 - 353 X 103 m-3 and . the maximum value was found at the surface of the 

oceanic station along 19°N (B 17) (Figure 6.12). Vertical distribution pattern of 

microzooplankton during the season was similar to that of the winter monsoon, but 

the peaks were found at much shallower depths compared to winter monsoon. 

Peaks of microzooplankton abundance were mostly confined to the upper 10m 

water column except at a few locations were it found at 20m depth (Figure 6.12). 

Coastal and oceanic stations along II and 13 ON showed higher density (88 x 103m-

3) at the surface. The middle stations along 1 land 13°N had higher density (83 and 

93 x 103 m-3
) at 10m depth. Along 15°N, in the middle and oceanic stations, 

maximum abundance (70 &148 x 103 m-3
) was at the surface. But in the coastal 

station, peak was at 20m. Along l7°N, middle and oceanic stations (811& B12) 

showed decreasing trend from the surface. Along 19°N, coastal and oceanic 

stations (B 13 and B 15), had maximum abundance at 10m depth and the middle 

station (BI4) showed decreasing trends from the surface. Along 20.5°N, both the 

stations showed (B 16 and B 17) similar pattern of decreasing density from surface. 

The oceanic station along 20.5 showed maximum density (353 x 103 m-\ 

Biomass of microzooplankton ranged between 0.1 and 3.9 mgC x 103 m-3 

and the maximum value (4.35 x 103 mgC m-2
) coincided with maximum numerical 

abundance. Like density distribution, biomass also had peaks mostly confined to 

the upper IOm water column in most of the stations (Figure 6.13). Coastal and 

oceanic stations along lioN had maximum biomass at the surface (2.5 and 2.6 mgC 

x 103 m-3
), but at the middle station, maximum abundance was at 10m depth. Along 

13 ON all the three stations showed maximum biomass at the surface. Along IS ON, 

middle and oceanic stations had higher biomass at the surface but in the coastal 

station higher biomass was at 20m. Middle and oceanic station along 17 ON also 
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had higher biomass (2.1 and 3.1 mgC m-3
) at the surface. Along 19 oN, middle and 

oceanic stations had maximum biomass (3.9 and 1.3 mgC x 103 m-3
) at surface 

while in the coastal station maximum biomass (1.8 mgC x 103 m-3
) was at 10m 

depth. Along the northernmost transect (20.S ON) both the coastal and oceanic 

stations showed maximum biomass (2.4 and 7.S mgC x 103 m-3
) at the surface. 

6.2.2.4. Temporal variations 

Generally, vertical distribution of microzooplankton during different seasons 

showed high concentrations in the upper layers (7Sm - surface). Distribution of 

microzooplankton during different seasons clearly showed seasonal fluctuations 

(Figures 6.8 - 6.13). During summer and winter monsoon maximum density was 

found at the upper 20m water column below which it decreased with increasing 

depth. This pattern was particularly prominent during summer monsoon where 

almost all stations showed maximum abundance above IOm depth. On the 

contrary, higher density was found at relatively deeper depth (SO - 7Sm) during 

inter monsoon. 

Vertical distribution of different groups of microzooplankton showed 

variations during different seasons. During winter and sununer monsoon 

dinoflagellates showed a decreasing trend from the surface (Figures 6.14 - 6.16), 

except in a few stations where they were maximum at 20m depth .. During winter, 

ciliates showed more or less uniform distributional pattern except at the middle 

station along lIoN (B2) where they had higher density in the upper water column. 

Abundance of ciliates during the season was very low and comparable with the 

densities of other protozoans and micrometazoans. But the vertical distribution of 

ciliates during inter monsoon spring was peculiar where higher densities of 

organisms were at deeper depths. Distribution of dinoflagellates also showed 

increased densities in the subsurface layers compared to the other two seasons. But 

the change in the distribution of ciliate abundance was more prominent during the 

season and concentration in the SO - 7Sm water column increased considerably 

compared to other seasons (Figures 6.14 - 6.16). At many stations other protozoans 

and micrometazoans also showed higher abundance at subsurface depths. During 
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summer monsoon ciliates and dinoflagellates showed a decreasing trend in 

abundance from surface to bottom in almost all the stations. Other protozoans and 

micrometazoans had a uniform distribution pattern similar to winter monsoon. 

6.3. Microzooplankton herbivory 

During winter monsoon, microzooplankton herbivory experiments were 

carried out at four locations (B 1, B3, B7 & B9) along the south east coast of India. 

At each stations at two depths (5m and 40m), grazing experiments were carried out 

for microzooplankton herb ivory . The details of the procedures are discussed in 

chapter 3. 

In the coastal stations along liON (B 1), magnitude of herbivory was higher 

(4.8JlgC 1'1 d-I) at 50m depth compared to the surface (1.77JlgC rl d-I). But in the 

open ocean station (B3) higher grazing rate was at the surface (7.9JlgC rid-I) (Table 

6.7). Similarly along 15°N, coastal station showed higher grazing (6.5J.1gCrld- l) at 

the surface layers where as in the oceanic station, higher grazing activity (4.3J.1gC r 

Id-I) was observed in deeper waters (40m). 

In the surface waters (5m) herbivory ranged between 1.8 - 7.9 J.1gC rid-I 

(Avg.5JlgC rl d-I) (Figure 4.39a). In deeper depths, herb ivory ranged between 3.3 -

4.8 J,lgC rid-I (Avg. 4J.1gC rid -I) (Figure 6.17a). In the surface waters 72% of the 

phytoplankton standing stock was grazed by microzooplankton but at 50m depth 

63% of the phytoplankton standing stock was grazed daily. At the surface waters of 

the oceanic station along 15°N, microzooplankton consumed 76% (maximum) of 

the phytoplankton standing stock. 

The magnitude of grazing at different locations did not show any specific 

pattern. Both at the surface and 50m depths, the intensity of herbivory fluctuated 

considerably with respect to locations. Relatively lesser fluctuations with respect to 

locations were at 50m depth (Figure 6.17a)_ Surface waters along II ON showed 

maximum fluctuations where coastal station had the least value (1.77J.1gC rid-I) and 

the oceanic waters had the maximum (7_9J.1gC rid-I). 

Relationship between ambient chlorophyll a concentration and herbivorous 

activity showed a significant linear relationship (r = 0.921, n = 8, p < 0.05), which 
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indicates the dependency of microzooplankton on phytoplankton biomass (Figure 

6.17b). But correlation between herbivory and temperature showed absence of a 

significant linear relationship (r = 0.244, n = 8, P > 0.05) (Figure 6.17c). 

6.4 Some ecological aspects of microzooplankton 

6.4.1. Relationship with phytoplankton standing stock (chlorophyll a) 

Relationships between microzooplankton biomass and chlorophyll a during 

different seasons were analysed. It showed that linear relationship was maximum 

during intermonsoon spring (r = 0.415, n = 108, p<0.05) followed by summer 

monsoon (r = 0.279, n = 98) and winter monsoon (r = 0.122, n = 133, p <0.05) 

(Figure 6.18). Similarly relationships between major groups of microzooplankton 

(dinoflagellates and ciliates) during different seasons were studied. During all the 

seasons dinoflagellates and ciliates had significant linear relationship (p < 0.05) to 

the phytoplankton biomass and the magnitude changed during different seasons. 

During winter and summer monsoon when higher concentration of chlorophyll a 

was available in relatively shallower depth dinoflagellates showed more 

relationship to phytoplankton biomass compared to the ciliates (Figure 6.19). But 

during spring intermonsoon when higher phytoplankton standing stock was 

available in deeper waters ciliates had strong relationship to phytoplankton standing 

stock (Figure 6.19). 

6.4.2. Symbiotic associations of dinoflagellates and cyanobacteria 

Symbiotic associations were found in three genera of heterotrophic 

dinoflagellates namely Ornithocercus, Histioneis and Parahistioneis. These genera 

include 8 species among which 5 belonging to Ornithocercus, 2 belonging to 

Histioenis and 1 belonging to Parahistioneis. These dinoflagellates hosted clusters 

of cyanobacteria, rod ovoid or spherical shaped (possibly Syneccococcus and 

Synechocystis, Noris 1967) located between the upper and lower lists of the 

horizontal groove of the cells. Ornithocercus magnificus. 0. heteroporus. 0. 

quadratus. 0. steinii. 0. thumii, Histioneis hyaline. H. striata and Parahistioneis 

para showed symbiotic association with cyanobacteria (Plate 6.14). Among these 
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species, Ornithocercus thumii and 0. magnificus were the most common species, 

which showed symbiotic associations. 

The frequency of occurrence of symbiotic association varied in magnitude 

during different seasons. During winter monsoon, total occurrence of symbiotic 

species in the samples analysed were 1230, among which 156 (13%) had symbiotic 

associations (Table 6.8). During spring intennonsoon total nwnber of symbiotic 

species were 2856, among which 2772 (97%) showed symbiotic associations. 

During summer monsoon, total number of symbiotic species was 1860 out of which 

210 (11 %) were symbiotic. In general, during spring intennonsoon, symbiotic 

associations were maximwn followed by summer monsoon and least during winter 

monsoon. 

6.4. Summary 

Microzooplankton community was composed of both protozoans and 

metazoans among which the fonner was most abundant in tenns of numerical 

abundance and biomass. Protozoans present in the samples were heterotrophic 

dinotlagellates, ciliates, radiolarians and foraminifers in which the first two groups 

were dominant over others and contributed bulk of the microzooplankton 

community. 

Heterotrophic dinotlagellates were the most abundant group of organisms, 

which contributed substantially to the total abundance and their percentage 

contribution varied from 48 - 77% during different seasons (Figures 6.1 - 6.3). 

Altogether 12 genera and 57 species of heterotrophic dinoflagellates were 

identified. Complete list and photomicrographs of species identified during the 

study are presented (Table 6.1, Plates 6.1 - 6.5). Genus Protoperidinium was the 

most abundant genus represented by maximum number of species and they were 

represented by 21 species during winter, 22 species during spring intennonsoon and 

24 species during summer monsoon (Table 6.1). Phalacroma was the second 

abundant genus represented by 7 species followed by Ornithocercus represented by 

6 species. 
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Ciliates were the second abundant group, which contributed 4 - 33% of the 

total abundance during different seasons (Figures 6.1 - 6.3). During the study they 

represented maximum number of species (35 genera and 75 species) (Table 62, 

Plate 6.6 - 6.12). Loricates (tintinnids) were dominant over aloricates in 

abundance, which were represented by 31 genera and 72 species among which the 

genus Tintinnopsis represented by 8 species followed by Codonellopsis. Aloricate 

ciliates represented by 4 genera and 6 species. Other protozoans present in the 

samples belonging to two different groups namely radiolarians and foraminifers 

and collectively their numerical abundance was 7 - 9% during different seasons 

(Figures 6.1 - 6.3, Plate 6.13). Metazoan component of microzooplankton was 

composed of eggs and larval fonns of crustaceans, which fonned 6 - 11 % of the 

total abundance (Figures 6.1 - 6.3, Plate 6.13). 

During winter monsoon, surface density of microzooplankton varied from 

27 -70 x 104 m-2 (Avg. 49 x104 m-2
) and maximum (70 x 104 m-2

) was found at the 

middle station (88) along 15°N (Table 6.3). Surface density of microzooplankton 

in the southern region showed higher surface density compared to north (Figure 

6.6a, Table 6.3). Microzooplankton column density varied from 205 - 515 x 104 m-

2 and relatively higher abundance was observed in the coastal stations of the 

southern transects (Figure 6.6a, Table 6.5). Column biomass of microzooplankton 

during the period ranged between 56 - 159 x 103 mgC m -2 and showed similar trend 

as that of density distribution (Figures 6.1 - 6.3, Plate 6.13). 

During spring intennonsoon, surface density of microzooplankton varied 

from 23 -72 x 104 m-2 (Avg. 51 x 104 m-2
) and maximum (72 x 104 m-2

) was found 

at the oceanic station along 15°N (88). Unlike wintennonsoon, northern regions 

showed higher microzooplankton density (Avg. 57 x 104 m-2
) compared to the 

southern region (47 x 104 m-2
) (Figure 6.4b). Distribution of surface biomass is 

similar to the density distribution with higher concentration in the northern region 

(Avg.l7 xl03 mgC m-3
) compared to the south (Avg. 14 x 103 mgC m-2

) (Figure 

6.5b, Table 6.3). During the season, the column density· of microzooplankton 

ranged between 211 - 912 x 104 m -2 (A vg. 702 x 104m -2). Similar to winter 
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monsoon higher abundance was found in the (Avg. 724 x 104m·2) southern region 

with maximum value at coastal station (81) along lioN (Table 6.5). Coastal 

stations of the southern area showed higher biomass compared to the oceanic 

regions but in the north both regions showed comparable biomass (Figure 6.7b, 

Table 6.6). 

During summer monsoon, surface density of microzooplankton varied from 

128 - 275 x 104m·2 (Avg. 175 x 104 m"2) and the maximum value (275 x 104m"2) 

was found at the middle station along 19°N (BI4) (Table 6.3). Northern region 

showed higher density (Avg" 185 x 104 m"2) compared to the southern region (Avg. 

168 x 104 m"2) (Figure. 6.4c, Table 6.3). Abundance in the oceanic stations showed 

higher surface abundance compared to the coastal stations (Table 6.4). Distribution 

of surface biomass was similar to the surface density with relatively higher average 

concentration in the southern transects (Avg. 50 x 103 mgC m-2) compared to the 

north (Avg. 46 x 103 mgC m-2) (Figure 6.5c, Table 4.6). Column density of 

microzooplankton ranged between 323 - 710 x 104 m-2 (Avg. 575 x 104m-2) and 

was higher in the southern region (Avg. 630 x 104 m-2) compared to the northern 

region (Avg. 505 x 104 m"2) (Figure 6.6c, Table 6.5). Like surface density, oceanic 

stations showed higher abundance during the season (Table 6.6). Microzooplankton 

column biomass ranged between 86 - 210 x 103 mgC m"2, which showed similar 

trends as that of density distribution with higher values (Avg. 166 x 103 mgC m·2) 

in the southern region (Figure 6.6c, Table 6.5). 

In general, maximum surface density and biomass was during summer 

monsoon (Avg. 175 x 104 m"2 and 46 mgC m"2) followed by spring intermonsoon 

(Avg. 43 x 104 m"2, 17 mgC m"2) (Table 6.3). However, distribution of column 

density showed a different pattern compared to surface density and biomass. 



Chapter 6 - Results - Microzooplankton 

During winter monsoon, vertical distribution of microzoopiankton at 

ditTerent stations showed unifonnity. In all stations, higher abundance and biomass 

of microzooplankton was above 20 m depth (20m - surface) below, which it 

decreased with increasing depth (Figures 6.8 & 6.9). During intennonsoon higher 

numerical abundance and biomass of microzooplankton was in the subsurface 

layers and peaks at different station varied from 10 - 75m (Figures 6.10 & 6.11). 

Vertical distribution niicrozooplankton during summer monsoon was similar to the 

winter monsoon but the peaks of abundance and biomass were found at relatively 

shallower depths (1 Om - surface) (Figures 6.11 & 6.13). 

Vertical distribution of microzooplankton during different seasons showed 

clear seasonal fluctuations. During summer and winter monsoon, maximum density 

was found at the upper 50m water column below which it decreased with 

increasing depth (Figures 6.14 - 6.16). This pattern was particularly significant 

during summer monsoon where almost all the station showed maximum abundance 

above 10m depth. On the contrary, during spring intennonsoon, higher density was 

found at relatively deeper depths (50 - 75m). 

Vertical distribution of different groups of microzooplankton showed 

variations during different seasons. During winter and summer monsoon, 

dinoflagellates showed decreasing trend from the surface. During winter, ciliates 

showed almost unifonn distributional pattern except at the middle station along 

lIoN (B2) where they had higher density in the upper water column (Figures 6.14 -

6.16). Abundance of ciliates during the season was very low and comparable with 

the densities of other protozoans and metazoans. Vertical distribution of 

dinoflagellates during spring intennonsoon showed increased abundance in the 

subsurface layers compared to other two seasons. But the change in the distribution 

of ciliates was more prominent during the season and ciliate concentration in the 50 

- 75m water column increased considerably compared to the other two seasons 

(Figures 6.14 - 6.16). During summer monsoon ciliates had decreasing trend of 

abundance from the surface. However dinoflagellates did not show any specific 

pattern of distribution during summer monsoon. 
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Grazing experiments showed that microzooplankton herb ivory ranged 

between 1.8 - 7.9 ~gC rl dol (Avg. 5~gC rl d-I) at the surface and in the deeper 

waters (40m) it ranged between 3.3 - 4.8~gCrld-1 (Avg. 4~gC rl d-I) (Table 6.17). 

In the surface waters 72% of the phytoplankton standing stock was grazed by 

microzooplankton but at 40m depth only 63% of the phytoplankton stock was 

grazed daily. 

Microzooplankton biomass and phytoplankton standing stock during 

different seasons showed significant linear relationship (p < 0.05) (Figure 6.18). 

Relationship between phytoplankton standing stock and abundance of 

dinoflagellates and ciliates also showed positive relationship during all the seasons 

although the magnitude changed seasonally. During summer and winter monsoon 

(when higher concentration of phytoplankton standing stock was available at 

relatively shallower depths) dinoflagellates was more related to the phytoplankton 

biomass (Figure 6.19). But during spring intennonsoon when higher phytoplankton 

standing stock was available in deeper waters, ciliates had stronger relationship 

with phytoplankton biomass (Figure 6.19). 

Symbiotic associations were found in three genera of dinoflagellates namely 

Ornithocercs, Histioneis and Parahistioneis . The species, which showed symbiotic 

relationship with cyanobacteria, were Ornithocercus magnificus, 0. quadratus, 0. 

steinii, o. thumii, 0. heteroporus, Histioneis hyaline, H. striata and Parahistioneis 

para (Plate 6.14). The frequency of occurrence of symbiotic associations varied in 

magnitude during different seasons. During spring intennonsoon 97 % of the total 

occurrence were symbiotic followed by wintennonsoon (13%) and least during 

summer monsoon (11 %). 
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Figure 6.3. Seasonal variation of microzooplankton 
composition at different stations along 19 and 20.5"N 
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Figure 6.12. Vertical distribution of microzooplankton 
abundance at different stations during summer monsoon 
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SN. Species name Winter rnonsoon Inter rnonsoon Summer rnonsoon 

1 Dinophysis aeuta + + + 
2 D. apieata + + + 

,3 D. hastate + + + 
4 Diplopsalis lenticula + + + 
5 Gymnodinium abbreviatum + + + 
6 Gyrodinium sp. + + + 
7 Heterodinium blaekmanii + + + 
8 Histioneis hyalina + + + 
9 H. striata + + + 
10 Noetiluea scintillans + + + 
11 Ornithocercus heteroporus + + -
12 O. magnifieus + + + 
13 0. quadratus + + + 
14 0. slcogsbergii - - + 
15 o.steinii + + + 

~ 16 0. thum;; + + + 
/17 Parahistioneis para + + -

18 Phalaeroma doryphorum + + + 
19 P.purvula + + + 
20 P. sp. - - + 

i 21 P. cuneus + + -
122 P·favus + + + 
: 23 P. mitra - + + 
:24 P. rapa + + + 
25 Podo/amphus bipes + + + 

126 P. eiegans + + + 
127 P.paimipes - + + 
28 P. retieulata + - + 

'29 P. spinifera + + + 
30 Proloperidinium breve + - + 
31 P. brevipes - - + 

: 32 P. conicum + + -
33 P. crassipes + + + 
34 P. curlips + + + 
35 P. depressum + - + 

:36 P. divergens + + + 
37 P. elegans + + + 
38 P. Jatulipes + + + 

,39 P. globulus + + + 
i40 P.gramiae + + -
i 41 P·ffanii + + -
.42 P. heleraeanlhum + + + 
143 P. ialistrialum + - + 
144 P.leonis + + + 

Continued in the next page 
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45 P. longicollum - -
46 P.longipes + + 
47 P. nipponicum - + 
48 P.oblongum - + 
49 P. oceanicum + + 
50 P.ovatum - -
51 P. ovum - + 
52 P. pellucidum + + 
53 P. quarnerese + + 
54 P. steinii + + 
55 P. tuba + + 
56 P. pentagonum + + 
57 P. claudicans - + 

Total 46 48 
+ indicate presence 

Table 6.1 - Temporal variations of species composition of heterotrophic 
dinoflagellates 
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SN. Species name Winter monsoon Inter monsoon Summer monsoon 

I Amphorella gracilis + + + 
2 A. intumescens + + + 
3 A. pachytoecus + + + 
4 A. quadrilineata + + + 
5 A. tetragona - + + 
6 Amphorellopsis acuta - + + 
7 Amphorides minor - + -
8 Amplectella sp. + + + 
9 Ascambelliella armila - + -
10 A. retrusa + + + 
II Brandtiella palliada + + + 
12 Canthariella pyramidata + + + 
13 Codonella acera + + + 
14 C. amphorella + + + 
15 C. nationa/is + + + 
16 CodonelIopsis ecaudata + + -
17 C. minor + + -
18 C. morchella - + + 
19 C. nipponica - + + 
20 C. orthoceras - + + 
21 C. osten/eldi + + -
22 C. lessellata - + + 
23 Cyllarocylis aculiformes - + + 
24 Dadayiella ganymedes - + + 
25 D. pachyloecus - + -
26 Dictyocysta duplex + + + 
27 D. elegans + + + 
28 D.lepida - + + 
29 Epipiocycioids relicuiata - + -

i30 Epiplocylis undella + + + 
i 31 Eulinlinnus elongates + + + 
132 E.fraknoi + + + 
133 E. lusus undae + + + 
34 E.lineus + + + 

, 35 Favella brevis - + -
36 Halteria chlorelligera - + -
37 Helicostomella subulala - + -
38 Leprotintinnus nordquisli + + + 
39 Lohmaniella oviformis - + + 
40 L. spiralis - + -

141 Melacylis iorgenseni - + -
142 ParundelIa caudata - + -
43 P.lohmani + + + 
44 Pelalotricha ampulla + + + . 

Contmued in the next page 
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45 P. serrata - + -
46 Proplectella c/aparedi + + + 
47 Protorhabdonella simplex - + + 
48 Rhabdonella henseni + + -
49 R. spiralis + + + 
50 R. amor + + + 
51 R.elegans + + + 
52 R. longicaulis - + -
53 R. poculum - + -
54 Salpingacantha ampla + + + 
55 S.sp.l + + + 
56 Salpingella acuminata + + + 
57 Salpingella atlenuata + + + 
58 S. decurtata - + + 
59 S. gracilis - + + 
60 S. stenostoma - + + 
61 Steenstrupiella pozzi - + + 
62 S. steenstrupii - + + 
63 Slenosemella ventricosa - + -
64 Slrombidium bilobum + + + 
65 S. conicum - + + 
66 Strobilidium minimum + + + 
67 Tinlinnopsis beroidea - + + 
68 T bUlschli - + -
69 T. cylindrica + + + 
70 T. directa + + + 
71 T incerlum - + + 
72 T morlenseni + + + 
73 T. radix + + + 
74 T. tocanlinensis + + + 
75 Undella dialata + + + 
76 U globosa + + + 
77 U hyalina + + + 
78 Xystonella Ire/orti + + + 

Total 44 78 59 
+ indicate presence 

Table 6.2 - Temporal variations of species composition of ciliates 
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Station location Winter monsoon Inter monsoon Summer monsoon 

Lat·eN) Lon.eE) Density Biomass Density Biomass Density Biomass 
11 80 53 15 42 17 143 44 
11 82 49 14 59 19 163 60 
11 84 46 13 42 12 168 47 
13 80.5 59 16 50 14 153 55 
13 82 46 17 40 10 183 59 
13 84 54 16 49 13 163 47 
15 81.5 53 14 23 10 179 40 
15 84 70 19 42 13 128 33 
15 85.5 63 17 73 19 228 61 
Avera.,e 55 16 47 14 168 50 
17 83 46 14 67 19 - -
17 85 39 10 72 23 170 37 
17 87 52 14 70 18 173 45 
19 85 42 11 54 13 141 32 
19 87 27 9 50 12 275 59 
19 89 48 8 65 15 130 27 

20.5 87 43 11 41 22 218 46 
20.5 89 46 12 34 12 188 79 
Average 43 11 57 17 185 46 

Total Average 49 14 51 15 175 48 

Table 6.3 - Temporal variation of micro zoo plankton density (x 104 m-2) and 
biomass (x 103 mgC x 103 m-2

) in the surface layer (IOm - surface) 
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Station location Winter monsoon Inter monsoon Summer monsoon 
Lat.eN) Lon.(OE) Density Biomass Density Biomass Density Biomass 

11 80 506 144 912 424 612 175 
11 82 310 91 728 265 649 210 
11 84 391 113 804 238 588 141 
13 80.5 451 128 702 240 622 150 
13 82 409 116 633 195 641 162 
13 84 457 159 652 201 588 141 
15 81.5 515 142 763 246 704 197 
15 84 306 86 664 207 552 131 
15 85.5 343 95 661 211 710 185 
Avera7e 410 119 724 247 630 166 
17 83 367 111 714 199 
17 85 287 70 858 339 593 158 
17 87 247 69 872 234 477 113 
19 85 316 86 837 195 569 154 
19 87 316 88 797 223 528 122 
19 89 235 122 753 215 493 86 

20.5 87 205 56 367 139 323 112 
20.5 89 294 82 211 110 552 187 
Average 283 86 676 207 505 133 

Total average 350 103 701 228 575 152 

Table 6.S - Temporal variation of micro zoo plankton density (x l04 m-2) and 
biomass (xl03 mgC m-2

) in the water column (lSOm - surface) 
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Station location Microzooplankton herbivory (J.1gC r l d- I
) 

LateN) LoneEJ 5m 40m 
11 80 1.77 (591 4.8 (57) 
11 84 7.9 (83) 4.1 (69) 
15 80 6.5 (68) 3.3 (67) 
15 84 3.8 (76) 4.3 (58) 

Table 6.7- Magnitude ofmicrozooplankton herbivory and grazing ofphytoplankton 
standing stock (%) at different locations 

Season Occurrence of symbiotic dinoflagelIates 
Winter monsoon 1230 (156) 

Spring intermonsoon 2856 (2772) 
Summer monsoon 1860 (210) 

Table 6.8 - Temporal variation of the occurrence of symbiotic species number of 
dinoflagelIates which showed symbiotic association are given in brackets 
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(I) (2) (3) (4) 

(5) (6) (7) (8) 

(9) (10) (1 1 ) (12) 

(I) Dinophysis Gcuta (2) D. apicata (3) D. hastata (4) Diplopsalis lenticula 

(5) Gymnodinium abbreviatum (6) Gyrodinium sp. (7) Heterodinium blackmanii 

(8) Histioneis hyalina (9) H. striata (10) Nocliluca scintillans ( 11 ) Ornithocercus 
heteroporu.1i ( 12) 0. magnificus 

Plate 6.1. Species composition of heterotrophic dinonagellates 
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(13) ( 14) ( 15) (16) 

(18) (20) 

(22) (23) (24) 

(13) Ornirhocercus quadrarus (14) O. skogsbergii (15) 0. sreinii (16) O. rhumii 

(17) Parah,"ianeis para (18) Phalacroma doryphorum ( 19) P purvula (20) P sp. 

(21) P cuneus (22) P favus (23) P mirra (24) P rapa 

Plate 6.2. Species composition of heterotrophic dinonagellates (continued) 
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(25) (26) (27) (28) 

(30) 

(33) (34) (35) (36) 

(25) Podolamphus hipes (26) P elegans (27) P palmipes (28) P reliculala 

(29) P spinifera (30) Proloperidinium breve (3 1) P brevipes (32) P. conicum 

(33) P crassipes (34) P curlips (35) P depressum (36) P diverge. s 

Plate 6.3. Species composition of heterotrophic dinonagellates (continued) 
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(37) (38) (39) (40) 

(41 ) (44) 

(45) (46) (47) (48) 

(37) Proloperidinium elegans (38) P. jatulips (39) P. globulus (40) P. grandae 

(41) P. granii (42) P. heleracanlhum (43) p. lalislriatum (44) P. leonis 

(45) P. longicol/um (46) P longipes (47) P. nipponicum (48) P. oblongum 

Plate 6.4. Species composition of beterotropblt dinoOagenateo (continued) 
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(49) 

(53) 

(50) 

(54) 

(57) 

".->' " 
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(51 ) (52) 

(56) 

(49) Protoperidinium oceanicum (50) P ovatum (51) P ovum 

(52) P pellucidum (53) P. quamerese (54) P sten;; (55) P. tuba 

(56) P. pentagonum (57) P. claudicans 

Plate 6.S. Species composition of heterotrophic dinoOageUates (continued) 
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(58) (59) (61) 

(62) (63) (64) (65) 

(66) (67) (68) (69) 

(58) Amphorella gracilis (59) A. intumesce", (60) A. pachytoecu.s (61) A. quadrilineata 

(62) A. lelragona (63) Amphorellopsis acuta (64) Amphorides minor (65) Amp/eclella sp. 

(66) Ascambe/liella armi/a (67) A. re/ruSa (68) Brandliella pa/lida (69) Canthariella 
piramidata 

Plale 6.6. Species composition of ciliales 
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(70) (71 ) (72) (73) 

(74) (75) (76) (77) 

(78) (79) (80) (SI) 

(70) Codonello ocero (71) C. omphorello (72) C. notionalis (73) Codonellopsis 

ecoudoto (74) c. minor (75) C. morchello (76) C. nipponico (77) c. orthoceros 

(7S) C. ostenfeldi (79) c. tesseloto (SO) Cyttorocylis ocutiformes (SI) Dodiello 

ganymedes 

Plate 6.7. Spede. composition of cUiates (continued) 
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(82) (83) (84) (85) 

(86) (87) (88) 

(90) (91 ) (92) (93) 

(82) Dadayiella ganymedes (83) Dictyocysta duplex (84) D. elegans (85) D. lepida 

(86) Epiplocycloides ",tieulata (87) Epiplocylis undella (88) Eutintinnus elongatus 

(89) E. fraknoi (90) E. lusus undoe (91) E. tineu.. (92) Favella brevis (93) Halteria 
chorelligera 

Plate 6.S. Species composition of cillates (continued) 
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(94) (95) (96) (97) 

(99) 

(102) (103) (104) (105) 

(94) Helieoslomella subulala (95) Leprolin/innus nordquisli (96) Lohmaniella oviformes 

(97) L. spiralis (98) Melacylis jorgenseni (99) Parundella eaudala (100) P. lohmanii 

(101) Pelalolrieha ampulla (102) P. serrala (103) Propleelella claparedi (104) Prolorha

bdanella simplex (105) Rhabdonella henseni 

Plate 6.9. Species composition of cillatoo (continued) 
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(106) (107) 

(110) (Il l) ( 112) (1\3) 

(114) (1\5) (116) (117) 

(106) Rhabdone/la spiralis (107) R. amor (108) R. elegans (109) R. longieaulis 

(110) R. poculum (Ill ) Salpingacanlha ampla (112) S. sp. J (I \3) SaJpinge/la 

acuminala (114) s. allenuala (115) S. decur/ala (116) S. gracilis (117) S. slenosloma 

Plate 6.10. Species composition of ciliates (continued) 

139 



( 11 8) ( 11 9) (120) (121) 

(122) (123) (124) ( 125) 

(126) (127) (128) (129) 

(118) SleenstrupieJ/a pazzi (119) S. sleenstrupii (120) SleenosemeJ/a venlricosa 

(121) Strombidium bi/obum (122) s. conicum (123) Strobi/idium minimum 
(124) nnlinnopsis beroidea (125) T bUlschli (126) T cylindrica (127) T direcla 
(128) T incerlUm (129) T morlenseni 

Plate 6.11. Species composition of ciliates (continued) 



(130) (13 1) (132) 

(134) (135) 

(130) 1intinnopsis radix (131) T. tocantinensis 

(132) Undella dialata (133) U. glabasa 

(134) U. hyalina (135) Xystanella tre/ortii 

Plate 6.12. Species compositloD of clUateo (CODtlDUed) 
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(137) (138) (139) 

(14 1) 

(144) (145) (146) (147) 

(136 - 138) Foraminifers (139 - 142) Radiolarians (143 - 146) Crustacean(Melazoal lam 

(147) Crustacean(Metazoa) egg 

Plate 6_13_ 'Otben' and metazoans oUbe microzooplankton community 
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( I) (2) (3) (4) 

(5) (6) (7) (8) 

(I) Ornithocercus heteroporus (2) O. magnificus (3) O. quadratus (4) O. stenii 

(5) O. thumii (6) Parhaheistioneis pora (7) Heistioneis hyalina (8) H. striata 

Plate 6.14. Species of dinoflagellates ofsymbiotic .ssodation witb cyanobacteria 
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Chapter 7 

Statistical analysis 

7.1. Analysis of variance (ANOV A) 

Chapter 7 - Statistical analysis 

3 way ANOV A applied for dinoflagalltes abundance showed significant 

difference between stations (p<0.005), between species (p<0.005) and between 

depths (p<0.005) irrespective of the seasons. High spatial specificityof 

dinoflagellates was observed (p<0.05) in all the three seasons. Association with 

specific depths was higher during spring intennonsoon (p<0.005) and this 

specificity were unifonn in all stations during winter monsoon as indicated by low 

station - depth interatction (p> 0.05). (Table. 7.2, 7.4 and 7.6). 

3 way ANOV A applied for ciliates showed that stations, species and 

depthwise difference were generally high (p<0.005) in all the seasons except 

during summer monsoon where the difference between species were minimum 

(p>0.05). Generally, higher species - depth interaction was observed in all the 

seasons and higher specificity of certain species for some selected depth were 

found during spring intennonsoon and winter monsoon (p< 0.005). During summer 

monsoon, species wise difference of ciliate community was not very prominent, but 

species - depth interaction was very high. This indicates that most of the species 

have preference for a common depth zones and this was evident in the vertical 

distrution of ciliates where higher abundabce was at the surface layers. (Table. 7.1, 

7.3 and 7.5). 

During sprmg inter monsoon and winter monsoon, interaction between 

station and species was small and may be due to the sampling fluctuation (p>0.05) 

while during summer monsoon, certain locations were preferred by the ciliates 

irrespective of the difference species because, between species, the difference was 

not high compared to station - species interaction (p<0.05). However station depth 

interaction was noticeble during spring intennonsoon (p<0.005). 
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Chapter 7 - Statistical analysis 

7.2. Community indices 

7.2.1. Ciliates - Spring inter monsoon 

Species richness increases from the transect TI to T6 with mmlmum 

richness at T2. Species concentration also follows the same trend as richness factor. 

A well defmed south north gradient was observed for diversity also. The 

distribution was even at T6 at T4 and non-uniformity or dominance was increasing 

towards south. Number of species was nearly 3 times at T6, compared to T2, thus 

showing a direct positive linear relation between the indices (Table 7.7& 7.13). 

7.2.2. DinoOagellates - Spring intermonsoon 

Number of species of dinoflagellates during this season was less than 50% 

of that of ciliates. Species richness showed an increasing trend towards northern 

latitudes similar to that of ciliates, but with less intensity. Species concentration 

was higher than that of ciliates at almost all the transects. Species diversity was 

more uniform among the transects showing a south north increasing gradients with 

least diversity at T3 while it was high at T2. Species equitability in the distribution 

of total abundance was more in the case of ciliates than dinoflagellates (Table 7.8 

& 7.14). 

7.2.3. Ciliates - Summer monsoon 

The transects T I to T6 show an environmental condition, which was 

uniformly favourable as indicated by the least variation in the number of species 

even though a small increasing gradients towards north was observed. All the 

transects presented almost similar richness with least richness at T4 and maximum 

at T5. T4 to T6 showed less richness compared to spring while in Tt to T3 not 

much difference could be observed in richness in summer compared to spring. 

Species concentration for ciliates was more regular in Tl to T4 during summer 

compared to spring while, T5 to T6 did not show much differences between 

summer and spring with respect to concentration factor. Species diversity during 

the period was lower than that of spring at all transects except at T2 where higher 
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Chapter 7 - Statistical analysis 

diversity could be observed during summer season. Higher unifonnity could be 

observed at all transects during spring compared to summer (Table 7.9 & 7.15). 

7.2.4. DinoOagellates - Summer monsoon 

In this case comparatively less number of species could be obtained at all the 

transects compared to ciliates during the same season, but seasonal difference was 

not retlected in the number of species between spring and summer. However 

reversal could be observed in the species richness during the period compared to 

spring intennonsoon where increasing gradient towards north was observed. 

Species concentration, diversity and evenness during summer monsoon showed a 

marginal reversal trend of that of spring intennonsoon with a decreasing gradient 

towards north. (Table 7.10 & 7.16). 

7.2.5. Ciliate - Winter monsoon -

Number of species observed during this season was less than 50 % of that 

during spring intennonsoon at TI, T4, TS and T6 while it was only 68% at T2 and 

T3. Number of species was between 40% to 80% of that observed during summer, 

the least being at TS and highest at TI and T6. Species richness was less than that 

observed during spring at all transects while only at T2, T3, TS and T6 during 

summer. Species concentration was consistently high at all transects during winter 

compared to spring and summer. A similar trend in the seasonal variation could be 

observed with respect to species diversity and unifonnity in the distribution of total 

abundance among the ciliates species (Table 7.11 & 7.17). 

7.2.6. DinoOagellates - Winter monsoon 

A steady decrease in the no of species as well as in other indices could be 

observed during this season. Compared to the other two seasons with a north south 

decreasing gradient which was just reverse of that observed during summer and 

spring (Table 7.12 & 7.18). 

On comparing between the three seasons, it could be observe that number of 

species of ciliates decreases steadily from spring intennonsoon to winter through 

summer reducing to nearly SO % of the species, with 62 % richness, 67 % 
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concentration, and species diversity and 78% uniformity during winter compared to 

spnng. 

In contrast a homogenised decrease could be observed in the number of 

species of dinoflagellates during winter (84%), richness being marginally higher 

(102.5%), concentration being 89%, diversity 95% and uniformity being almost 

same during winter, compared to spring (Table 7.19 & 7.20). 

3 way ANOV A has depicted significant difference between stations and 

between depth during all the three stations for both ciliates and dinoflagellates the 

difference between depths was clearly observed in line MDS analysis carried out. 

7.3. Cluster analysis 

During spring intermonsoon, at station B I the highly different depth zones 

were surface (0) and 20 m, while 50 to 150m depths form a good cluster in the case 

of ciliates. 10, 20 and 50m depth zones present highly similar clusters in the case of 

dinoflagellates. (Figure 7.1). 

At B 17, in the case of ciliates, surface and 150m are highly different where 

as depth zones (10-100 m) form a good cluster, which indicates that, these depths 

were occupied by similar species. In the case of dinoflagellates the depth zones 0 to 

75m represent widely different types of species. 20 and 50 m are more closely 

associated compared to other depths (Figure 7.1). 

During summer monsoon Bland B 17 showed marked variations in ciliates 

between depths with maximum dissimilarity between 50 and 150 m in the former 

and between 0 and 150 m in the latter. In contrast to this, well-defined cluster of 

depths was obtained for dinoflagellates between 0,10,20, and 50 at Bland 10, 20, 

50,75, 100 and 120 and B17. Dinoflagellates distribution at 10m and lOOm depths 

were widely dissimilar at B 1 whereas distribution at 150 m was widely different 

from the major cluster obtained at B 17 (Figure 7.2). 

During winter monsoon, for both groups length dispersion was observed 

with less similarity between depths. In the case of ciliates 120 and 150 m were 

highly different depth zones while 0, 20, 50 m were similar with 75 m and lOOm 

depicting some pattern of ciliates community structures at B 1. In case of 
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dinoflagellates 0 and 50 m show similarity whereas 50m and lOOm depth zones 

showed widely different relation at B 1. At station B 17, Surface and 10m depth did 

not have any abundance of ciliates and the depth zones 20m - 120m was were not 

much closer. Dinoflagellates species occurring at 10m and 20m are more similar 

than that occupying the surface of the water column (Figure 7.3). 

During spring intermonsoon, dendrogram drawn for grouping of ciliates 

species delineated 8 different clusters with respective numbers of species as 6, 5, 6, 

6, 2,- 6, 3 and 12 in the clusters 1 to 8 with more than 60% similarity in the 

distribution of the species. Highly similar ciliate species were occupied 1- 4, and 7-

8 at station B 1 (Figure 7.4). 

During spring intermonsoon, at station B 1, dendrogram grouped 18 

dinoflagellates species in to 7 clusters containing two species each in clusters 1 to 6 

and 3 species in cluster 7, with more 75% similarity between species (Figure 7.5). 

During spring intermonsoon, 66 ciliate species of station B 17 were grouped 

in to 9 distinct clusters containing 4, 11, 2, 6, 2,7, 11, 7 and 4 species respectively. 

About 14% of the ciliate species in this season were not grouped in any of these 

clusters. These 9 species which were not present in the grouping requres a 

condition which was different from the species of the 9 clusters (Figure 7.6). 

During spring intermonsoon 20 dinoflagellates species obtained at station 

B 17 were classified in t9 5 distinct clusters by Bray curtis similarity analysis. These 

5 clusters contain 4, 3, 3, 4, and 6 species respectively, in which the species of the 

same cluster were linked by group averaging method at more than 60% similarity 

level (Figure 7.7). 

During summer monsoon at station B 1, 20 ciliates species were linked at 

more than 75% similarity level, into 4 clusters, containing 4,2,5,and 3 species. In 

this season number of species not grouped in any cluster were more than during 

spring intermonsoon (Figure 7.8). 

During summer monsoon at station B 1, 20 species of dinoflagellates where 

grouped into 4 clusters containing 4,2,5 and 3 species with at least 75% similarity 

between species of the same cluster (Figure 7.9). 
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During summer monsoon at station B17, 26 Ciliate species were grouped in 

to 9 desecrete clusters containing 2, 2, 3, 2, 2, 3, 3, 2, and 2 species respectively. 

These clusters have more thaan 75% similarity in their occurrence. Nearly 20% of 

the species are ungrouped showing their dissimilarity with these 9 clusters (Figure 

7.10). 

During summer monsoon at B 17, 17 dinoflageIlates species were grouped 

into 4 distinct clusters in which 6, 2, 2 and 5 species were associated with more 

than 60% similarity. Compared to ciliates, a few numbers of species were 

ungrouped in this case (Figure 7.11). 

During winter monsoon at station B 1, 20 ciIiates were grouped in to four 

discrete clusters having 3,2,3 and 4 species respectively which were associated with 

at least 75%. Similarity between the ciliate species of the same cluster about 40% 

ofthe ciliate species are not grouped with other species. This non association shows 

that these unclustered ciliate species require an environment which is not similar to 

the species in the clusters (Figure 7.12). 

During winter monsoon at station B I, 19 dinoflageIIates were grouped in to 

five clusters containing 4,2,3,4 and 3 species respectively. The species included in 

these clusters were linked more than 75% similarity. In this season, nearly 64% of 

the species of this group did not fonn any of these clusters (Figure 7.13). 

During winter monsoon, at station B 17 the dendrogram has grouped as 6 

ciliates species in to 2 associated clusters with more than 60% similarity. And the 

other species did not show associations (Figure 7.14). 

During winter monsoon at station B 17, 17 species of dinoflagellates were 

grouped in to 3 clusters with more than 60% similarity. These clusters were 

contributed by 3,10,3 dinoflagllates species respectively (Figure 7.15). 

Higher the number of the species smaller the number of clusters with 

relatively highter species number shows the preferences of the environmental 

conditions required for the observed clusters. Smaller the number of species, higher 

the number of clusters with few number of species shows the large variation in the 

environment of the study area. 
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Source Dof MSS F Ratio 
Stations (A) 16 0.1910 3.8230 *** 
Species (B) 43 0.6665 13.3333 *** 
Depth (C) 7 1.9189 38.3895 *** 
AB interaction 688 0.06780 1.3565 
BC interaction 301 0.3291 6.5835 *** 
AC interaction 112 0.05387 1.0778 
Error 4816 0.04999 
Total 5236 

Table 7.1 - 3 way ANOV A for ciliates during winter monsoon 

Source Dof MSS F Ratio 
Stations (A) 16 1.4209 6.3394*** 
Species (B) 43 6.4934 28.9708*** 
Depth (C) 7 19.0185 84.852*** 
AB interaction 688 0.5120 2.2846** 
BC interaction 301 0.8790 3.9217*** 
AC interaction 112 0.3065 1.3076 
Error 4816 0.2242 
Total 5983 

Table 7.2 - 3 way ANOV A for dinoflagellates during winter monsoon 

*- calculated F ratio is significant at 5% level (P< 0.05) 
* * - calculated F ratio is significatnt at 1 % level « 0.01) 
*** - calculated F ratio is significant at 0.5% level (P< 0.005) 
D 0 f - degree of freedom 
M S S - mean sum of squares 
F ratio - F statistic used for the test 



Source Dof MSS F Ratio 
Stations (A) 16 0.7212 7.7082··* 
Species (B) 77 0.9017 9.6380·** 
Depth (C) 7 4.3977 47.0052*** 
AB interaction 1232 0.09153 0.9784 
BC interaction 539 0.3955 4.2276*** 
AC interaction 112 0.2450 2.6184*** 
Error 8624 0.09356 
Total 10607 

Table 7.3 - 3 way ANOV A for ciliates during spring intermonsoon 

Source Dof MSS F Ratio 
Stations (A) 16 0.6407 2.3629*** 
Species (B) 47 7.8487 28.9452*** 
Depths (C) 6 12.9142 47.6259*** 
AB interaction 752 0.4568 1.6848* 
AC interaction 96 0.4513 1.6643* 
BC interaction 282 1.1166 4.1177*** 
Error 4512 0.2712 
Total 571 

Table 7.4 - 3 way ANOV A for dinoflagellates during spring intermonsoon 

*- calculated F ratio is significant at 5% level (P< 0.05) 
*. -calculated F ratio is significatnt at I % level « 0.0 I) 
*. * - calculated F ratio is significant at 0.5% level (P< 0.005) 
Do f - degree of freedom 
M S S - mean sum of squares 
F ratio - F statistic used for the test 



Source Dof MSS F Ratio 
Stations (A) 15 0.2642 2.4509*** 
Species (B) 56 0.1353 1.2552 
Depth (C) 7 3.7227 34.5284*** 
AB interaction 840 0.1955 1.8129* 
BC interaction 392 0.1028 9.5298*** 
AC interaction 105 0.1341 1.2437 
Error 5880 0.1078 
Total 7295 

Table 7.5 - 3 way ANOVA for ciliates during summer monsoon 

Source Dof MSS. F Ratio 
Stations (A) 15 0.6032 2.4632*** 
Species (B) 49 4.5922 18.7517*** 
Depth (C) 7 19.4228 79.3100*** 
AB interaction 735 0.4074 1.6635* 
BC interaction 343 0.9343 3.8149*** 
AC interaction 105 0.4544 1.8555* 
Error 5145 0.2449 
Total 6399 

Table 7.6 - 3 way ANOV A for dinoflagellates during summer monsoon 

*- calculated F ratio is significant at 5% level (P< 0.05) 
** - calculated F ratio is significatnt at 1% level « 0.01) 
*** - calculated F ratio is significant at 0.5% level (P< 0.005) 
D 0 f - degree of freedom 
M S S - mean sum of squares 
F ratio - F statistic used for the test 
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STATION S R I HJs) E 
Bl 47 2.7545 0.6953 2.5777 2.3248 
B2 Tl 40 2.4176 0.6796 2.4159 2.2199 
B3 39 2.8629 0.7481 2.6962 2.4413 
B4 22 1.7825 0.4361 1.7276 1.9371 
B5 T2 26 2.1979 0.6528 2.0987 2.1113 
B6 19 2.4151 0.6588 2.2390 2.2456 
B7 39 2.9273 0.7586 2.6098 2.4776 
B8 T3 17 1.7693 0.4358 1.6990 1.9088 
B9 24 3.0786 0.8091 2.7857 2.5428 
BIO 50 3.9367 0.8235 3.1645 2.8721 
B11 T4 47 3.4749 0.6150 2.6880 2.6745 
B12 50 3.8309 0.7449 3.0310 2.8281 
BB 36 3.5043 0.8130 2.9411 2.7212 
B14 T5 33 2.7355 0.6860 2.4510 2.3788 
B15 30 3.0335 0.7801 2.7002 2.5332 
B16 T6 55 4.0184 0.7585 3.1336 2.9069 
B17 66 4.4438 0.7777 3.3486 3.0925 

Table 7.7. Community structure indices for ciliates during) spring intennonsoon 
(depths averaged). Tl - T6 represent the latitudinal transect which correspond 
to the stations Bl - B17. S- Number of species, R- Margalefs richness index, 
I-Simpson's concentration index, H (s) - Shannon weaver's species diversity 
index, E - Heips evenness index 
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STATION S R I H(s) E 
Bl 18 1.806 0.7758 2.6070 2.4872 
B2 Tl 15 1.9393 0.8002 2.5024 2.2428 
B3 21 2.0561 0.6670 2.3350 2.2300 
B4 21 1.4564 0.7427 2.3572 2.1887 
B5 T2 12 1.8719 0.6368 2.2135 2.1125 
B6 17 1.2051 0.6586 2.0729 2.1971 
B7 19 1.4818 0.6261 2.0788 2.0062 
B8 T3 15 1.2253 0.5681 2.0000 1.9414 
B9 16 1.6256 0.7755 2.5142 2.1917 
BIO 14 1.8707 0.6503 2.1319 2.01995 
Bll T4 21 2.7192 0.8226 2.8136 2.4111 
B12 21 2.6118 0.8187 2.7752 2.3859 
BB 19 2.3116 0.8280 2.7551 2.3632 
B14 T5 19 2.6444 0.8462 2.9111 2.4363 
B15 17 2.4213 0.8230 2.7511 2.3536 
B16 21 2.9198 0.8512 2.9928 2.5236 
B17 T6 20 3.0425 0.8648 3.1137 2.5311 

Table 7.8. Community structure indices for dinoflagellates during spring 
intennonsoon (depths averaged). T 1 - T6 represent the latitudinal transect 

which correspond to the stations Bl- B17. S- Number of species, R- Margalefs 
richness index, 1- Simpson's concentration index, H (s) - Shannon weaver's 
species diversity index, E - Heips evenness index 
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STATION S R I HJ~ E 
BI 
B2 
B3 
B4 
B5 
B6 
B7 
B8 
B9 

BIO 
B11 
B12 
B13 
B14 
BI5 
B16 

19 2.2976 0.6457 2.1995 2.2114 
Tl 21 2.2343 0.5235 2.0207 2.1222 

21 2.1458 0.5204 1.9627 2.1091 
15 2.4543 0.6723 2.2635 2.0810 

T2 21 2.6336 0.5980 2.3654 2.3032 
24 2.9298 0.6177 2.5556 2.4259 
30 3.2573 0.7584 2.7905 2.5838 

T3 16 1.6362 0.4561 1.5717 1.8630 
20 2.1660 0.5793 2.0463 2.1097 
27 2.0815 0.4892 1.9033 2.0519 

T4 17 2.4371 0.7411 2.4478 2.2152 
19 1.8255 0.5034 1.7034 1.9538 
28 2.8334 0.6829 2.5239 2.4024 

T5 34 3.1370 0.8127 2.8966 2.5647 
26 2.5453 0.6920 2.4392 2.3047 

T6 26 2.62628 0.7899 2.6064 2.3296 

Table 7.9. Community structure indices for ciliates during summer 
monsoon (depths averaged). T 1 - T6 represent the latitudinal transect which 
correspond to the stations Bl- B17. S- Number of species, R- Margalers 
richness index, 1- Simpson's concentration index, H (s) - Shannon weaver's 
species diversity index, E - Heips evenness index 
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STATION S R I H(s) E 
Bl 17 2.4216 0.7308 2.5770 2.2945 
B2 Tl 13 1.5577 0.6505 2.2370 2.0063 
B3 19 2.2452 0.7436 2.4470 2.2197 
B4 17 2.2624 0.8175 2.6757 2.3194 
B5 T2 15 2.4336 0.7996 2.6329 2.3128 
B6 12 2.2998 0.7742 2.5922 2.2953 
B7 18 2.4553 0.7697 2.6299 2.3678 
B8 T3 18 2.5017 0.8365 2.8487 2.3886 
B9 18 2.1252 0.8206 2.7144 2.4169 
BIO 15 1.6946 0.8004 2.4597 2.3043 
B11 T4 6 1.3751 0.6968 1.9886 2.0068 
B12 16 2.0846 0.6267 2.3234 2.2462 
B13 14 1.4288 0.6813 2.1548 2.1843 
B14 T5 19 1.6616 0.7981 2.6731 2.4549 
B15 22 1.8831 0.7580 2.4997 2.3323 
B16 T6 20 2.3628 0.7985 2.6753 2.3879 

Table 7.1 O.Community structure indices for dinoflagellates during summer 
monsoon (depths averaged). Tl - T6 represent the latitudinal transect which 
correspond to the stations B 1 - B 17. S- Number of species, R- MargaleP s 
richness index, 1- Simpson's concentration index, H (s) - Shannon weaver's 
species diversity index, E - Heips evenness index 
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STATION S R I H(s) E 
Bl 
B2 
B3 
B4 
B5 
B6 
B7 
B8 
B9 
BIO 
Bll 
Bl2 
B13 
B14 
B15 
B16 
B17 

20 1.8886 0.5472 1.8196 1.9955 
Tl 15 1.9070 0.5069 1.7906 2.0043 

16 1.6741 0.3903 1.5325 1.8918 
11 1.9133 0.5714 1.7979 1.9774 

T2 14 1.8078 0.5722 1.7381 1.7669 
18 2.2151 0.5485 2.0559 2.1213 
21 2.1368 0.5855 2.0150 2.0997 

T3 18 1.9845 0.4873 1.8349 2.0118 
13 1.4976 0.3571 1.3340 1.5668 
10 1.8091 0.3889 1.5283 1.9292 

T4 10 1.8091 0.3889 1.5283 1.9292 
12 1.9008 0.3708 1.6434 1.9653 
11 2.3713 0.5324 2.0899 2.1991 

T5 8 1.9442 0.4286 1.7022 1.8982 
10 1.9522 0.5071 1.7857 1.9975 

T6 6 1.9236 0.3929 1.7500 1.7183 
6 1.3225 0.3839 1.7055 1.9930 

Table 7 .11.Community structure indices for ciliates during winter 
monsoon (depths averaged). Tl - T6 represent the latitudinal transect which 
correspond to the stations B 1 - B 17. S- Number of species, R- Margalef s 
richness index, 1- Simpson's concentration index, H (s) - Shannon weaver's 

species diversity index, E - Heips evenness index 
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S R I H(s) E 
Bl 19 3.0882 0.8647 3.1310 2.6215 
B2 Tl 20 2.1765 0.6480 2.5663 2.4138 
B3 13 1.8992 0.6997 2.2715 2.2102 
B4 11 1.3214 0.5644 1.7649 2.0481 
B5 T2 18 1.8324 0.5948 2.3633 2.3044 
B6 17 2.6451 0.8511 2.9371 2.5133 
B7 13 2.4046 0.7848 2.6546 2.3317 
B8 T3 17 2.3235 0.7666 2.5794 2.3604 
B9 13 1.8758 0.7161 2.2044 2.0267 
BI0 13 2.0764 0.7421 2.3475 2.1363 
Bll T4 17 2.2282 0.7582 2.4754 2.2941 
B12 17 2.5863 0.8190 2.7342 2.3791 
B13 14 1.6052 0.6934 2.1990 2.1122 
B14 T5 7 0.9550 0.3767 1.1680 1.7209 
BI5 15 2.0959 0.6244 2.1420 2.1605 
B16 17 2.6060 0.8056 2.7374 2.3394 
BI7 T6 17 2.3696 0.7753 2.5678 2.2962 

Table 7.12. Community structure indices for dinoflagellates during 
winter monsoon (depths averaged). T 1 - T6 represent the latitudinal transect 
which correspond to the stations Bl- B17. S- Number ofspecies~ R- MargaJefs 
richness index, 1- Simpson's concentration index, H (s) - Shannon weaver's 
species diversity index, E - Heips evenness index 
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Transect S R I H(s) E 
Tl 42 2.6783 0.7077 2.5633 2.3287 
T2 22.33 2.1318 0.5826 2.0218 2.0980 
T3 26.67 2.5917 0.6678 2.3648 2.3097 
T4 49.00 3.7475 0.7278 2.9612 2.7916 
T5 33.00 3.0911 0.7597 2.6974 2.5444 
T6 60.50 4.2311 0.7681 3.2411 2.9997 

Table 7.13. Geographical variations in community structure of ciliates during 
spring interrnonsoon. Tl - T6 show increasing latitudes from 11 - 20.5°N. 

Transect S R I H(s) E 
Tl 18 1.9323 0.7477 2.4815 2.3200 
T2 16.67 1.5113 0.6794 2.2145 2.1667 
T3 16.67 1.4442 0.6566 2.1977 2.0464 
T4 18.67 2.4006 0.7639 2.5736 2.2973 
T5 18.33 2.4591 0.8324 2.8058 2.3844 
T6 20.50 3.0162 0.8580 3.0533 2.5274 

Table 7.14. Geographical variations in community structure of dinoflagellates 
during spring interrnonsoon. Tl - T6 show increasing latitudes from 11 - 20.5°N 

Transect S R I H(s) E 
Tl 20.33 2.2268 0.5632 2.0610 2.1476 
T2 20.00 2.6726 0.6293 2.3948 2.2700 
T3 22.00 2.3532 0.5981 2.1362 2.1855 
T4 21.00 2.1147 0.5779 2.0182 2.0736 
T5 29.33 2.8386 0.7292 2.6199 2.4240 
T6 26.00 2.6286 0.7899 2.6064 2.3296 .. 

Table 7.15. Geographical variations in community structure ofciliates during 
summer monsoon. Tl - T6 show increasing latitudes from 11 - 20.5°N 

Transect S R I H(s) E 
Tl 16.33 2.0748 0.7083 2.4203 2.1735 
T2 14.67 2.3319 0.7971 2.6336 2.3092 
T3 18.00 2.3607 0.8089 2.7310 2.3911 
T4 12.33 1.7181 0.7090 2.2572 2.1858 
T5 18.33 1.6578 0.7058 2.4425 2.3238 
T6 20 2.3628 0.7975 2.6753 2.3879 

Table 7.16. Geographical variations in community structure of dinoflagellates 
during summer monsoon. Tl - T6 show increasing latitudes from 11 - 20.5°N 
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Transect S R I H(s) E 
TI 17.33 2.3880 0.7375 2.6563 2.4152 
T2 15.33 1.9330 0.6701 2.3551 2.2886 
T3 14.33 2.2013 0.7558 2.4795 2.2396 
T4 15.67 2.2970 0.7731 2.5190 2.2699 
T5 12.00 1.5514 0.5648 1.8357 1.9979 
T6 17.00 2.4878 0.7906 2.6526 2.3178 

Table 7.17. Geographical variations in community structure of ciliates during 
winter monsoon. Tl - T6 show increasing latitudes from 11 - 20.5°N 

Transect S R I H(s) E 
Tl 17.00 1.8232 0.4815 1.7142 1.9639 
T2 14.33 1.9787 0.5640 1.8640 1.9552 
T3 17.33 1.8730 0.4766 1.7280 1.8929 
T4 10.67 1.8397 0.3829 1.5667 1.9412 
T5 09.67 2.0892 0.4894 1.8593 2.0597 
T6 06.00 1.6231 0.3884 1.7278 1.8587 

Table 7.18. Geographical variations in community structure of dinoflagellates 
during winter monsoon. Tl - T6 show increasing latitudes from 11 - 20.5°N 

Season S R I H(s) E 
Winter 12.88 1.8857 0.4682 1.7442 1.9500 

Spring inter 33.76 3.0113 0.6984 2.6063 2.4833 
Summer 22.75 2.3903 0.5794 2.2685 2.2270 

Table 7.19. Temporal diversity indices (average) for ciliates 
Season S R I H(s) E 
Winter 15.18 2.1228 0.6688 2.4024 2.2511 

Spring inter 18 2.0708 2.7503 2.5270 2.2765 
Summer 16.19 2.0496 2.07564 2.5081 2.2836 

Table 7.20.Temporal diversity indices (average) for Dinoflagellates 

S- Number o/species, R- Margalef's richness index, /- Simpson 's concentration 
index, H (s) - Shannon weaver's species diversity index, E - Heips evenness index 
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Chapter 8 

Discussion 

Bay of Bengal (BOB), the northeastern part of the Indian Ocean is 

completely separated from the northwestern part, the Arabian Sea (AS) by the 

Indian peninsula. Between these two basins, Arabian Sea is one of the most 

productive regions of the world ocean (Ryther et al., 1966) and the physical and 

chemical forcings, which drive Arabian Sea production, is now fairly understood. 

The main attributes, which enhance the productivity of the area, are the coastal and 

open ocean upwelling during summer monsoon and the surface cooling in the 

northern Arabian Sea during winter (Madhupratap et al., 1996; Bhattathiri et al., 

1996; Nair et al .• 1999). These bring in higher amount of nutrients in to the upper 

ocean, which enhance the phytoplankton biomass and productivity of the Arabian 

Sea. Interestingly during spring intennonsoon mesozooplankton biomass remains 

unchanged although the phytoplankton biomass and primary production remains 

low in the AS. This peculiar phenomenon (Arabian Sea Paradox) was explained by 

understanding the microbial food web (microbial loop) that enhances the 

productivity during intennonsoon (Madhupratap et al., 1996; Ramaiah et al., 1996; 

Mangesh et al., 1996). 

In contrast to the AS, most of the earlier studies in the Bay of Bengal depict 

it as a low productive system all through the year. The possible reasons suggested 

by the earlier researchers for the low phytoplankton biomass and PP in the BOB 

were the unavailability of nutrients in the upper layers due to stratification, heavier 

cloud coverage and turbidity arising from sediment fluxes that limit effective 

penetration of solar radiation in the upper euphotic colW1U1 (Radhakrishna et al., 

1978 a&b; Qasim, 1977; Gomes et al., 2000; Prasanna Kumar et al., 2002; 

Madhupratap et al., 2003). The field observations where further supported by the 

chlorophyll a distribution in the BOB derived from observations by satellites (Sea 

WiFS), which showed very low chlorophyll a values (Gomes et al., 2000 and 

Prasanna Kumar et al., 2002). The most recent study, during summer monsoon 
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(recall that during this season column primary production in the southwest coast 

increases up to 2000 mgC m _2 due to upwelling) in the BOB by the JGOFS - India 

group observed pp values between 328 - 520 mgC m-2 dol, which was comparable 

with the primary productivity of the AS during spring intermonsoon which is 

relatively oligotrophic period (Madhupratap et al., 2003). Compared to AS, 

literature available on different biological aspects of the BOB are less and a 

comprehensive approach to explain the oligotrophy of BOB in particular is scanty. 

The preceding findings that discussed the general understanding on the 

hydrography and productivity of the twin Seas (AS and BOB), which are 

supportive to infer the results obtained during the present study from the Bay of 

Bengal during different seasons. 

7.1. Physicochemical environment 

7.1.1. Winter monsoon 

During winter monsoon, distribution of sea surface temperature (SST) 

showed marked latitudinal variations with maximum (29.2°C) in the southernmost 

transect and minimum in the northernmost transect (20.5°N). This was apparently 

due to the increasing intensity of winter towards north. Atmospheric cooling during 

winter is a common phenomenon in the northern Indian Ocean and its intensity 

increases towards north (Hastenrath and Lamb, 1970). Sea surface salinity showed 

clear coastal - offshore variations where low saline waters «30 psu) prevailed 

along the entire coast. This was mainly due to the high freshwater discharge from 

various rivers in to the bay from Indian peninsula. Minimum values of SSS was 

observed at the coastal stations along latitudes 15, 19 and 20.5°N. These areas are 

considerably influenced by the Krishna (near 15°N) and Ganges - Mahanadi (19 

and 20.5°N) river discharges. Emptying of the major rivers of India in to the Bay of 

Bengal and its consequences on the physical characteristics of coastal waters of the 

Bay of Bengal were well reported. The stratification due to freshwater influx could 

be noticed even at a depth of lOOm over most of the shelf areas of the Bay of 

Bengal (Suryanarayana, 1988). During the present study, fluctuations of mixed 

layer depth were mostly corresponding to the intensity of salinity stratification. 
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Generally higher MLD was observed in the oceanic regions where relatively high 

saline surface waters were present. On the other hand northern regions (19°N and 

20.5°N) apparently had low MLD due to strong salinity gradients in the surface 

layers along these transects. The vertical salinity structure in the upper layers 

showed clear frontal structures (2-5 psu gradients in the upper layers) towards the 

coast especially along the transects which were near to the river mouths and was a 

clear evidence of the river discharge into the Bay. Higher attenuation coefficient 

(low transparency) during the season along the coastal transect was due to the high 

suspended and particulate materials derived from the heavy river discharge. The 

transparency of the water column along the east coast of India varies greatly from 

season to season depending on the land runoff and associated suspended load and 

the Bay of Bengal receives about 16 x 10s tonnes of silt annually through river 

discharges, which considerably increase the turbidity of the water column 

(Suryanarayana, 1988). 

During the winter monsoon season, the cold dry air (humidity <45%) from 

the continents blown over northwestern BOB and thus the atmospheric conditions 

were favorable for cooling of surface waters and the resultant winter convection. 

But the heat loss in the surface waters by the atmospheric cooling does not trigger 

convective overturning in the Bay. The low saline surface layers attains low 

temperature due to atmospheric cooling but fails to impart it to the deeper waters 

due to the lack of sinking. This ultimately results in strong thennal inversion and 

stratification. The low saline waters compensate the static stability loss by the 

atmospheric cooling, which ultimately result in the absence of winter convection. 

In the northwestern BOB, thennal inversions of varying magnitude is a known 

feature and studied by many oceanographers (Sankaranarayana & Reddy, 1968; 

Rao & Sastry, 1981; Suryanarayana et aI., 1993 and Pankajakshan et al., 2002). 

Another significant feature observed along the western Bay was the 

subsurface cold core eddy with high salinity, nutrient, and low dissolved oxygen 

waters, which was mostly intense below the surface layers. The eddy signatures 

were more prominent in the middle stations of the study area and along these 
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stations 1 J.1M contour of nutrients (nitrate and silicate) was found at relatively 

shallower depths (-40m) compared to coastal and oceanic stations. The 

mechanism, which generates the cyclonic eddy, is thought to be the circulation 

pattern. In November, by the onset of northeast monsoon the Bay of Bengal has a 

basin wide cyclonic circulation pattern (Eigenheer et aI., 2000) with equator ward 

East Indian Coastal Current (EICC). 

Introduction of fresh water in to the BOB reduces the mixed layer, led to 

the formation of halocline and a thick barrier layer (Rao et ai, 1989). The 

formation of barrier layer in the BOB restricts the ocean - atmosphere interaction 

leading to the thin mixed layer and thus restricts the upward transport of nutrients. 

In the present study nutrients were found below 40m, which indicate the influence 

of stratification on vertical distribution of nutrients. The barrier formation was more 

pronounced in the northwestern BOB during summer and winter due to the 

increased fresh water influx during the periods (Rao et ai, 1989). 

7.1.2. Spring intermonsoon 

Spatial variability of SST was minimum during the season and that could be 

directly linked to the maximum solar radiation available during the period. SST 

distribution during the period is indicative of the warming of the surface waters 

between winter and summer (Varkey et al., 1996). Contrasting to the other season 

SSS distribution showed peculiar pattern in the surface layers due to the influence 

of circulation. During the season relatively high saline waters were present in the 

coastal regions and pockets of low saline waters were found about 200 - 400km 

away from the coast. This was due to the strong East Indian Coastal Current 

(EICC), which flows poleward during the season and pushes the low saline waters 

away from the coast. Furthermore relatively less volume of freshwater reaches the 

southeast Bay during the season due to the lean discharge from the adjoining rivers. 

The anticyclonic circulation pattern with pole ward flowing EICC during spring 

intermonsoon is a well-known feature in the western Bay (Murty et al., 1968; 

Shetye et ai, 1991; Sanil Kumar et al., 1997). Shetye et al., (l993) reported a warm 

water recirculation zone in the offshore region of the Western Boundary Current 
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(WBC) and cool water eddy like structure in the coastward direction of this 

boundary current. These studies projected pole ward flowing western boundary 

current as the net effect of the local and remote forcing. Warm and low saline 

waters in the oceanic regions provide stratified surface layers and this was the 

reason for the shallow MLD observed along most of the oceanic regions. Strong 

stratification leads to the absence of nutrients in the surface layers and inhibit 

surfacing from deeper waters. During the present study nutrients (nitrate, 

phosphate, silicate) were found at relatively deeper depths (below 50m) due to 

stratification. The vertical thennal structure along 17°N exhibited warm surface 

isothennallayer, below which it exhibits gentle down curving of isothenns centred 

around 85°E (Fig. 3d). This feature is peculiar of a subsurface wann core eddy 

more conspicuous at 150m. Pockets of low silicate and phosphate at 75m depth 

along 15 - 17°N were confinnative of subsurface warm core eddy. 

1.3. Summer monsoon 

Warmer sea surface temperature was observed during the season and was 

comparable to the spring intennonsoon. Sea surface salinity showed marked north 

south variability. Relatively high saline waters (>33.5psu) was present in the south 

east coast, where as the north east coast had relatively low salinity and the lowest 

value of 25psu was observed near the coast along 20.5°N. Similar to SSS 

distribution MLD generally showed north - south gradients and along the south 

east coast it was relatively thicker (30 - 6Om). The latitudinal difference in salinity 

during the season was due to the difference in the amount of monsoonal rain and 

the river water reaching in to the BOB. Northeast coast of India gets maximum rain 

fall during summer monsoon and the rivers in the region bring enonnous quantity 

of fresh water and sediments that empty in to the Bay of Bengal (Ramage. 1984 and 

Suryanarayana et aI, 1991) which reduces the surface salinity and transparency of 

the water column. The salinity stratification in the surface is the reason for the 

observed low MLD in the northern region. 

Signatures of upweUing such as relatively colder waters at the surface layers, 

shallow mixed layer and nitracIine (upsloping of isolines) near to the coast were 
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observed along 15°N. The prevailing southwesterly winds during the season give 

rise to southeastward Ekman transport at the surface and this could be the reason 

for the observed upwelling processes along 15°N. During the present observation 

upwelled waters remained as a narrow band, which strongly supports the earlier 

observation by Shetye et al., (1993). However along the southeast coast of India, 

the upwelled waters were confmed below 75m (subsurface upwelling). In general 

the most important reason proposed for the lack of intense upwelling along the east 

coast such is the river discharge in the northwestern BOB that makes equator ward 

flow along the east coast and overwhelm the upwelling processes (Gopalakrishna & 

Sastry, 1985 and Shetye et al., 1991). 

7.2 Biological environment 

7.2.1. WintermODsoon 

Vertical and horizontal distribution of chlorophyll a and pp in the BOB 

during different season showed similarity to the observations by many earlier 

researchers (Gomes et al., 2000 and Madhu et al., 2001). During winter monsoon, 

surface chlorophyll a varied from 0.01 - 0.2 mg m-3 and in most of the stations 

maximum phytoplankton biomass was in the upper 50m water column. Maximum 

column chlorophyll a (16 mg m-2
) was found at the middle station along 15°N. This 

latitudes were influenced by a subsurface cold core eddy, which was centered 

around 15°N, 84°E and the signatures were evident up to 40m depth. However in 

other latitudes (11, 13, 17, and 19°N) the eddy signatures were found at much 

deeper depths and hence could not influence the biology of the upper euphotic 

column. Subsurface eddies in the Bay of Bengal were reported earlier by Swallow 

(1983) and Babu et al., (1991). Normally, eddies lead to an enhancement of 

biological production through the rectified upwelling of nutrients (McGillicudy & 

Robinson, 1997 and Oschiles & Garcon, 1998). In addition the eddy transfer heat 

which results in shallowing of mixed layer which in turn can lead to bloom through 

biota experiencing more light (Levy et al., 1999). But this is particularly significant 

when upwelled nutrients are available in the surface layers. 
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During the season, primary production at the surface waters varied from 1 -

10.5 mgC m-2
• Maximum primary production was found at the coastal station along 

15°N where the cold core eddy signatures were present and maximum average 

primary production also was along 15°N. Here the eddy signatures were found at 

relatively shallower depth and were prominent up to 40m depth along this transect. 

Maximum average primary production value was present along 15°N where cold 

core eddy signatures where prominent at relatively shallow depth. But the enhanced 

biological production observed in the present study at the location of the eddy (16 

mg m-2
) was moderate compared to the other productive regions of the Indian 

Ocean like the upwelling regions of the west coast (88 mg m-2
) and winter 

convective regions (34 mg m-2
) of the northwest coast of India (Bhattathiri et ai., 

1996). The moderate level of biological production may due to the fact that the 

eddy was prominent in the subsurface waters, which could not bring considerable 

amount of nutrients in to the surface waters (upper euphotic colwnn) where 

sufficient amount of solar radiation is present. Vertical distribution of pp during the 

season showed higher values below the surface (1 Om depth) in most of the 

stations. This observation overrules the opinion of Qasim (1977) that through out 

the year maximum primary productivity in the Bay of Bengal is seen at the surface 

due to the lack of photo inhibition. Average mesozooplankton biomass during the 

period was maximum (776 mgC m-2
) among different seasons. During the study, 

maximum zooplankton biomass was found in the southern region and that could be 

due to the relatively higher primary production and chlorophyll a biomass existing 

in the region during the season. Higher average zooplankton biomass observed in 

the coastal stations along the southern region and that might be due to the river 

water plumes as suggested by Madhupratap et al., (1993). 

7.2.2. Spring intermonsoon 

It is interesting to note that during inter monsoon spring, chlorophyll a at 

the surface varied from 0.01 - 0.03 mg m-\ which is relatively lower than the other 

two seasons and this could be mostly due to the strong and extended stratification 

in the surface layers during the season. Chlorophyll a data derived from satellite 
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presented by Gomes et al., (2000) clearly indicated very low concentration in the 

offshore regions of the BOB. Except along 20.5°N, chlorophyll a concentration was 

relatively less and the maxima found were at deeper depths (50 - 75m). Gomes et 

al., (2000) presented almost similar seasonal vertical distribution pattern of 

chlorophyll a and he found subsurface chlorophyll (SCM) maxima at 60 - 80 m 

depth during inter monsoon spring especially in the offshore stations and the 

measurements using radiometer clearly indicated that effective solar radiation 

during inter monsoon spring was optimum compared to the other two seasons. 

Murty et al., (2000), also found subsurface chlorophyll maxima at 50 - lOOm depth 

during the period in the offshore regions of the study area. Latitudinal variations of 

chlorophyll a and primary production were minimum during the season, which 

further indicate the lack of strong physical processes that could alter the 

stratification of the surface waters. Primary production values at the surface varied 

from 1-12.3 mgC m-3 d-1
• Like winter monsoon, upper 20m water column had 

maximum primary production. 

In general, during inter monsoon spring zooplankton bi()mass was 

considerably less in the entire study area (Avg. 406 mgC m-2
) and this could be 

explained by the hypothesis by Cushing (1989) and subsequently supported by 

Yentch and Phinney., (1989 and 1995) based on the observations on the seasonal 

variations in the cell size of phytoplankton from the tropical regions using Flow 

cytometry. They proposed that in strongly stratified water column, phytoplankton 

with smaller cell size contribute majority of the standing stock and is important in 

tropical regions including northern Arabian Sea (Yentch and Phinney, 1995). This 

hypothesis has particular significance in Bay of Bengal due to the oligotrophic 

nature around the year as result of stratification, which is maximum during spring 

inter monsoon. This was clearly indicated in the vertical distribution of physical 

and chemical parameters during the present study. Hence majority of 

phytoplankton in Bay of Bengal during spring intennonsoon could be contributed 

by smaller sized phytoplankton. 
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The observations of Marshall (1973) that copepods and other zooplankton 

are unable to crop the smaller sized algae efficiently point out the intermediate role 

played by the microzooplankton In transferring primary biomass to 

mesozooplankton (Pathway 2). When considering the trophic transfer efficiencies 

of Cushing (1975), the energy, which transferred from primary level to the 

mesozooplankton, is less in Pathway 2 compared to Pathway 1. Hence it can be 

hypothesized that due to strongest stratification during spring intermonsoon, 

Pathway 2 may be dominant over pathway 1 and hence less amount of primary 

energy reaches mesozooplankton and this could be the reason for the low 

mesozooplankton biomass during the period. 

7.2.3. Summer monsoon 

During summer monsoon, chlorophyll a at the surface was relatively higher 

and varied from 0.09 - 0.8 mg m-2 and higher concentration was found in the 

surface layers and below 20m there was a decrease with increasing depth. Gomes et 

af (2000) found nearly a five-fold increase in offshore chlorophyll a value 
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compared to the intermonsoon sprmg. During the season, maximum column 

chlorophyll a was found along 15°N where upwelling was found towards the 

coastal region. During the season, maximum surface production varied from 1 -

45.8 mgC m-3 dol and maximum (45.8 mgC m3 dO') was found at the coastal stations 

along 19°N. Column production also was maximum (556 mgC m2 dOl) at the coastal 

station along 19°N followed by the coastal station along 15°N (470 mgC m2 d-I). It 

is interesting to note that the column chlorophyll a maximum and primary 

production maximum did not exactly match each other. Gomes et al., (2000) 

observed similar situations along the upwelling stations of the Bay of Bengal and 

this anomalous feature could be due to the limitation of light. During the season, 

higher primary production was found in the surface layers and below 20m there 

was a marked decrease. In the northern region (from and north of 15°N) all the 

stations showed maximum pp at the surface. 

The phytoplankton standing stock and primary production observed at the 

location of upwelling during the present study (45.8 mg m-3 and 470 mgC m-2 dol 

respectively) was considerably lower than the upwelling regions of the Arabian Sea 

during the same period (88 mg m-3 and 1760 mgC m-2 d-I) (Bhattathiri et al., 1996). 

This indicates that the intensity of upwelling and its manifestations on biological 

productivity is considerably less along the east coast of India compared to the 

Arabian Sea. 

The lack of deep subsurface chlorophyll a maxima during summer and 

winter monsoon could be due to the limitation of light on phytoplankton growth 

and production. Light limitation may partly due to the thick cloud coverage and 

increased suspended sediments through river discharge during the season. During 

the present study the mean attenuation coefficient of the water column during 

summer (0.084) and winter monsoon (0.070) were considerably higher than spring 

intermonsoon (0.048) when BOB is under optimum illumination by solar radiation 

illuminated by optimal solar radiation. The effect of light as a limiting factor on 

phytoplankton growth in the BOB had been the subject of discussion even in the 

past. Qasim (1977) suggested that intense cloud cover over the BOB might explain 
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the absence of photo inhibition at the surface. Similar fmdings were discussed by 

Radhakrishna et al (1978 a & b) and they reported maximum productivity at the 

surface compared to the other depths sampled in the euphotic zone, which indicated 

the absence of photo inhibition at the surface waters. They also reported reduced 

euphotic zone in the inshore areas of BOB that ranged from 6 - 40 m and 40 - 75m 

in the offshore during summer monsoon, indicating the extend of light limitation 

during the season. In the present study also euphotic zone showed considerable 

variations during different seasons. Average coastal and offshore euphotic zone 

depths were considerably lower during summer monsoon and this was maximum 

during spring intermonsoon. Gomes et al., (2000) and Madhu et al., (2001) 

showed the lack of deep subsurface chlorophyll a maximum during summer and 

winter monsoon in the BOB. Similar to the present study, their study showed 

maximum chlorophyll a at much shallower depths during winter and summer 

monsoon (generally with in the upper 50m water column). Gomes et al., (2000) 

also calculated the primary production per unit chlorophyll a (mgC mg Chi a -I d· l
) 

and found that it was lower during summer and winter compared to spring 

intermonsoon. The surface irradiation measurements using radiometer clearly 

indicated that effective solar radiation during summer and winter monsoon is lower 

than intermonsoon spring Average mesozooplankton biomass during the season 

was 676 mgC mo2 and relatively higher biomass was found in the northern region 

and this could be due to the influence from river water plumes as suggested by 

Madhupratap et aI., (1993) and Parson & Kessler (1986). 

7.3. Microzooplankton 

7.3.1. Biocomposition 

During the study, microzooplankton community was composed of both 

protozoans and some larval stages of invertebrate metazoans. Protozoans were the 

most dominant group in terms of abundance and biomass. Protozoans present in the 

samples were heterotrophic dinoflagellates, ciliates, acantherians, radiolarians and 

foraminifers. Among these protozoans, heterotrophic dinoflagellates and ciliates 

were the most common and the individual contributions of sarcordines 
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(radiolarians, acantherians and foraminifers) were minor. Mangesh et ai., 1996 & 

Mangesh, 2000) found a similar biocomposition for the microzooplankton 

community in the northern Arabian Sea. 

Heterotrophic dinoflagellates were the most abundant group of organisms, 

which contributed maximum in the microzooplankton community irrespective of 

the seasons. Its percentage contributions to the total abundance of 

microzooplankton ranged between 62 and 77%, 48 and 75% and 57 and 73% 

during winter, inter and summer monsoon respectively. Maximum average 

contribution of dinoflagellates was during winter (69%) followed by summer (65%) 

and the least (60%) during inter monsoon season. Earlier Mangesh et al., (1996) 

and Mangesh (2000) found that the heterotrophic dinoflagellates were the most 

dominant organisms contributing up to 64% of the community but he did not 

address the taxonomic composition of this important group. He expressed the need 

for including this important group in future studies of microzooplankton from these 

regions. Information is also available on the importance of heterotrophic flagellates 

as a major component of microzooplankton from the other parts of the world ocean. 

Earlier work on microzooplankton has shown that heterotrophic dinoflagellates 

form 40% to 70% of the total standing stock in the coastal regions of northern 

Atlantic Ocean (Gaines and Elbrachter, 1987; Hansen, 1991a) and subtropical 

waters (Lessard, 1991). In the review on this group, Lessard (1991) calculated that 

heterotrophic dinoflagellates accounted for 22 - 67 % of the protozoan biomass in 

the SUbtropics and 75 - 97 % in polar waters. The present observations in which 

heterotrophic dinoflagellates found between 48 and 75% compromises with 

Lessard's data and slightly higher than the data reported in Arabian Sea (Mangesh, 

2000). Similar ranges were also recorded by Burkill et al., (1993a) in northeastern 

Atlantic Ocean, which varied between 50 and 75%. This in turn suggests that the 

relative contribution of heterotrophic dinoflagellates to the protozooplankton may 

become progressively important in higher latitudes and open tropical waters 

although this may not be the case in estuaries (Mangesh et al., 1996). In the present 

study, altogether 12 genera and 57 species of heterotrophic dinoflagellates were 
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identified and the photomicrographs are presented as Plates and are first of its kind 

from the Indian waters. 

During the present study on microzooplankton it was found that the 

dinoflagellates contributed about 65% of the total numerical abundance. However, 

no serious attempts have been made to discuss their mode of nutrition and its 

ecological advantage. Considering the relatively high numerical abundance of the 

study area, it will be worth discussing on the different modes of nutrition of this 

group. Bay of Bengal often reported to be a low productive system is considered in 

this context. Organisms that are able to withstand or overcome the oligotrophic 

condition may possibly have a better chance of survival in these regions. Most of 

the oceanic dinoflagellates are colourless heterotrophic forms (Taylor et al., 1987). 

Recent studies on heterotrophic dinoflagellates showed that they could use 

numerous specialized mechanisms for heterotrophy (reviews by Kimor, 1981; 

Gains and Elbrachter, 1987; Hansen, 1991a; 1992; Lessard, 1991). In addition to 

uptake of dissolved organic substances (Droop, 1959 a & b; Lee, 1977; Morril & 

Loeblich, 1979) there are at least three types of dinoflagellate phagotrophy (uptake 

of particulate food). Some dinoflagellates ingest entire cells, resulting in prey 

organisms (often other dinoflagellates) being visible inside of, and digested with in 

the predatory dinoflagellate (Norris, 1969; Smetacek, 1981; Uhling and Sahling, 

1990; Strom & Busky., 1991; Nakamura et al., 1992). Other dinotlagellates exude 

an extracellular pseudopodial pallium, which captures diatoms and other prey 

outside the dinotlagellate cell (Jacobson & Anderson, 1986). Prey is often larger 

than the dinoflagellate predator, but they are digested extracellularly with prey cell 

contents transported through the membranous pallium to the dinoflagellate (Gains 

and Taylor, 1984). A third type of dinoflagellate heterotrophy is where prey cell 

contents are sucked out through an extruded peduncle (feeding tube), which the 

dinoflagellates attach to the prey (Spero & Moree, 1981; Spero, 1982; Hansen, 

1991 b). In the case of two heterotrophic species of the dinotlagellates genus 

Dinophys is (Hansen, 1991 b), the dinoflagellate can attach a peduncle to the ciliate 

Tiarina [usus which itself feeds up on autotrophic species of Dinophysis by 
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engulfmg them. In an apparent case of mistaken identity, the ciliate attempts to 

ingest the heterotrophic Dinophysis, which instead attaches a peduncle to the ciliate 

and kill it by vaccuming out its cell contents. Thus, the initially predatory ciliate 

becomes the prey of the dinoflagellates it tried to eat. In another example of 

dinoflagellate predation up on ciliates, Bockstahler and Coats (1993) found that 

three species of red tide forming dinoflagellates from the Chesapeake Bay are 

frequent predators of oligotrichs and other ciliates, diatoms and other 

dinoflagellates. Perhaps, the most interesting example of dinoflagelIate 

heterotrophy yet revealed is that of an undescribed "phantom" dinoflagellate from 

estuarine waters of North Carolina (Burkholder et aI, 1992). These dinoflagellates 

remain encysted in sediments until live fish or fish excreta are present. The 

dinoflagellates then excyst as motile photosynthetic vegetative cell that kills fish 

with powerful toxins. While doing so it completes its sexual cycle, with gametes 

encysting and sinking back to the sediments after fish are no longer present. 

However, while still in the ephemeral motile stage, the dinoflagellates extrudes a 

peduncle which it uses to feed on bits of sloughed otT tissue from dead or dying 

fish. 

There are other reports of dinoflagellate predation up on metazoans, or at 

least their reproductive products. Dinoflagellate of the genus Noctiluca is well

known phagotrophic predators of phytoplankton and microzooplankton (Anderson 

& Sorensen, 1986 and Elbrachter, 1991), and they also ingest copepod eggs 

(Kimor, 1979 and Daan, 1987). In some cases it has been estimated that half to 

three fourths of the reproductive output of a copepod population was consumed by 

Noctiluca (Sekiguchi & Kato, 1976 and Daan, 1987). Since copepods are among 

the most frequent predators of dinoflagellates, it is ironic that a dinoflagellate may 

be a major predator up on the progeny of its most likely predator. From the above 

discussion it becomes obvious that the dinoflagellate can feed on a variety of 

organisms including bacteria, phytoplankton, heterotrophic protists and even 

metazoans and this could enable them to become abundant and Ubiquitous protists 

in marine environments. Furthermore many of the dinoflagellates can live by 
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establishing symbiotic associations with cyanobacterial cells called 'phaeosomes' 

(Taylor, 1982 & 1990). This diverse mode of nutrition of dinoflagellates may be 

the reason for their higher abundance in the study area. It is felt that the role of 

advantageous modes of nutrition discussed in the present study for the abundance 

of dinoflagellates in the Bay of Bengal merit more detailed studies targeting its 

ecological significance. 

In the present study, ciliates were the second dominant group of organisms 

in the samples. Its percentage contribution varied 4 - 33%, which was close to the 

ranges obtained from otT southern California (18 - 32%, Beers and Stewart, 1967; 

1970) and lower than Northern Adriatic (12-52%, Revelante and Gilmartine, 1983). 

However, Mangesh et al., (1996) showed relatively higher contribution of ciliates 

(24 - 58%) during his studies in the Arabian Sea and that could be due to the higher 

phytoplankton standing stock in the Arabian Sea. Leaky et al., (1996) found a 

general relationship between ciliate biomass and phytoplankton biomass in the 

Arabian Sea and he explained that many ciliates are herbivorous, feeding on both 

cyanobacteria and algae (Pierce & Turner, 1992; Bernard and Rassoulzadegan, 

1993). Indeed, ciliates and phytoplankton biomass have been shown to be 

positively correlated in marine waters (Lyon & Montagnes, 1991). Although some 

smaller ciliates may graze picoplankton-sized cells (Rassoulzadegan et al., 1988 

and Sheer and Sherr, 1987), ciliates are not considered to be major bacterivores in 

oceanic waters (Pierce & Turner, 1992). The correspondence between ciliate 

biomass and bacterial biomass and production is therefore likely to reflect their 

common utilization of phytoplankton derived food and substrate. However it may 

also reflect an indirect predator prey relationship between ciliates and bacteria via 

grazing on bacterivorous nannoflagellates (Verity, 1986a). 

During the study, tintinnid ciliates were the most dominant groups among 

ciliates followed by aloricates. Tintinnid ciliates had representation from 35 genera 

with 78 species. Literature available on nutritional requirements of tintinnids, 

shows that they mostly feed on pico and nannoplankton groups37-40. Aloricate 

ciliates were numerically less compared to tintinnid ciliates and represented by 5 
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genera and 12 species. Dominance of loricate ciliates (tintinnids) over aloricate 

ciliates were contrary to the results obtained by Leaky et al., (1996) and Mangesh 

et al., (1996) in the Arabian Sea and they found that the aloricate ciliates represents 

maximum in the samples followed by tintinnids. Leaky et al., (1996) further 

observed that the abundance of ciliates were considerably less in low productive 

areas of the study region and showed clear dependency of microzooplankton on 

phytoplankton biomass. However Mangesh (2000) found strong positive 

relationship between bacterial and aloricate abundance suggesting bacterivorous 

feeding habit to aloricates. But it is a known fact that phytoplankton biomass in the 

Bay of Bengal is considerably less compared to the Arabian Sea throughout the 

year. In the present observation the total microzooplankton abundance in the Bay of 

Bengal was considerably less than that of the Arabian Sea, which may be directly 

linked to the low productivity of the BOB throughout the year. This information 

infers that the low concentration of phytoplankton standing stock may be the reason 

for the observed low aloricate abundance during the study. Another reason for the 

low densities of aloricates in the Bay of Bengal could be due to the low salinity 

observed at the surface layers. Low salinity is reported as an important factor, 

which decrease aloricate ciliates in the estuaries where their abundance is lower 

than tintinnids (Mangesh, 2000). Bay of Bengal is known for its low saline waters 

at the surface and the northern part of the Bay of Bengal is particularly is a semi

estuarine system. In addition to this, the regions all along the coast are influenced 

by the freshwater influx from various rivers. 

During the present study Genus Tintinnopsis was the most dominant form 

among the loricate ciliates in the coastal waters, because this genus requires fme 

sand grains or mineral flakes for constructing loricae. However, abundance of these 

particles generally decreases as they move away from the shore (Mangesh, 2000). 

Other protozoans present in the samples belong to three different groups namely 

radiolarians, acantherians and foraminifers. Collectively their numerical abundance 

was 9% during winter monsoon, 8% during inter monsoon and 7% during summer 

monsoon. 
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7.3.2. Temporal and spatial (vertical) variations 

During the present study, maximum average column density of 

microzooplankton was observed during spring intermonsoon (701 x 104 m
o2

) 

followed by summer (575 x 104 mo2
) and winter monsoon (350 x 104 mo2

). Column 

biomass showed similar distribution with maximum biomass (228 mgC mo2
) 

during inter monsoon followed by summer (152 mgC mo2
) and winter monsoon 

(103 mgC mo2
). This seasonal pattern of distribution was similar to the observation 

made by Mangesh et al., (1996) along the western Arabian Sea and Revelante and 

Gilmartin (1983) in the northern Adriatic Sea and found great variability in 

abundance between relatively mixed and stratified periods as observed in the 

present study. In their studies abundance of microzooplankton during stratified 

condition was much higher than the mixed period. A study by Suzuki and 

Taniguchi (1998) also reported large temporal and spatial variability in abundance 

of microzooplankton in the western Pacific. Suzuki and Taniguchi (1998) also 

reported great temporal variability in microzooplankton abundance in north Pacific, 

Subtropical North Pacific and ofT eastern Australia. Availability of food 

concentration as well as the temperature is reported to be the key factors, which 

influence microzooplankton distribution (Heinbokel 1978 b; Taniguchi & 

Kawakami 1983; Verity 1986 b; Godhantaraman, 2001). During the present study 

maximum sea surface temperature was found during spring intermonsoon. 

However, phytoplankton standing stock during the period (Avg.13.8 mg mo2
) was 

lesser than summer monsoon (18.14 mg mo2
). Hence, higher average 

microzooplankton abundance during spring intermonsoon could be explained by 

the higher temperature and increased abundance of smaller phytoplankton during 

strongly stratified periods as suggested by (Cushing, 1989; Yentch & Phinney 

(1995); Aksnes and Egge, (1991); Pomeroy, 1974; lohnson and Sieburth (1979); 

Platt (1983); Li et al., 1983). During spring intermonsoon stratification of water 

column in the Bay of Bengal was maximum and 1 JlM contour of nitrate was found 

below 50m. According to the recent understanding, this is the ideal condition where 

cyanobacteria and smaller diatoms dominate the phytoplankton standing stock and 
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Pathway 2 of the food web substantially dominates over pathway 1 (Figure 7.1). 

Two blooms of cyanobacterium, Trichodesmium erythraeum observed in the 

oceanic regions of the Bay of Bengal during the present study give biological 

evidence for the strong stratification prevailed during the period. Marked increase 

in the ciliate abundance during spring intermonsoon compared to the other two 

seasons provide further support to the observation by Cushing, 1989, Yentch and 

Phinney (1995) that during stratified conditions smaller sized diatoms and 

cyanobacteria dominate the phytoplankton standing stock which result in the 

increase of microzooplankton. Available information on the feeding requirement 

suggests that ciliates could not feed efficiently on large sized phytoplankton and 

usually prefers phytoplankton, which is smaller than their lorica diameter «40Jim) 

(Revelante & Gilrnartin (1983), Paranjape (1990), Rassoulzadegan et al., (1981). A 

recent study by Bernard and Rassoulzadegan (1993) observed that many tintinnid 

ciliates consume mostly Synechococcus (cyanobacteria), nanoplankton and 

picoflagellates for their nutrition. Hence optimum temperature and availability of 

smaller phytoplankton during the period could be the reason for the observed 

increase of microzooplankton abundance during spring intermonsoon. But 

confirmation of this hypothesis can only be done after the seasonal measurement of 

phytoplankton cell size using Flow cytometry. 

Summer monsoon showed higher surface density of microzooplankten 

(Avg. 175 x 104 mo2) compared to inter monsoon (Avg. 43 x 104 mo2) and winter 

monsoon (Avg. 43 x 104 mo2). Surface biomass of microzooplankton also showed 

similar trends with higher concentration during summer (46 mgC mo2) followed by 

spring intermonsoon (17 mgC mo2) and winter monsoon (13 mgC mol). During 

summer, phytoplankton biomass was mostly confined to the surface layers due to 

light limitation and relatively higher temperature and this could be the reason for 

the higher abundance of microzooplankton at the surface during the season. But 

due to limitation of light, phytoplankton biomass in the deeper depths were 

considerably less during the period and this In turn resulted in low 

microzooplankton abundance at deeper depths. On the contrary during winter, 
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microzooplankton abundance decreased considerably in the surface layers of the 

northern region even though the phytoplankton biomass at the surface was 

relatively higher than spring intermonsoon. This could be due to the low 

temperature at the surface layers of the northern transects. Temperature limitation 

on the abundance of microzooplankton is mainly reported from the temperate 

regions. Recently, Godhantaraman et ai., (2001) found that 6°C temperature drop 

during winter compared to the summer resulted in substantial reduction in the 

ciliate abundance in the Japanese waters. Though, the SST in the northern region 

showed only around 3°C drop at the surface during winter compared to the other 

seasons, it caused considerable reduction in the abundance of ciliates. Low 

temperature (3 - 4°C drop compared to the other season) in the surface along with 

low phytoplankton standing stock in deeper waters could be the reason for the low 

microzooplankton column abundance and biomass in the northern region which 

ultimately resulted in low average values for the entire area. 

It is logical to consider that during summer monsoon higher density of 

microzooplankton at the surface was due to the increased phytoplankton biomass 

and optimum temperature at the surface. This means that the two key factors, which 

are reported to be limiting microzooplankton distribution, were optimum during the 

season. Decrease in microzooplankton abundance towards depth is apparently due 

to the low concentration of phytoplankton biomass due to the limitation of light. 

A study by Leaky et al., (1996) described that ciliate abundance was largely 

dependant on phytoplankton standing stock in the central and northwestern Arabian 

Sea. If this happens during winter monsoon, naturally microzooplankton abundance 

in the northern Arabian Sea (north of 17°N) would be high due to the higher 

phytoplankton biomass existing in that region resulting from winter convection. 

Interestingly, Mangesh (2000) reported only an average minimum of 

microzooplankton column density in the AS especially in the northern region 

during winter monsoon. This conveys the fact that temperature limitation on 

microzooplankton abundance is also apparent in the northern regions of the 

Arabian Sea during winter. 
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Generally, vertical distribution of microzooplankton during different seasons 

showed high concentrations in the upper layers (75m - surface). With in the upper 

layers clear seasonal fluctuations were found, which was corresponding to the 

distribution of phytoplankton standing stock. During summer and winter monsoon 

higher numerical abundance was found at the upper 20m water column below 

which it decreased with increasing depth. This could be due to the concentration of 

phytoplankton biomass in the surface layers during the season. During inter 

monsoon higher microzooplankton abundance and biomass was found at relatively 

deeper depths (50 - 75m) and was corresponding to the higher phytoplankton 

standing stock at respective depths. Close associations between vertical distribution 

of ciliate abundance and phytoplankton chlorophyll a was reported globally by 

many earlier researchers (Beers and Stewart 1970 & 1971, Lyon and Montagnes, 

1991), which support the present observation. Statistical analysis showed that 

during different seasons number of species of ciliates decreased steadily from 

spring intermonsoon to winter through summer reducing to nearly 50 % of the 

species, with 62 % richness, 67 % concentration, and 78% species diversity. 

Vertical distribution of different groups of microzooplankton showed 

variations during different seasons. During winter and summer monsoon 

dinoflagellates showed a decreasing trend from the surface. This indicates the 

higher range of tolerance of dinoflagellates to temperature during winter. 

Interestingly, ciliates showed more or less uniform distributional pattern during 

winter with very low abundance in the surface layer, which points out that during 

the season ciliate distribution in the surface layers were severely limited by the 

relatively low temperature particularly in the northern regions. Numerical 

abundance of ciliates during the season were comparable with the densities of other 

protozoans and micro metazoans, which usually represented in very low densities 

through out the study. During summer monsoon ciliates showed a decreasing trend 

in abundance from surface to bottom in almost all the stations. This could be due to 

the higher concentration of phytoplankton biomass at the surface layers. 
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Distribution of dinoflagellates showed increased densities in the subsurface layers 

during spring inter monsoon compared to the other two seasons. But the change in 

the distribution of ciliates was more prominent during the period. During the season 

ciliate concentration in the 20 - 75m water column increased considerably 

compared to the other seasons. At many stations other protozoans and 

micrometazoans also showed higher densities in the subsurface layers. This 

apparently is due to the higher concentration of phytoplankton biomass at the 

deeper depths. 

Inferences from statistical analysis shows that maximum number of species, 

diversity and concentration of microzooplankton was during spring intermonsoon. 

This supports the general pattern of microzooplankton distribution during spring 

intermonsoon. 

7.3.3. Microzooplankton herbivory 

Herbivory studies during winter monsoon at four locations in the surface 

waters (5m) of southern Bay of Bengal indicated that herbivory ranged between 

1.8 - 7.9 JlgC rl dol (Avg.5J1gC rl dol), which indicated that major portion of 

(average 72%) of the phytoplankton standing stock was grazed by 

microzooplankton. In deeper depths (40m), herbivory ranged between 3.3 - 4.8 

JlgC rldol (Avg. 4J1gC rl dol) and on an average 63% of the phytoplankton standing 

stock was grazed daily by microzooplankton. This result agrees with the earlier 

works from the different parts of the world oceans, which revealed that 

microzooplankton grazing is highly important for the transfer of primary organic 

material to the higher trophic levels. 

James and Hall (1998) studied the grazing rates of microzooplankton on 

total phytoplankton, picophytoplankton and bacteria in Sub Tropical, Sub Tropical 

Convergence and Sub Antarctic waters in winter and spring of 1993. They found 

that the grazing impact on total chlorophyll a standing stock and phytoplankton 

production ranged from 10 - 92% in winter and 4 - 57% in spring, respectively. The 

abundance of microzooplankton was generally higher in spring than winter. 

Grazing by microzooplankton is known to be quantitatively significant (Burkill et 
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al., 1987; 1993 a & b; Verity, 1990, 1993 a&b) because of their key role in the 

microbial system where they graze on particles of varying sizes. This allows the 

incorporation of a greater proportion of the primary production into the food chain. 

Microzooplankton is capable of consuming a significant proportion of primary 

production (Frost, 1991), which is reported to be of 40-70% of the total primary 

production (Riley et aI., 1965; Beers and Stewart, 1970) in the tropical Pacific. 

Indeed, field experiments have demonstrated that microzooplankton consumes 

between 10 and 75% of daily primary production (Garrison, 1991; Pierce and 

Turner, 1992). Similar studies (Capriulo and Carpenter, 1983; Cosper and Stepien, 

1982) have shown that certain components of the microzooplankton community 

alone would have consumed 20-100% of primary production. Burkill (1982), 

Capriulo and Carpenter (1983) and Verity (1987) found that the tintinnids are 

responsible for the consumption of -30% of the annual primary production, a value 

of the same order of magnitude as those consumed by copepods. In the present 

study the relationship between ambient chlorophyll a concentration and 

herbivorous activity showed a linear relationship (r = 0.921, n = 8, p< 0.05), which 

indicates the dependency of microzooplankton on phytoplankton biomass. 

7.3.4. Some ecological aspects of microzooplankton 

7.3.4.1. Relationship with phytoplankton standing stock 
< 

In the present study, correlation between microzooplankton biomass and 

chlorophyll a during different seasons showed significant linear relationship (p < 

0.05) during all the seasons. During all the seasons dinoflagellates and ciliates had 

linear relationship to phytoplankton biomass and the magnitude changed during 

different seasons. During winter and summer monsoon when higher concentration 

of chlorophyll a was available in relatively shallower depth, dinoflagellates were 

more closely related to phytoplankton biomass compared to the ciliates. Higher 

linear relationship between ciliates and phytoplankton during spring intermonsoon 

could due to the increased abundance of smaller phytoplankton during the season, 

which is proved as the preferential food of ciliates. During the present study, 

dinoflagellates were relatively more concentrated in the surface layers through out 
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the year. But ciliates proliferate in deeper depths when sufficient phytoplankton 

biomass is available in deep, which was clear from the vertical distribution during 

spring intermonsoon. 

7.3.4.2 Symbiotic associations with cyanobacteria 

Symbiotic associations were found in three genera of dinoflagellates namely 

Ornithocercus, Histioneis and Parahistioneis. These dinoflagellates hosted clusters 

of cyanobacteria - rod, ovoid or spherical shaped (Synechococcus and 

Synechocystis, Norris 1967 and Taylor 1982 & 1990) located between the 'lists' the 

cells. Normally Synechococcus and Synechocystis (Cyanobacteria) inhabit 

extracellularly is referred as phaeosomes (Taylor, 1982; Norris, 1967). But the 

ecological advantage of these associations in the waters of nitrogen limitation 

received scientific attention recently (Gordon, 1994). 

During the present study, the percentage occurrence symbiotic association 

was maximum (97%) during spring intermonsoon, relatively less during winter 

(13%) and summer (11 %). More over the abundance of these heterotrophic genera 

increased five times during spring intermonsoon compared to the other season. This 

seasonal shift in the frequency of occurrence of this association is directly linked to 

the oligotrophy of the water column arisen from strong and prolonged stratification 

during intermonsoon. In the Bay of Bengal, stratification of water column IS 
maximum during spring intermonsoon where nitracline was usually below 50m 

depths. 

Normally cyanobacterial cells dominate in the nitrate depleted (strongly 

stratified) environment (Gordon, 1994; Johnson and Sieburth., 1979; Platt, 1983) 

and Trichodesmium is one among them, which proliferate in such environments. 

During the present study also, two blooms of Trichodesmium erythraeum were 

observed at different regions of the study area, which is an indication of the 

oligotrophic nature of the water column. 

The possible ecological advantage of the symbiotic association between 

heterotrophic dinoflagellates and cyanobacterium during prolonged oligotrophic 
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condition is very significant (Norris, 1967). Ornithocercus. Histeonis and 

Parahisteonis are heterotrophic organisms, which live osmotrophically (by 

absorbing dissolved organic compounds) (Droop, 1974). During the period of 

prolonged nitrogen limitation, abundance of cyanobacterial cells increases in the 

water column and the dinoflagellates allow them to inhabit between their girdles. 

By doing this heterotrophic dinoflagellates get organic substances from the 

cyanobacteria and in turn the latter get a micro environment which is relatively 

reducing and thought to be advantageous to carry out the nitrogen fixation. 

7.3.5. Comparison with microzooplankton and mesozooplankton biomass 

- ¥ 

Filur. 7.2. Ce .. p_isOll of bio.us .... 1W •• ft mirrezoopl_ktoD 
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During the present study, comparison between microzooplankton and 

mesozooplankton biomass convey some interesting results. During summer and 

winter mesozooplankton biomass was markedly higher. But during these seasons 

microzooplankton biomass was relatively less. But during intennonsoon period 

mesozooplankton biomass was considerably low although microzooplankton 

biomass was maximum during the season. 

Present observation is contrary to the observation by Madhupratap et al., 

(1996) in the Arabian Sea that high mesozooplankton biomass is supported by 

increased microzooplankton biomass during spring intennonsoon. But from the 
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present study it become obvious that, although microzooplankton biomass increases 

during intermonsoon spring, it is not sufficient enough to support higher 

mesozooplankton biomass especially in conditions of strong stratification. A logical 

reason for the present observation could be drawn from the observations of Cushing 

(1989) and Yentch & Phinney (1995) (Figure. 7.1) which suggest that in stratified 

conditions food web is more complex (pathway 2) and hence primary organic 

carbon reaches higher trophic level less efficiently (Azam et al., 1983). The 

consequence of pathway 2 is the distribution of photosynthetic carbon at 

mUltitrophic levels (widely dispersed) with a long residence time in the upper 

layers of the ocean. Though the Bay of Bengal is oligotrophic through out the year 

there are some regions that are moderately productive during summer and winter 

due to the upwelling process, river runoff and eddies which becomes evident in the 

present study. But during spring intermonsoon entire region was strongly stratified 

and hence the latitudinal variations of primary productivity was minimum during 

the period. From these observations it could be concluded that due to the relatively 

mixed surface layers during summer and wintermonsoon traditional pathway 

(Pathway 1) of the food web dominates (Figure 7.1) in the Bay of Bengal (at least 

in some regions). This results in the efficient transfer of primary food to the 

mesozooplankton and could be the possible reason for the higher mesozooplankton 

biomass during summer and winter monsoon. Another reason for higher 

mesozooplankton biomass during summer and winter may be due to the river water 

plumes as suggested by Parson and Kessler (1986) and Madhupratap et al (1993). 

These results suggest that in the Bay of Bengal, microzooplankton could not be 

considered as an alternative source when phytoplankton biomass and productivity 

remain low, instead as a key component, which transfers organic carbon from 

smaller sized phytoplankton and bacteria to mesozooplankton through out the year 

but more crucial during spring intermonsoon when water column is strongly 

stratified. Presently, global implications of the two pathway systems (Figure 7.1) 

are of major concern to ocean ecologists and geochemists. In regions where 

pathway two dominates, the transfer of photosynthetic carbon is complex due to the 
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interactions at the multi trophic levels. The consequence is that carbon becomes 

widely dispersed with long residence time in the upper layers of the ocean. In 

regions where pathway 1 dominates, the photosynthetic carbon is transported 

directly to the primary herbivore in a straight shot. 

During the present study microzooplankton density and biomass was 

maximum during spring intermonsoon (most stratified period). This is a common 

observation in many other parts of the world ocean during strong and prolonged 

stratification (Mangesh et aI., 1996; Mangesh, 2000; Revelante & Gilmartin, 1983; 

Suzuki & Taniguchi, 1998). The opinions of Marshall (1973) found that copepods 

and other zooplankton are unable to crop small sized algae efficiently further 

signify the trophic importance of microzooplankton in the Bay of Bengal. Results 

from the grazing studies showed that >60% of the daily primary productions are 

consumed by microzooplankton during winter monsoon in the southern region. 

From the above discussion it can be concluded that even though the total 

abundance and biomass of microzooplankton in the BOB is less compared to AS, 

the trophic role played by them is crucial by transferring the organic carbon from 

small sized phytoplankton and bacteria to mesozooplankton which is significant in 

the context of the general oligotrophy of the BOB. Being the first study on 

microzooplankton from the open waters of Bay of Bengal, the present observations 

are also relevant as base line information from these regions. Hence future studies 

on this subject should include the phytoplankton cell size measurements using 

Flow cytometry and also the seasonal fluctuations in the grazing pressure of 

microzooplankton on phytoplankton biomass along with the routine qualitative and 

quantitative measurements of microzooplankton. 
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Chapter 9 

Summary and conclusion 

A study of the microzooplankton community along the east coast of India in 

relation to environmental parameters is presented. Paucity of infonnation from 

Indian waters and the upsurge of interest on these organisms in recent years around 

the globe are the reason for selecting this topic. 

Most of the available literature on microzooplankton community from the 

Indian waters covers tintinnids, nonnally from the estuarine and very coastal 

environments along east coast of India. Present study is the fIrst of its kind, which 

addresses microzooplankton as a heterogeneous community consisting of ciliates, 

heterotrophic dinoflagellates, sarcordines and micrometazoans. Moreover 

photomicrographs of all identifIed species of microzooplankton (135 species) are 

presented in the thesis that will be of help to future researchers on this particular 

group. 

During sampling, microzooplankton were collected from 17 stations along 6 

latitudinal transects from the EEZ of India along the east coast of India during three 

cruises of FORV Sagar Sampada representing winter monsoon (November -

February), spring intennonsoon (March - May) and summer monsoon (June -

September). From each station 7 discrete standard depths were selected up to a 

depth of 150 m (surface, 10, 20, 50, 75, 100, 120 and 150m) and altogether around 

350 samples of micro zoo plankton were collected and analysed during the study. 

Other biological parameters like phytoplankton standing stock (chlorophyll 

a), primary production and mesozooplankton biomass were also studied along with 

environmental parameters like temperature, salinity, dissolved oxygen, nitrate, 

silicate and phosphate. 

During the study, winter monsoon showed marked latitudinal variations in 

sea surface temperature (SST) with minimum in the northernmost transect (20.5°N) 

due to the increasing intensity of winter towards north. Sea surface salinity showed 

clear coastal - offshore variations where low saline waters «30 psu) prevailed 
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along the entire coast due to the heavy river discharge in to the bay from Indian 

peninsula. Minimum value of sea surface salinity (SSS) was observed at the coastal 

stations along IS,19 and 20.5°N where the salinity was considerably influenced by 

the Krishna (near IS0N) and Ganges - Mahanadi (19 and 20.S0N) river discharges. 

During the period, fluctuations of mixed layer depth were mostly related to the 

intensity of salinity stratification. 

The vertical salinity structure in the upper layers showed clear frontal 

structures (2-S psu gradients in the upper layers) towards the coast especially along 

the transects which were near to the river mouths due to the freshwater discharges. 

Higher attenuation coefficient (low transparency) was found along the coastal 

transect due to high suspended and particulate materials arisen from the river 

discharge. During winter monsoon, due to atmospheric cooling in the northern 

region, low saline surface layers attains low temperature but fails to impart it to the 

deeper waters due to the lack of sinking which results in strong thermal inversion. 

Another significant feature during the period was the subsurface cold core eddy 

with high salinity, nutrient, and low dissolved oxygen waters, which was mostly 

intense below the surface layers and the reason is reported to be the peculiar 

circulation pattern during the period. The eddy signatures were more prominent 

along the middle stations of the study area and 1 IlM contour of nutrients (nitrate 

and silicate) was found at relatively shallow depths (--40m) in these stations. 

During winter monsoon, surface chlorophyll a varied from 0.01 - 0.2 mg m-3 

and in most of the stations maximum phytoplankton biomass was in the upper SOm 

water column. Maximum column chlorophyll a (16 mg m -2) was found at the 

middle station along 15°N where the eddy signatures were prominent. Maximum 

primary production was found at the coastal station along the same transect (I SON). 

But the enhanced standing sock of phytoplankton observed in the present study at 

the location of the eddy (16 mg m-2
) was moderate compared to the other 

productive upwelling regions of the southwest coast (88 mg m-2
) and winter 

convective regions (34 mg m-2
) of the northwest coast oflndia. 
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Vertical distribution of primary production during the season showed higher 

values below the surface (10m depth) in most of the stations. This finding differs 

from the opinion of Qasim (1977) that through out the year maximum primary 

productivity in the Bay of Bengal is occurring at the surface due to the lack of 

photo inhibition. Average mesozooplankton biomass during the period was 

maximum (776 mgC m-2) among different seasons. Higher zooplankton biomass 

was found in the southern region, and this could be due to the relatively higher 

primary production and phytoplankton biomass existing in the region during the 

season. 

During spring intermonsoon, spatial variability of SST was minimum due to 

the maximum solar radiation during the period. Strong East Indian Coastal current 

(El CC), which flows poleward during the season pushes the low saline waters away 

from the coast and hence low saline waters were found about 200 - 400km away 

from the coast. Warm and low saline waters in the oceanic regions provide 

stratified surface layers and shallow MLD along most of the oceanic regions. 

Strong stratification that inhibits surfacing of nutrients from deeper waters (below 

50m) results in the absence of nutrients in the surface layers during the period. 

During the period, chlorophyll a at the surface varied from 0.01 - 0.03 mg 

m-3
, which was relatively lower than the other two seasons and this could be mostly 

due to the strong and prolonged stratification in the surface layers during the 
season. Latitudinal variations of chlorophyll a and primary production were 

minimum during the season, which further indicate the lack of strong physical 

processes that could alter the stratification of the surface waters. 

Primary production values at the surface varied from 1-12.3 mgC m-3 d- I
• 

Similar to winter monsoon, upper 20m water column had maximum primary 

production during the period. Zooplankton biomass was considerably less in the 

entire study area (A vg. 406 mgC m-2
) and this was explained by the recent 

understanding on the seasonal variations in the cell size of phytoplankton proposed 

by Cushing (1989) and substantiated by Yentch & Phinney (1995) using flow 

cytometry measurements. 
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Wanner SST was observed during summer monsoon compared to winter 

monsoon. Relatively low saline waters were present in the northern region due to 

the maximum rainfall and river runoff along these regions during the period. MLD· 

showed north - south gradients due to the influence of freshwater and was 

relatively thicker along the southern region (30 - 60m). 

Signatures of upwelling such as relatively colder waters at the surface layers, 

shallow mixed layer and nitracline (upsloping of isolines) near to the coast were 

observed along 15°N due to the prevailing southwesterly winds that give rise to 

southeastward Ekman transport at the surface. But the upwelled waters found 

during the study remained as a narrow band as reported by Shetye et aI., (1993). 

During summer monsoon, chlorophyll a at the surface was relatively higher 

and varied from 0.09 - 0.8 mg m-J and higher concentration was found in the 

surface layers and below 20m there was a decrease with increasing depth due to the 

limitation of light. During the season, maximum column chlorophyll a was found 

along 15°N where upwelling was found towards the coastal region where 

maximum phytoplankton standing sock was observed (45.8 mgC m3 d-1
). 

The phytoplankton standing stock and primary production obtained at the 

location of upwelling during the present study (45.8 mg m-J and 470 mgC m-2 d-1 

respectively) was considerably lower than the upwelling regions of the Arabian S~a 

during the same period (88 mg m-J and 1760 mgC mo2 dol) (Bhattathiri et aI., 1996). 

This indicates that the intensity of upwelling and its manifestations on biological 

productivity is considerably less along the east coast of India compared to the west 

coast of India. 

During the present study the mean attenuation coefficient of the water 

column during summer (0.084) and winter monsoon (0.070) were considerably 

higher than intennonsoon spring (0.048), which shows that maximum water 

column transparency was during spring intermonsoon. Average mesozooplankton 

biomass during the season was 676 mgC m-2 and relatively higher biomass was 
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found in the northern region, which could be due to the high primary productivity 

and the influence from river water plumes 

During the study, microzooplankton community was composed of both 

protozoans and some larval stages of invertebrate metazoans. Protozoans were the 

most dominant group found in terms of abundance and biomass. Protozoans present 

in the samples were heterotrophic dinoflagellates, ciliates, acantherians, 

radiolarians and foraminifers. Among these protozoans, heterotrophic 

dinoflagellates and ciliates were the most common and the individual contributions 

of sarcordines (radiolarians, acantherians and foraminifers) were minor. 

Heterotrophic dinoflagellates were the most abundant group of organisms, 

which contributed maximum of the microzooplankton community irrespective of 

seasons. Its percentage contribution to the total numerical abundance of 

microzooplankton community ranged between 62 and 77%, 48 and 75% and 57 and 

73% during winter, inter and summer monsoon respectively. Dominance of 

dinoflagellates in the microzooplankton community may be due to the diverse and 

advantageous modes of nutrition of this group, which were discussed in detail. 

Ciliates were the second dominant group of organisms in the samples. Its 

percentage contribution varied 4 - 33%, Which was close to the ranges obtained 

from many other parts of the world oceans. During the study, tintinnid ciliates were 

the most dominant groups among ciliates followed by aloricates. 35 genera and 78 

species of Tint inn id ciliates were identified during the study. Aloricate ciliates were 

numerically less during the present study compared to tintinnid ciliates and 

represented by 5 genera and 12 species. 

Genus Tintinnopsis was the most dominant form among the loricate ciliates 

in the coastal waters, because this genus requires fine sand grains or mineral flakes 

for constructing loricae. However, abundance of these particles generally decreases 

as they move away from the shore. Other protozoans present in the samples belong 

to three different groups namely radiolarians, acantherians and foraminifers. 

Collectively their numerical abundance was 9% during winter monsoon, 8% during 

inter monsoon and 7% during summer monsoon 
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Temporal variation of microzooplankton showed maximum average column 

density of microzooplankton during spring in termon soon (701 x 104 mo2
) followed 

by summer (575 x 104 mo2
) and winter monsoon (350 x 104 mo2

). Column biomass 

showed similar distribution with maximum biomass (228 mgC mo2
) during inter 

monsoon followed by summer (152 mgC mo2
) and winter monsoon (103 mgC mo2

). 

During the present study maximum sea surface temperature was found 

during spring intermonsoon, but the phytoplankton standing stock was maximum 

during summer monsoon (18.14 mg mo2
) compared to spring intermonsoon 

(Avg.13.8 mg mo2
). Higher average microzooplankton abundance during 

intermonsoon is explained by the maximum temperature and increased abundance 

of smaller sized phytoplankton during strongly stratified periods as suggested by 

Cushing (1989) and Yentch and Phinney (1995). Two blooms of cyanobacterium, 

Trichodesmium erythraeum observed in the oceanic regions of the Bay of Bengal 

during the present study give biological evidence for the strong stratification 

prevailed during the period. 

Marked increase in the ciliate abundance during spnng intermonsoon 

compared to the other two seasons provide theoretical support to the observation by 

Yentch and Phinney (1994) that during stratified conditions smaller sized diatoms 

and cyanobacteria dominate the phytoplankton standing stock. Available 

information on the feeding requirement ciliates suggests that it could not feed oh 

large sized phytoplankton and usually prefers phytoplankton, which is smaller than 

their lorica diameter (nanoplankton). Hence optimum temperature and availability 

of smaller phytoplankton during the period could be the reason for the observed 

increase of microzooplankton abundance during spring intermonsoon. 

Summer monsoon showed higher surface density of microzooplankton 

(Avg. 175 x 104 mo2
) compared to inter monsoon (Avg. 43 x 104 mo2

) and winter 

monsoon (Avg. 43 x 104 mo2
). Surface biomass of microzooplankton also showed 

similar trends with higher concentration during summer (46 mgC mo2
) followed by 

spring intermonsoon (17 mgC mo2
) and winter monsoon (13 mgC mo2

). During 

summer the phytoplankton biomass was mostly confined to the surface layers due 
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to limitation of light and relatively higher temperature was available at the surface 

and this could be the reason for the higher abundance of microzooplankton t the 

surface during the season. 

On the contrary during winter, microzooplankton abundance decreased 

considerably in the surface layers of the northern region 'even though the 

phytoplankton biomass at the surface was moderate. This could be due to the low 

temperature at the surface layers that pronounced in the northern transects where 

more than 3°C drop of temperature was observed compared to other seasons. 

Generally, spatial (vertical) distribution of microzooplankton during 

different seasons showed high concentrations in the upper layers (7Sm - surface). 

Within the upper layers clear seasonal fluctuations were foun~ which was 

corresponding to the fluctuations of the chlorophyll distribution. During summer 

and winter monsoon higher density was found at the upper 20m water column due 

to the higher concentration of phytoplankton biomass in the surface layers during 

the season. However during spring intermonsoon higher microzooplankton 

abundance and biomass was found at relatively deeper depth (SO - 7Sm) and was 

corresponding to the higher phytoplankton standing stock at these depths. 

Spatial (vertical) distribution of different groups of microzooplankton 

showed variations during different seasons. During winter and summer monsoon 

dinoflagellates showed a decreasing trend from the surface. However during winter, 

ciliates showed more or less uniform distributional pattern with very low 

abundance in the upper water column. This indicates that during the season ciliate 

distribution in the surface layers was severely limited by relatively low 

temperature. During summer monsoon ciliates showed a decreasing trend in 

abundance from surface to bottom in almost all the stations. This could be due to 

the higher concentration of pbytopJankton biomass at the surface layers. However 

during spring intermonsoon, ciliate concentration in the 20 - 7Sm water column 

increased considerably compared to the other seasons. This was apparently due to 

the higher concentration of phytoplankton biomass at the deeper layer due to the 

higher solar radiation during the period. 
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Herbivory studies during winter monsoon showed that more than 60% of 

phytoplankton standing stock was grazed daily by microzooplankton along the 

southeast coast of India. This is the first infonnation ever available on the grazing 

pressure of phytoplankton on microzooplankton from the Indian waters 

Correlation between microzooplankton biomass and chlorophyll a during 

different seasons showed significant positive relationship during all the seasons. 

However, higher significant relationship between ciliates and chlorophyll a during I 

spring intennonsoon could be due to the increased abundance of smaller 

phytoplankton during the season as suggested by Yentsh and Phinney (1992). 

Dinoflagellates were relatively more concentrated in the surface layers 

throughout the year. But ciliates increased markedly in deeper depths when 

sufficient phytoplankton biomass was available, which was clear from the vertical 

distribution during spring intennonsoon. 

Symbiotic associations were found in three genera of dinoflagellates namely 

Ornithocercus, Histioneis and Parahistioneis. These dinoflagellates hosted clusters 

of cyanobacteria - rod, ovoid or spherical shaped (reported as Synechococcus / 

Synechocystis) located between the upper and lower lists of the horizontal groove 

of the cells. The percentage occurrence of symbiotic association was maximum 

(97%) during inter monsoon spring, relatively less during winter (13%) and 

summer (11 %). More over the abundance of these symbiotic genera increased five 

times during spring intennonsoon compared to other seasons. This seasonal shift in 

the frequency of occurrence of this association could be directly linked to the 

oligotrophy of the water column caused from strong and prolonged stratification 

during spring intennonsoon. 

Comparison between microzooplankton and mesozooplankton biomass 

showed some interesting results. During summer and winter, mesozooplankton 

biomass was markedly higher although microzooplankton biomass was relatively 

less. But during intennonsoon period mesozooplankton biomass was considerably 

less though microzooplankton biomass was higher during the season. 
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This suggests that, although microzooplankton biomass increases during 

intermonsoon spring, it is not sufficient to support higher mesozooplankton 

biomass especially in conditions, where phytoplankton biomass and productivity 

are low. This logically indicates that in the Bay of Bengal, microzooplankton can 

not be considered as an alternative source when phytoplankton biomass and 

productivity remain low, instead as a key component, which transfers organic 

carbon from small sized phytoplankton and bacteria to mesozooplankton. This 

trophic role of microzooplankton is particularly significant in the context of the 

general oligotrophy of the Bay of Bengal. 

210 



References 

REFERENCES 

Achuthankutty, C.T., M. Madhupratap., V. R. Nair and T. S. S. Rao (1980). 

Zooplankton biomass and composition in the western Bay of Bengal during 

late southwest monsoon. Indian J. Mar. Sci. 9, 201 - 206. 

Aksnes, D.L. and J.K. Egge (1991). A theoretical model for nutrient uptake in 

phytoplankton. Mar. Ecol. Prog. Ser. 70, 65-67. 

Albright, L.J., E.B. Sherr., B.F. Sherr and R.D. Fallon (1987). Grazing of ciliated 

protozoa on free and particle-attached bacteria. Mar. Ecol. Prog. Ser. 38:125-

129. 

Andersen, P. and H. M. Sorensen (1986). Population dynamics and trophic coupling 

in pelagic microorganisms in eutrophic coastal waters. Mar. Ecol Prog Ser. 

33:99-109. 

Azam, F., T. Fenchel., J. G. Field., J. S. Gray., L.A. Meyer-Reil and F. Thingstad 

(1983). The ecological role of water column microbes in the Sea. Mar. Ecol 

Prog. Ser. 10,257-263. 

Babu. M. T., Prasanna Kumar. S and Rao. D.P. (1991). A subsurface cyclonic eddy 

in the Bay of Be gal. Jour. Mar. Res. 49, 403 - 410. 

Balaramanamurthy, C. (1958). On the temperature and salinity structures of the Bay 

of Bengal. Curr. Sci. 27, 249. 

Banse, K. (1982). Cell volumes, maximal growth rates of unicellular algae and 

ciliatcs, and the role of ciliates in the marine pelagial. Limnol. Oceanogr. 27, 

1059-1071. 

Beers, J.R. and G.L. Stewart (1967). Microzooplankton in the euphotic zone at five 

locations across the California Currents. J. Fish. Res. Board. Can. 24, 2053-

2068. 

Beers, J.R. and G.L. Stewart (1971). Microzooplankton in the plankton communities 

of the upper waters of the Eastern Tropical Pacific. Deep Sea Res. 18, 861-

883. 

211 



References 

Beers, J.R. and G.L.Stewart (1969). Micro-zooplankton and its abundance relative to 

the larger zooplankton and other seston components. Mar. Bioi. 4, 182-189. 

Beers, J.R. and G.L.Stewart (1970). Numerical abundance and estimated biomass of 

microzooplankton. In: The ecology of plankton ofT La Jolla, California in the 

period April through September, 1967. Vol. 17 (ed. J.D. Strickland), pp. 20. 

Univ. Calif. Bull. Scripps. Inst. Oceanogr. 

Beers, J.R., M. R. Stevenson., R.W. Eppley and E. R. Brooks (1971). Plankton 

populations and upwelling of the coast of Peru, June 1969, Fish Bull. 69, 859-

876. 

Berk, S. G., D. C. Brownlee., D.R. Heinle., H.J. Kling and R.R. Colwell (1977). 

Ciliates as a food source for marine planktonic copopods. Mierob. Eeol. 4,27-

40. 

Bernard, C. and F. Rassoulzadegan (1993). The role of pi co plankton (cyanobacteria 

and plastidic picoflagellates) in the diet of tintinnids. J Plank. Res. 15, 361-

373. 

Bhattathiri. P.M.A., V.P. Devassy and K. Radhakrishna (1980). Primary production 

in the Bay of Bengal during southwest monsoon of 1978. Mahasagar - Bull. 

Natnal Inst. Oeeanogr. 13 (4), 315 - 323. 

Bhattathiri. P .M.A., A Pant., S. Sawant. M. Gauns., S. G. P Matondkar and 

Mohanraju. R. (1996). Phytoplankton production and chlorophyll distribution 

in the eastern and central Arabian Sea in 1994 - 1995. Curr. Sei. Special 

section: JGOFS (India). 71, 857 - 862. 

Bockstahler K.R. and D.W. Coats (1993). Spatial and temporal aspects of 

mixotrophy in Chesapeake Bay dinoflagellates. J .Euk. Microbiol, 40, 49 - 60. 

Broecker, W.S., J.R. Toggweiler and T. Takahashi (1980). The Bay of Bengal - a 

major nutrient source for the deep Indian Ocean. Earth Planet. Sci. Left., 49, 

506 - 512. 

212 



Burkholder J.M., E. J. Noga., C. H. Hobbs and Glasgow H. B. (1992). New 

• phantom' dinoflagellate is the causative agent of major estuarine fish kills. 

Nature, 358, 407 - 410. 

Burkill, P. H. (1982). Ciliates and other microplankton components of a nearshore 

food-web: standing stocks and production processes. Ann. Inst. Oceanogr. 

Paris. 58(S), 335-350. 

Burkill, P.H., E.S. Edwards., A.W.G. John. And M.A. Sieigh (1993a). 

Microzooplankton and their herbivorous activity in the northeastern Atlantic 

Ocean. Deep Sea Res. 40 (1-2), 479-493. 

Burkill, P.H., RJ.G. Leakey., NJ.P. Owens and R.F.C. Mantoura (1993b). 

Synechococcus and its importance to the microbial food web of the 

northwestern Indian Ocean, In: Biogeochemical Cycling in the Northwestern 

Indian Ocean, Vol. 40. (cd. Burkill, P.H., Mantoura, R.F.C. and Owens, 

NJ.P.). 

Burkill, P.H., R.F.C. Mantoura., C.A. Llewellen and NJ.P. Owens (1987). 

Microzooplankton grazing and selectivity of phytoplankton. Mar. BioI. 93, 

581-590. 

Burkovosky, I.V. (1976). Cologiya Tintinnida (Ciliata) Belogo moray. 

Zoologichesiky Zhurnal 55, 497-507. (Canada Fisheries and Marine Service, 

Translation Series No. 3878). 

Capriulo, O.M. and E.J. Carpenter (1983). Abundance, species composition, and 

feeding impact of tintinnid micro-zooplankton in Central Long Island Sound. 

Mar. Ecol. Prog. Ser. 10, 277-288. 

Caron, D.A. and M.R. Dennestt (1988). Experimental demonstration of the roles of 

bacteria and bacterivorous protozoa in plankton nutrients cycles. 

Hydrobiologia. 159, 27-40. 

Caron, D.A., P. G. Davis, L. P. Madin and J McN Sieburth (1982). Heterotrophic 

bacteria and bacterivorous protozoa in oceanic macroaggregates. Science. 218, 

795-797. 

213 



References 

Clarks, K.R. and R.N. Gorley (2001). PRIMER (Plymouth Routines In 

Mukltivariate Ecological Research) vs: User Mannual / Tutorial. 90pp. 

Clifford and Stephensen (1975). An Introduction to numerical classification. 

Academic press, New York, 225 pp 

Corliss, J .0. (1979). In The ciliated protozoa characterization, classification and 

guide to literature., Vol. 2nd
., 455 pp. Pregamon Press, New York. 

Cosper, E., and J.C. Stepien (1982). Phytoplankton-zooplankton coupling in the outer 

continental shelf and slope waters of the Mid Atlantic Bight, June 1979. In 

Council Meeting of the Internat. Coun. Explor. Sea. 25pp. Copenhagen, 

Denmark. 

Cushing, D.H. (1975). Marine ecology and fisheries. Cambridge University Press, 

Cambridge, 278. 

Cushing, D.H. (1989). A diflerence in structure between ecosystems in waters and in 

those that are only weakly stratified. J. Plank. Res. 11, 1-13. 

Daan, R. (1987). Impact of egg predation by Noctiluca miliaris on the summer 

development of copepod populations in the southern North sea. Mar. Ecol. 

Prog. Ser., 37, 9 - 17. 

Damodara Naidu, W. and K. Krishnamurthy (1985). Biogeographical distribution of 

tintinnids (Protozoa: Ciliata) from Porto Novo waters. Mahasagar, Bull. Nat. 

Inst. Oceanogr. Goa. 18 (3), 417-423. 

Desai, B.N and V. Kesava Das (1988). Oceanography of the EEZ of India, 40 years 

of research - a CSIR Overview, CSIR, New Delhi, 23 - 52. 

Devassy, V.P., P.M.A. Bhattathiri. and K. Radhakrishna (1983). Primary production 

in the Bay of Bengal during August 1977. Mahasagar - Bulletin of the 

National Institute of Oceanography, 16(4),443-447. 

Droop M.R. (1974). Heterotrophy of carbon. In: Stewart, W.D (ed). Algal physiology 

and biochemistry. University of California Press, Berkeley. 530 - 599. 

Droop M.R. (1959b). Water soluble factors in the nutrition of Oxyrrhis marina. 1. 

Mar. BioI. Ass. UK., 38, 605 - 620. 

214 



References 

Droop M.R. (1959b). Water soluble factors in the nutrition of Oxyrrhis marina. J. 

Mar. BioI. Ass. UK., 38, 605 - 620 

Ducklow, H. W. (1993). Bacterioplankton distribution and production in the 

northwestern Indian Ocean and Gulf of Oman, September 1986. Deep Sea 

Res. 11, 40, 753 - 771. 

Dumbar. M. J. (1960). The evolution of stability in marine environments. Natural 

selection at the level of Ecosystem. Amer. Nu/ur. 94, 129 - 136. 

Dussart, B.M. (1965). Les differentes categories de plankton. Hydrobiologia, 26, 72 

-74. 

Elbrachter, M. (1991). Food uptake mechanisms in phagotrophic dinoflagellates and 

classification, 303 - 312. In: the Biology of Free living Heterotrophic 

Dinoflagellates, DJ. Patterson and J Larsen (eds). Oxford, Clarendon Press. 

Eppley, R.W. and BJ. Peterson (1979). Particulate organic matter flux and 

planktonic new production in the deep sea ocean. Nature. 282, 677~680. 

Eigenheer, A., and D. Quadfasel (2000). Seasonal variability of the Bay of Bengal 

circulation inferred from TOPEXlPOSEIDON altimetry. J. Geophys. Res., 

105, 3,243~3, 252 .. 

Fenchel, T. (1982). Ecology of heterotrophic microflagellates. IV. Quantitative 

occurrence and importance as bacterial consumers. Mar. Ecol. Prog. Ser. 9, 

35~42. 

Fenchel, T. (1987). Ecology of Protozoa. The Biology of Free~living Phagotrophic 

Protists. Springer~ Verlag. Berlin, 197 p. 

Fenchel, T. (1988). Marine plankton fod chains. Annu. Rev. &01. Syst. 19, 19 - 38. 

Ferrier, C and F. Rassoulzadegan (1991). Density dependent effects of protozoans 

on specific growth rates in pico-and nannoplanktonic assemblages. Limnol. 

Oceanogr. 36, 657~669. 

Frost, B.W. (1991). The role of grazing in nutrient rich areas of the open sea. Limnol. 

Oceanogr. 36, 1616~ 1630. 

215 



References 

Fukami, K., A. Watanable., S. Fujitha., K. Yamoka and T. Nishijima (1999). 

Predation on naked protozoan microzooplankton by fish larvae. Mar. Eeol. 

Prog. Ser. 185,285 - 291. 

Gaines, G. and M. Elbrachter (1987). Chapter. 6, Heterotrophic nutrition., In FJ.R. 

Taylor (cd). In the biology of dinoflagellates: Blackwell Scientific 

Publications, Oxford, 224 - 268. 

Gaines, G. and FJ.R. Taylor (1984). Extracellular feeding in marine dinoflagellates. 

J Plank. Res. 6, 1057-1061. 

Garrison, D.L. (1991). An overview of the abundance and role of protozooplankton 

in Antarctic waters. J. Mar. Syst. 2, 317-331. 

Garrison, D.L., K.R. Buck and M.W. Silver (1984). Microheterotrophs in the ice

edge zone. J. U.S. 19, 109-111. 

Gast, V (1985). Bacteria as a food source for microzooplankton in the Schlei Fjord 

and Baltic Sea with special reference to ciliates. Mar. Eeol . Prog. Ser. 22, 

107-120. 

Gifford. D. J. (1985). Laboratory culture of manne planktonic oligotrichs 

(Ciliophora, Oligotrichida). Mar. Eeo!. Prog. Ser. 23, 257-267. 

Gifford, DJ. and MJ. Dagg (1991). The microzooplankton-mesozooplankton link: 

consumption of planktonic protozoa by the calanoid copepods Aeartia lonsa 

Dana and Neoca1anus plumchrus Murukawa. Mar. Mierob. Food Webs. 5, 

161-177. 

Gifford. DJ. and D.A. Caron. (2000). Sampling, preservation, enumeration and 

biomass of marine protozooplankton., ICES Zooplankton Methodology 

manual (eds) Harris R.P., Wiebe. P.H., Leiz. J., Skjoldal et ai, Academic 

Press, 193 - 213. 

Gilbert, P .M. (1982). Regional studies of daily, seasonal and size fraction variability 

in ammonium remineralization. Mar. Bioi. 70, 209-222. 

Gilron, G.L. and D. H. Lynn (1989). Assuming a 50% cell occupancy of the lorica 

overestimates tintinnine ciliate biomass. Mar BioI. 103, 413-416. 

216 



References 

Godantaraman, N. (2001). Seasonal variations in taxonomic composition, abundance 

and food web relationship of microzooplankton in estuarine and mangrove 

waters, Parangipettai region, south east coast of India. Indian J. Mar. Sci. 30, 

151-160. 

Godhantaraman, N and K. Krishnamurthy (1997). Experimental studies on food 

habits of tropical microzooplankton (prey~predator relationship). Indian J. 

Mar. Sci. 26,345-349. 

Godhantaraman, N. and S. Uye (2001). Geographical and seasonal variations in 

taxonomic composition, abundance and biomass of microzooplankton across a 

brackish-water lagoonal system of Japan. Journal of Plankton Research, 25 

(5),465-482. 

Gomes. H. R, Joaquim I. Goes. and Toshiro Saino (2000). Influence of physical 

process and freshwater discharge on the seasonality of phytoplankton regime 

in the Bay of Bengal. Cont. She. Res. 20, 313 - 330. 

Gopalakrishna. V. V. and J.S. Sastry (1985). Surface circulation over the shelf off the 

east coast of India during the southwest monsoon. Indian J. Mar. Sci. 14, 62 -

65. 

Gopinathan C. P. and Tbankappan Pillai (1975). Observations of some new records 

of Dinophyceae from the Indian seas., J. Mar. Bioi. Assn. of India. Cochin, 17 

(1), 177 - 186. 

Gordon N., D.L. Angel., A. Neori., N.Kress and B. Kimor (1994). Heterotrophic 

dinoflagellates with symbiotic cyanobacteria and nitrogen limitation in the 

Gulfof Aquaba. Mar. Eco. Pro. Ser, 107,83 -88 

Gran, M. M. (1933). Studies on the biology and chemistry of the Gulf of Maine. 11. 

Distribution of phytoplankton in August 1932. Bioi. Bull. (Woods Hole 

Mass.). 64, 159 - 182. 

Gran, M.M. and T. Braaurd (1935). A quantitative study of the phytoplankton in the 

Bay of Fundy and the Gulf of Maine (including observations on hydrography, 

chemistry fU}d mrbi4ity) . .f. Bioi. Board Can. 1,279-467. 

217 



References 

Guides, 29, 170. 

Hansen, P.J. (1991 a). Quantitative importance and trophic role of heterotrophic 

dinoflagellates in a coastal pelagic food web. Mar. Eco. Prog. Ser. 73,253-

261. 

Hansen, P.J. ( 1991 b). Dinophysis - a planktonic dinoflagellate genus which can act 

as a prey and a predator ofa ciliate. Mar. Eco/. Prog. Ser. 69, 201-204. 

Hansen, P.l. (1992). Prey size selection, feeding rates and growth dynamics of 

heterotrophic dinoflagellates with special emphasis on Gyrodiniwn spirale. 

Mar. Bioi. 114, 327-334. 

Hargraves, P.E (1981). Seasonal variations oftintinnids (Ciliophora:Oligotrichida) in 

Narragansett Bay, Rhode Island, U.S.A. J. Plank. Res. 3, 81-91. 

Harrison, W.G. (1980). Nutrient regeneration and primary production in the sea. 433-

460pp. 

Hass, L. W. and K.L. Webb (1979). Nutritional mode of several non-pigmented 

flagellates from the York River Estuary, Virginia. J. Expl. Mar. Bioi. Eco/. 39: 

125-134. 

Hastenrath, S. and P. Lamb (1979). Climatic Atlas of the Indian Ocean, Part 1: 

Surface climate and Atmospheric circulation, 273 pp., Univ. of Wisc. Press, 

Madison. 

Hedin, H. (1974). Tintinnids on the Swedish west coast. Zoon. 2, 123-133. 

Heinbokel, J.F. (1978 b). Studies on the functional role oftintinnids in the southern 

California Bight. I. Grazing and growth rate in laboratory culture. Mar. Bioi. 4 

(2),177-189. 

Heinbokel, J.F. (1978a). Studies in the functional role of tintinnids in the Southern 

California Bight. 11. Grazing rates of field populations. Mar. Bioi. 47, 191-

197. 

Heinle, D.R., R.P. Harris., J.F. Ustach and D.A. Flemer (1977). Detritus as food for 

estuarine copepods. Mar. BioI. 40,341-353. 

218 



References 

Hewes, C.D., O. Holm-Hansen., E. Sakshaug (1985). Alternate carbon pathways at 

lower trophic levels in the Antarctic food web. In: Antarctic nutrient cycles 

and food webs. (ed. W. R. Siegfried, Condy, R.R. and Laws, R.M.). 277-283: 

Springer-Veriag, Berlin. 

Ittekkot V., B. Haake, M. Bartsch., R.R. Nair and V. Ramaswamy (1992). Organic 

carbon removal in the sea: the continental connection. In: C. P. summerhayes, 

W.L. Prell and K. C. Emeis (Eds). Upwelling systems: Evolution since the 

Early Miocene, Geol. Soc. Spec. Publ., 64, 167 - 176. 

Ittekot, V., R.R. Nair, S. Honjo., V. Ramaswami (1991). Enhanced particle fluxes in 

Bay of Bengal induced by injection of freshwater. Nature, 351, 385 -

387. 

Jacobson, D.M and D.M. Anderson (1986). Thecate heterotrophic dinoflagellates: 

feeding behaviour and mechanics. J. Phycol. 22, 249-258. 

James, M.R. and J.A. Hall (1998). Microzooplankton grazing in different water 

masses associated with the Subtropical convergence round the South island, 

New Zealand. Deep Sea Res. 1. 45, 1689-1707. 

Johansen, P.L. (1976). A study oftintinnids and other protozoa in Eastern Canadian 

waters with special reference to tintinnid feeding, nitrogen excretion and 

reproductive rates., Ph. D Thesis, Halifax, N.S.: Dalhousie University. 

Johnson, P.W. and Xu H-S, Sieburth JMcN (1982). The utilization of Chrococcoid 

cyanobacteria by marine protozooplankton but not by calanoid copepods. Ann. 

Inst. Oceanogr., Paris. 58, 297-308. 

Johnson, P.W. and Sieburth JMcN (1979). Chrococcoid cyanobacteria in the sea: a 

Ubiquitous and diverse phototrophic biomass. Limnol. Oceanogr. 24, 1928-

1935. 

Johnsson, P.R. (1987). Photosynthetic assimilation pf inorganic carbon in marine 

oligotrich ciliates (Ciliophora, Oligotrichina). Mar. Microb. Food Webs. 2, 55-

68. 

219 



References 

Jorgensen, E. (1924). Mediterranean Tinitinnidae. Rep. Dan. Ocenogr. Exped. 

Mediterr. 2, 1-110. 

Jyothibabu. R, N. V. Madhu., P. A. Maheswaran., K.K.C. Nair P. Venugopal and T. 

Balasubramanian (2003). Dominance of dinoflagellates in microzooplankton 

community in the oceanic regions of the Bay of Bengal and the Andaman Sea, 

Curr. Sci. 84, 1247 - 1253. 

Kabanova, J.J. (1964). Primary production and nutrient salt content in the Indian 

Ocean waters in Oct - Aapr. 1960/61. Trud. Inst. Oceanol. 64, 85 - 93. 

Kabanova, Vu. G. (1968). Primary production of the northern part of the Indian 

ocean. Oceanology, 8, 214 - 225. 

Karen, A. Steidinger and Jean Williams (1970). Memoirs of the hourglass cruises -

Dinoflagellates, Marine research Laboratory, Florida, 11, 249 pp. 

Kimor, B. (1981). The role of phagotrophic dinoflagellates in marine ecosystems. 

Kieler Meeresforsch. Sonderh. 5, 164 - 173. 

Kimor, B. and B. Golandsky (1977). Microplankton of the Gulf of Elat: Aspects of 

seasonal and bathymetric distribution. -Mar BioI. 42, 55-67. 

Kimor. B. (1979). Predation by Noctiluca miliaris Souriray on Acartia tonsa Dana 

eggs in the inshore waters of southern California. Limnol. Oceanogr., 24, 568 

-572. 

Klein Bretler, W.C.M. (1980). Continuous breeding of marine pelagic copepods in 

the presence of heterotrophic dinoflagellates. Mar. Ecol. Prog. Ser. 49, 141-

231. 

Kofoid, C.A. and A.S. Campbell (1904). Reports on the scientific results of the 

expeditions to the Eastrn Tropical Pacific, in charge of Alexander Agassiz, by 

U.S. Fish Commisssion Steamer "Albatross", from October 1904 - March 

1905, Lieut. Commander L.M. Garrett, V.S.N. commanding. 37. The Ciliata: 

the Tintinnoinea. Bull. Mus. Comp. Zool. Harvard. 84, 1-473. 

220 



References 

Krey, J. and B. Babenerd (1976). Phytoplankton production. Atlas of the Indian 

Ocean Expedition. Inst. F. Meereskunde, Uni. Kiel. 70 pp. 

Krey, 1. (1973). Primary production in the Indian Ocean!. In The Biology of the 

Indian Ocean (ed. Zeitzschel), Springer Verlag, Berlin. 115 - 126. 

Krishnamurthy, K. and R. Santhanam (1975). Ecology of Tintinnids (protozoa: 

Ciliata) on Porto Novo Region. India J. Mar. Sci. 4, 181-184. 

Krishnamurthy, K. and R. Santhanam (1978). Dictyocysta seshayaii sp. novo 

(Protozoa: Ciliata) from Porto Novo. Arch. Protistenkd. 120 (1-2), 138-141. 

Krishnamurthy, K. and Damodara Naidu (1977). Swarming of tintinnids (Protozoa: 

Ciliata) in Vellar estuary. Curr. Sci. 46,384. 

Krsinic, F. (1982). On vertical distribution of tintinnines (Ciliata, Oligotrichida, 

Tintinnina) in the open waters of the South Adriatic. Mar. Bioi. 68, 83-90. 

La Fond, E.C and J.S. Sastry (1957). Turbidity of waters of the east coast of India. 

lndian J. Meteor. And Geophy. 8, 183 - 192. 

Landry, M. R., S.L Brown., L. Campbell., J. Constantinou and H. Liu (1998). Spatial 

patterns in phytoplankton growth and microzooplankton grazing in the 

Arabian Sea during monsoon forcing. Deep Sea Res. IJ. 45, 2353-2368. 

Landry, M.R. and R.P. Hasset (1982). Estimating the grazing impact of marine 

microzooplankton. Mar. Bioi. 67, 283-288. 

Landry, M.R., Constantinou, 1. and 1. Kirshtein (1995). Microzooplankton grazing in 

the central equatorial Pacific during February and August (1992). Deep Sea 

Res. 1I. 42 (2-3), 657-671. 

Landsberg, H.E., Lippmann, H., PatTen, K.H. and C. Troll (1966). World maps of 

climatology, Berlin: Springer 

Laval-Peuto, M. and M. Febvre (1986). Identification and systematicss of the 

tintinnid (Ciliophora, Oligotrichina) Biosystems. 19, 137-158. 

Leakey, R.J.G., P.H. Burkill and M.A. Sleigh. (1994). Ciliate growth rates from 

Plymouth sound: comparison of direct and indirect estimates. J. Mar. Bioi. 

Assoc. UK. 74, 849-861. 

221 



References 

Lcakey, R.J.G., P.H. Burkill and M.A. Sleigh (1996). Planktonic ciliates in the 

northwestern Indian Ocean: their abundance and biomass in waters of 

contrasting productivity. J. Plank. Res. 18, 1063 - 1071. 

Lee R.E. (1977). Saprophytic and phagotrophic isolates of the colourless 

heterotrophic dinoflagellates Gymnodinium lebouriae Herdman. J. Mar. Bio/. 

Ass. UK., 57, 303 - 315. 

Lessard, EJ and E. Swift (1985). Species specific grazing rates of heterotrophic 

dinoflagellates in oceanic waters, measured with a dual labeled radioisotope 

technique. Mar. BioI. 87, 289 - 296. 

Lessard, EJ. (1991). The trophic role of heterotrophic dinoflagellates in diverse 

marine environments. Mar. Microb. Food Webs. 5,49-58. 

Levy, M., Visbeck. M and N. Naik. (1999). Sensitivity of primary production to 

different eddy parameterizations: a case study of the spring bloom 

development in the northwestern Mediterranean Sea. J. Mar.Res., 57, 427 -

448. 

Li, W.K.W., D.V. Subba Rao., W.G. Harrison., J.C. Smith., JJ. Cullen., B. Irwin and 

T. Platt (1983). Autotrophic picoplankton in the tropical Ocean. Science. 219, 

292-295. 

Lohmann, H. (1908). Untersuchungen Zur Feststellung des Vollstandigen Gehaltes 

des Meeres, an Plankton. Wiss. Meeresunters. Abt. Kiel. N.F. 10, 131-170. 

Lynn, D.H. and DJ.S. Montagnes (1991). Global production of heterotrophic marine 

planktonic ciliates . In: Protozoa and Their role in marine Processes. NATO 

ASI Series, Vol. G 25. 506p (P.C. Reid, C.M. Turley, and P.H. Burkill, Eds.) 

p.281-307. 

Lyon, D.H., DJ.S. Montagnes and E.B. Small (1988). Taxonomic descriptions of 

some COnspiCUOUS speCIes ID the Family Strombidiidae 

(Ciliphora:Oligotrichida)from the Isles of Shoals, Gulf of Maine. J. Mar. 

Bioi. Assoc. UK. 68, 259-276. 

222 



References 

Lynn, D.H., DJ.S. Montagncs, T. Dale, G.L. Gilron, and S.L. Strom (1991). A 

reassessment of the genus Strombidinopsis (Ciliophora, Choretrichida) with 

description of four new planktonic species and remarks on its taxonomy and 

phylogeny. J Mar. BioI. Assoc. u.K. 71,597-612. 

Madhu, N. V, Maheswaran, P. A., Jyothibabu, R., Revichandran, C., T. 

Balasubramanian, Gopalakrishnan, T.C and Nair, K.K.C (2001). Enhanced 

biological production off Chennai triggered by October 1999 super cyclone 

(Orissa). Curr. Sei., 82 (12), 1472-1479 .. 

Madhupratap, M., T.C. Gopalakrishnan., P. Haridas., K.K.C. Nair., P.N. 

Aravindakshan, G. Padmavati and Shiney Paul (1996). Lack of seasonal and 

geographic variation in mesozooplankton biomass in the Arabian Sea and its 

structure in the mixed layer. Current Science, 71 (11), 863-868. 

Madhupratap, M. and Haridas (1990). Zooplankton, specially calanoid copepods in the 

upper 1000m of the south Arabian Sea. J Plank.Res. 12,305 - 321. 

Madhupratap, M., K.N.V. Nair., T.C. Gopalakrishnan., P. Haridas., K.K.C. Nair, P. 

Venugopal and G. Mangesh (2001). Arabian Sea oceanography and fisheries 

of the west coast of India. Curr. Sei. 81(4),355-361. 

Madhupratap, M., S. Prasanna Kumar., P.M.A. Bhattathiri., M. Dileep Kumar., S. 

Raghukumar, K.K.C. Nair and N. Ramaiah (1996). Mechanism of the blogical 

response to winter cooling in the northeastern Arabian Sea. Nature, 384, 549-

552. 

Madhupratap. M and A. H. Parulekar (1993). Biological Processes of Northern 

Indian Ocean., In (eds). Ittekkot. V and Nair. R. R., Monsoon 

Biogeochemistry, SCOPEIUNEP Sonderband, 76, 51 - 83. 

Madhupratap. M., M. Gauns., N. Ramaiah., S. Prasanna Kumar., P.M. 

Muraleedharan., S.N. de Douza., S. Sardesai and Usha Muraleedharan. (2003). 

Biogeochemistry of Bay of Bengal: physical, chemical, and primary 

productivity characteristics of the central and western Bay of Bengal during 

summer monsoon 200 I. Deep Sea Res. /I, 50, 881 - 886. 

223 



References 

.Maeda, M. (1986). An illustrated guide to the species of the family Halteridae and 

Strombilidae (Oligotrichida, Ciliophora), free swimmning protozoa common 

in the aquatic environment. Bull Ocean Res. Inst. Univ. Tokyo. 21, 67p. 

Maeda, M and P.G. Carey (1985). An illustrated guide to the species of the family 

Strombidiidae (Oligotrichida, Ciliophora), free-swimming protozoa common 

in the aquatic environment. Bull. Ocean Res. Inst. Univ. Tokyo. 19, 68p. 

Malone, T.C (1980). Size fractionated primary productivity of marine phytoplankton. 

Primary Productivity in the Sea. In: P.G. Falkowski, Ed., Plenum, New York, 

301-319. 

Mangesh G. (2000). Role of microzooplankton in the food chain dynamics of some 

tropical environments., Ph. D thesis, Goa University, India, 210 pp .. 

Mangesh G., R. Mohanraju and M. Madhupratap (1996). Studies on the 

microzooplankton from the central and eastern Arabian Sea, Curr. Sci. 71 

(11),874 - 877. 

Margalef, R. (1951). Diversidad de especies en Cominudabes naturals, Pro. Ins. BioI. 

Appl. 9., 5-27. 

Margulis, L. (1974). Five - kingdom classification and the origin and evolution of 

cells. In: Evolutionary Biology. 7, 45-78. 

Marshall, S.M. (1969). Protozoa. Order Tintinnida. Cons. Int. Expior.Mer. Fiches 

Ident. Zooplankton. Fiche 117-127. 

Marshall, S.M. (1973). Respiration and feeding in copepods. Adv. Mar. Bioi. 11,57-

120. 

McGiIlicudy, D. J, and A.R. Robinson. (1997). Eddy induced nutrient supply and 

new production in the Sargasso Sea. Deep Sea Res., Part J, 44, 1427 - 1449. 

Miller, C.B. (1993). Pelagic production processes in the Subarctic Pacific. Prog. 

Oceanogr. 32, 1-15. 

Milliman, J.D. and R.H. Maeda, (1983). Worldwide delivery of river sediments to the 

oceans. J. Geol. 21, 1-21. 

224 



References 

Morril. L., and Loeblich A.R.I 11 , (1979). An investigation of heterotrophic and 

photoheterotrophic capabilities in marine Pyrropbyta, Phycologia, 18, 394 -

404. 

Murty, V.S.N., Gupta. G.V.M., Sanna.V.V., Rao. B.P., Jyothi. D., Shastry, P.N.M., 

Supravena, Y., (2000). Effect of vertical stability and circulation on the depth 

of the chlorophyll maximum in the Bay of Bengal during May - June, 1996. 

Deep Sea Res. 1.47,859 - 873. 

Murty. C.S. and V.V.R Varadachari (1968). Upwelling along the east coast of India. 

Bulletin o/National Institute o/Sciences. India, 36 (1),80 - 86. 

Nair, K.K.C., M. Madhupratap., T.C. Gopalakrishnan., P. Haridas and G. Mangesh 

(1999). The Arabian Sea: Physical Environment, zooplankton and myctophid 

abundance. Indian Journal o/Marine Sciences, 28, 138-145. 

Nair, S. R. S., V.R. Nair., C.T. Achuthankutty and M. Madhupratap (1981). 

Zooplankton composition and diversity in the western Bay of Bengal. J 

Plankton Res. 3, 493 - 508. 

Nair, V. R., G. Peter and V.T. Paulinose (1977). Zooplankton studies in the Indian 

Ocean , from the Bay of Bengal during southwest monsoon period. 

Mahasagar - Bull. Natn. Inst. Oceanogr. 10, 45 - 54. 

Nakamura Y., Yamazaki Y. and Hiromi. J., (1992). Growtha and grazing of a 

heterotrophic dinoflagellate Gyrodinium dominas, feeding on a red tide 

flagellate, chattonella antiqua Mar. Ecol.Prog. Ser., 82, 275 - 279. 

Naqvi, S.W.A and M.S. Shailaja (1993). Activity of the respiratory electron transport 

system and respiration rates with in the oxygen minimum layerof the Arabian 

Sea Deep - Sea Res. II, 40: 687 - 695. 

Naqvi, S.W.A., and S. Naik (1983). Calcium : Chlorinity ratio and carbonate 

dissolution in the northwestern Indian Ocean. Deep Sea Res., 30, 381 - 392. 

Naqvi, S.W.A., S.N. de Souza., S.P. Fondekar and C.V.G. Reddy (1979). 

Distribution of dissolved oxygen in the western Bay of Bengal. Mahasagar -

Bull. Natn. Inst. Oceanogr. 12, 25 - 34. 

225 



References 

Nival, P. and S. Nival (1976). Particle retention efficiencies of herbivorous copepod 

Acartia claus; (adult and copepodite stages): effecs of grazing. L;mnol. 

Oceanogr. 21: 24 - 38. 

Norris (1967). Algal consortia in marine plankton. In: Krishnamurti, V (ed) In: 

Proceedings for the seminar on sea, salt and plants, 1965. Central Salt and 

Marine Chemistry Institute Bhava Nagar, India. 178 -189. 

Norris, D.R. (1969). Possible phagotrophic feeding in Ceratium linula Schimper. 

Limnl. Oceanogr., 14,448 - 449. 

Odum. E.P. (1971). Fundamentals of Ecology. Holt Saunders. International Editions. 

Oschiles, A., and Garcon., (1998). Eddy induc~ enhancement of primary production 

in a model of north Atlantic Ocean, Nature, 394, 266 - 269. 

Pace, M. L. and J.O. Orcutt. Jr. (1981). The relative importance of protozoans, 

rotifer, and crustaceans in a freshwater zooplankton community. Limnol. 

Oceanogr.26,822-830. 

Paine R.T (1966). Food web complexity and species diversity. Amer. Natur, 100. 65 

-76. 

Pankajakshan. T., V.V.Gopalakrishna., P.M. Muralecdharan., G.V. Reddy.,. 

N.Araligidad and S. Shenoi (2002). Swface layer temperature inversion in the 

Bay of Bengal. Deep Sea Res. I, 49, 1801 - 1818 . 

. Paranjape, M.A. (1990). Microzooplankton herb ivory on the Grand Bank 

(Newfoundland Canada): A seasonal study. Mar. Bioi. 107, 321-328. 

Parsons, T. and Kessler, T.A. (1986) computer model analysis of pelagic ecosystems 

in estuarine waters. In the role of freshwater outflow in coastal manne 

ecosystems (cd. S. skrestet), Springer Verlag, Berlin, 161 - 182. 

Patten E.C. (1962). Species diversity in net phytoplankton of Bariton Bay. J. 

Mar.Res. 20, 55 -75. 

Pickard, G.L and WJ. Emery (1982). Descriptive Physical Oceanography: An 

Introduction 4th Edition, Pergamon Press Ltd, Headington Hill Hall, Oxford, 

England, 249pp. 

226 



References 

Pielou E.C. (1966a). Species diversity and pattern diversity in the study of ecological 

succession. J. Theor. BioI. 10.370 -383. 

Pielou E.C. (1966b). The measurement of diversity in different types of biological 

collections. J. Theor. Bioi. 13, 131 - 144. 

Pierce, R.W. and J.T. Turner (1992). Ecology of planktonic ciliates in marine food 

webs. Rev. Aqu. Sci. 6, 139-181. 

Platt, T. (1983). Autotrophic picoplankton in the tropical ocean. Science. 219,290-

295. 

Pomeroy, L.R. (1974). The ocean's food web, a changing paradigm. Bio Science. 24: 

499-504. 

Porter, K.G., M.L. Pace and J.F. Battery (1979). Ciliate protozoans as links in 

freshwater planktonic food chains. Nature. 277, 563-565. 

Porter, K.G., E.B. Sherr., B.F. Sherr, M. Pace and R.W. Sanders (1985). Protozoa in 

planktonic food webs. J. Protozool. 32, 409-415. 

Prasad, R.R. (1956). Further studies on the plankton of the nearshore waters off 

Mandapam. Indian J. Fish. 3, 1-42. 

Prasanna Kumar, S., P. M. Muraleedharan., T.G., Prasad. M.Gauns., N. Ramaiah., 

S.N.de Souza. S. Sardesai and M. Madhupratap (2002). Why is the Bay of 

Bengal less productive during summer monsoon compared to the Arabian Sea 

Geoph. Res. Let. 29. 

Probyn, T.A. (1987). Ammonium regeneration by microplankton in an upwelling 

environment. Mar. Ecol. Prog. Ser. 37,53-64. 

Putt. M. and D.K. Stoecker (1989). An experimentally determined carbon: volume 

ratio for marine 'oligotichous' ciliates from estuarine and coastal waters. 

Limnol. Oceanogr. 34, 1097-1103. 

Qasim, S.Z., (1977). Biological productivity of the Indian Ocean. Indian. Journal of 

Mar. Sci.6, 122 -137. 

Radhakrishna. K. (1978b). Primary productivity of Bay of Bengal during march -

April 1975, Indian J. Mar. Sci. 7, 58 - 60. 

227 



References 

Radhakrishna. K., P.MA. Bhattathiri and V.P. Devassy (1978a). Primary 

productivity of Bay of Bengal during August - September 1976. Indian J. 

Mar. Sci. 7,. 94 - 98. 

Ramage, C.S. (1984). Climate of the Indian Ocean north of 13°S. In world Survey of 

climatology, 15: Climates of the Oceans, H.Van loon (ed). Amsterdam: 

EIsevier Scientific, 603 - 59. 

Ramaiah, N., S. Raghu Kumar and M. Gauns (1996). Bacterial abundance and 

production in the central and eastern Arabian Sea. Curr. Sei. 71, 878- 882 

Rao C.K., S.W.A. Naqvi., M.D. Kumar., SJ.D. Varaprasad D.A. Jayakumar. M.D. 

George. S.Y.S. Singbal (1994). Hydrochemistry of Bay of Bengal: Possible 

reasons for a different water column cycling of carbon and nitrogen from the 

Arabian Sea. Mar. Chem. 47, 279 - 290. 

Rao R. R., Molinari, R. L. and Festa, J.F., 1989. Evolution of the Climatological 

Near-Surface Thennal Structure of the Tropical Indian Ocean, 1: Description 

of Mean Monthly Mixed Layer Depth, Sea Surface Temperature, Surface 

Current and Surface Meteorological Fields. J. Geophys. Res., 94. 10,801-

10,815 

Rao, D. P and J.S. Sastry (1981). Circulation and distribution of hydrographic 

properties during the late winter in the Bay of Bengal, Mahasagar - Bull. 

Natn. Inst. Oeeanogr. 14, 1- 15. 

Rao, Y.P. (1981). The climate of the Indian subcontinent. In world survey of 

climatology, 9, Climate of the southern and western Asia, K. Takahashi and h. 

Arakawa (eds). Amsterdam: Elsevier Scientific, 67 - 119. 

Rassoulzadegan, F and J. Gostan (1976). Repartitions des cilies pelagiques dans les 

eaux de Villefranche - sur - Mer. Remarques sur la dispersions du micro -

zooplankton en mer et al interieur des echantillons denombrs par la methode d 

Untermohl. Annl. Inst. Oceanogr., Paris. 

Rassoulzadegan, F. and M. Etienne (1981). Grazing rate of the tintinnid StenosemeJla 

ventricosa (Clap & Lachm.) Jorg. On the spectrum of naturally occurring 

228 



References 

particulate matter from a Mediterranean neritic area. Limnol. Oceanogr. 26: 

258-270. 

Rassoulzadegan, F., M. Laval-Peuto and R.W. Sheldon (1988). Partitioning of the 

food ration of marine ciliates between pico- and nanoplankton. Hydrobiogia. 

159, 75-88. 

Revelante, N. and M. Gilmartin (1983). Microzooplankton distribution in the 

Northen Adriatic Sea with emphasis on the relative abundance of ciliated 

protozoans. Oceanol Acta. 6, 407-415. 

Riley, G.A., D. Van Hemert and PJ. Wangersky (1965). Origin of aggregates in 

surface and deep waters of the Sargasso Sea. Limnol. Oceanogr. 10,354-363. 

Rivier.A. D., C. Brownlee, R.W. Sheldon and F. Rassoulzadegan (1985). Growth of 

microzooplankton: a comparative study of bacterivorous zooflagellates and 

ciliates. Mar. Microb. Food Webs. 1,51-60. 

Robertson, J .R. (1983). Predation by estuarine zooplankton on tintinnids cililiates. 

Estuarine Coastal ShelfSci. 25, 581-598. 

Ryther, J.H., J.R. Hall, A.K. Pease A .. Bakun and M.M. Jones (1966). Primary 

organic production in relation to the chemistry and hydrography of the 

western Indian Ocean. Limnol. Oceanogr. 11, 371-380. 

Sanders H. L. (1968). Marine benthic diversity, a comparative study. A mer. Natw. 

102. 243 - 282. 

Sanil Kumar, K.V., T.V. Kuruvilla., D. Jogendranath and Rao, R.R., (1997), Deep-Sea Res. 

I, 44, 135-145. 

Sankaranarayanan, V. N. and C.V.G. Reddy (1968). Nutrients in the northwestern 

Bay of Bengal. Bull. Natnl.Inst. Sci., India. 38, 148 -163. 

Santhan~ R., Srinivasan, A., Ramadhas, V. and Devaraj, M. (1994). Impact of 

Trichodesmium bloom on the plankton and productivity in the Tuticorin bay, 

southeast coast of India. Indian Journal of Marine sciences, 23, 27-30. 

229 



References 

Sekiguchi H. and T. Kato (1976). Influence of Noctiluca's predation on the acartia 

population of Ise Bay, Central Japan. J. Oceanogr. Soc. Japan, 32, 195 -

198. 

Sen Gupta, R., S.N de Souza and T. Joseph (1977). On nitrogen and phosphorous in 

the western Bay of Bengal. Indian J. Mar. Sci, 6 107 - 110. 

Sen Gupta, R. and S.W.A Naqvi (1984). Chemical oceanography of the Indian 

Ocean, North of the equator. Deep Sea Research, 31A (6-8),671-706. 

Shannon, C.E. and W. Weaver (1963). The mathematical theory of communication. 

University of Illinois Press, Urbana. Illinois, 

Sherr, E. and B.F. Sherr (1988). Role of microbes in pelagic food webs: a revised 

concept. Limnof. Oceangr.33, 1225-1227. 

Sherr, E.B., B.F. Sherr and G.-A. Paffenhofer (1986a). Phagotrophic protozoa as 

food for metazoans: a "missing" tropic link in marine pelagic food web? Mar. 

Micob. Food Webs. 1, 61-80. 

~herr. E.B. and B.F. Sherr (1987). High rates of consumption of bacteria by pelagic 

ciliates, Nature. 325, 710-711. 

Shetye, S.R., Gouveia, A.D., Shenoi, S.S.C., Sundar, D., Michael, G.S., and 

Nampoothiri, G. (1993). The western boundary current of the seasonal sub

tropical gyre in the Bay of Bengal. J. Geophys. Res. 98, 945-954. 

Shetye, S.R., S.S.C. Shenoi., A.D. Gouveia, G.S. Michael, D. Sundar and G. 

Nampoothiri ( 1991 ). Wind driven coastal upwelling along the western 

boundary of the Bay of Bengal during southwest monsoon. Cont. Shelf Res. 

11, 397 - 408. 

Sieburth, J. McN., V. Smetacek and J. Lenz (1978). Pelagic ecosystem structure: 

heterotrophic compartments of the plankton and their relationship to plankton 

size fractions. Limnol. Oceanogr.23, 1256-1263. 

Sieburth, J.M.C.N. and P.G. Davis (1982). The role of heterotrophic nannoplankton 

in the grazing and nurtuting of planktonic bacteria in the Sargasso and 

Caribbean Sea. Ann. Inst. Oceanogr., Paris. 58 (S), 285-296. 

230 



References 

Silver, M.W. and A.L. Alldredge (1981). Bathypelagic marine snow: deep sea algal 

and detrital community. 1. Mar. Res. 39,501-530. 

Silver, M.W., M.M. Gowing, D.e. Brownlee and J.O. Corliss (1984). Ciliated 

protozoa associated with sinking detritus. Nature, 309, 246-248. 

Simpson E.H (1949), Measurement of diversity. Nature, 163, 688. 

Small, E.B. and D.H. Lynn (1985). Phylum Ciliphora Doflein, 1901, 393-575.ln: An 

Illustrated Guide to the Protozoa, (J.1. Lee, S.H. Hutner, and E.C.Bovee, Eds.) 

Society of Protozoologists, Lawrence, KS. 393-575pp. 

Smetacek, V. (1981). The annual cycle of protozooplankton in the Kiel Bight. Mar. 

Bioi. 63, 1-11. 

Snedecor, G.W and W.G. Cochran (1967). Statistical methods, 6th edition, Oxford 

and IBH Publishing company, New Delhi. 535 pp. 

Sorokin, Y.L. (1981). Microheterotrophic organisms in marme ecosystems. In: 

Analysis of marine ecosystems. (ed. A. T. Longhurst), 293-342. New York. 

Academic Press. 

Sorokin, Y.L., A.1. Kopylev and N.V. Mamaeva (1985). Abundance and dynamics of 

microzooplankton in the central tropical Indian Ocean. Mar. &0. Progr. Ser. 

24,27 -41. 

Spero. HJ., and Moree M.D., (1981). Phagotrophic feeding and its importance to the 

life cycle of a holozoic dinoflagellate, Gymnodinium fungifonne. 1. Phyco/., 

1-7,43-51. 

Spero. H.1.(1982). Phagotrophy in Gymnodinium fungiforme (Phyrrophyta): the 

peduncle as an organelle of ingestion 1. Phycol., 18,356 - 360 . 

. Stoecker, D. K. (1988). Are. Marine planktonic ciliates suspension feeders? 1. 

Protozool. 35, 252-255. 

Stoecker, D.K. and D.A. EglofT (1987). Predation by Acartia tonsa Dana on 

planktonic ciliates and rotifers. 1. Expl. Mar. Bioi. Eco/. 110, 53-68. 

Stoecker, D.K. and J.1. Govoni (1984). Food selection by young larval gulf 

menhaden (Brevoortia patronus). Mar. BioI. 80, 299-306. 

231 



References 

Stoecker, D.K. and J .M. Capuzzo (1990). Predation on protozoa: its importance to 

zooplankton. J. Plankton Res. 12: 891-908. 

Stoecker, D.K., P.G. Verity, A.E. Michaels and Davis. (1987b). Feeding by larval 

and post larval ctenophores on microzooplankton. J. Plank. Res. 198, 67 - 68. 

Stoecker, D.K., A.E. Michaels and L.H. Davis (1987c). Large proportion of marine 

planktonic ciliates fOWld to contain functional chloroplasts. Nature. 326, 

790-792. 

Stoecker, J.G. and N.J. Antia (1986). Algal picoplankton from marine and freshwater . 
ecosystems: a multidisciplinary perspective. Can. J. Fish. Aquat. Sci. 43, 

2472-2503. 

Strickland, J. D. H. and T. R. Parsons (1972). In A Practical Handbook of Sea water 

Analysis, Bull. Fish. Res. Board Can., ,2nd edn, 167, 310. 

Strom, S and EJ Buskey. (1991). Grazing rates and swimming behaviours of 

somethecate heterotrophic dinoflagellates. In. Proceedings of the Zooplankton 

Ecology Symposi~ Appleton, Wisconsin, 24 - 29, Bull. Mar.Sci. 

Subramanyan, R. (1971). The Dinophyceae of the Indian Seas, Memoir 11, Part 2, 

Family Peridineacae, Marine Biological Association of India, Cochin, India. 

Sujata Mishra and R. C. Panigrahi (1999). The tintinnids (Protozoa: Ciliata of the 

Bahuda estuary, east coast of India. Indian. J. Mar. Sci. 28, 219-221. 

Sundara Raman, K.V. and Sreerama Murty, (1968). Transparencey measurements 

along some typical sections of of Malabar and Coromandel coasts. Bull. Natn. 

Inst. Sci. India, 38,277 - 283. 

Suryanarayana, A. (1988). Effect of wind and freshwater discharge on hydrography 

and circulation of western Bay of Bengal. Ph.D thesis, Andhra University, 

Waltair. 

Suryanarayana, A., V.S.N. Murthy and D.P Rao. (1993). Hydrography and 

circulation of Bay of Bengal during early winter 1983. Deep Sea Res. 40, 205 

-217. 

232 



References 

Suryanarayana, A., V.S.N. Murty., Y.V.B Sanna., M.T. Babu., D.P. Rao and I.S. 

Sastry (1991). Hydrographic features of the western Bay of Bengal in the 

upper 500m under the influence NE and SW monsoons. In Oceanography of 

the Indian Ocean, B.N. Desai (cd.) New Delhi: Oxford & IBH Publishing, 

595-604. 

Suzuki, T. and A .. Taniguchi (1998). Standing crops and vertical distribution of four 

groups of marine planktonic ciliates in relation to phytoplankton chlorophyll 

a. Marine Biology, 132,375-382. 

Swallow, 1.C. (1983). Eddies in the Indian Ocean, in Eddies in Marine science, A.R .. 

Robinson,( cd). Springer - Verlag, Berlin, 200 - 218. 

Taniguchi, A. and R. Kawakami (1983). Growth rates of ciliate Eutintinnus 

lususundae and Favella taraikaesis observed in laboratory culture 

experiments. Bull. Plankton Soc. Jpn. 30( 1), 33-40. 

Taylor, F. J. R (1976), Dinoflagellates from the Indian Ocean expedition - A report 

on the material collected by the R. V. 'Anton Bruun', 1963 - 1964. Insttitute 

of Oceanography and Department of Botany, University of British Columbia, 

Vancouver, Canada. 

Taylor, F. 1. R. (1987). Ecology of dinoflagellates: A general and marine ecosystems. 

In: Taylor, F.J.R (ed). The biology of dinoflagellates. Blackwell Scientific 

Publ, Oxford. p. 399 - 501. 

Tay I or, W.D. (1978). Maximum growth rate and commonness in a community of 

bacterivorous ciliates. Ocealogia. 36, 263-272. 

Taylor. F.J.R., (1982)., Symbiosis in marine microplankton Annls Inst. Oceanogr., 

Paris S8, 61 - 90. 

Taylor. FJ.R., (1990)., Symbiosis in manne protozoa. In.Capriulo, G.M (ed). 

Ecology marine protozoa, Oxford University press. P. 124 - 140. 

Tumantseva, N.I. (I 983a). Ecology of tintinnids from the Equatorial Pacific and 

coastal Peruvian region. Oceanol. Acad. Sci. USSR. 23 (2), 224-248. 

233 



References 

Tumantseva, N.I. (1983b). Ecology of tintinnids from the Equatorial Pacific and the 

Peruvian coastal area. Okenanologiya. 22 (2), 325-331. 

Turley, C. M., R. C. Newell and D.B. Robins (1986). Survival strategies of two small 

marine ciliates and their role in regulating bacterial community structure under 

experimental conditions. Mar. Ecol. Prog. Ser. 33, 59-70 . 

. Uhling, G and G. Sahling (1990). Long term studies on Noctiluca scintillans in the 

German Bight. Population dynamics and red tide phenomena 1968 - 1998. 

Neth. J. Sea Res., 25, 101 - 112. 

UNESCO (1994), Protocols for the Joint Global Ocean Flux Study (lGOFS), Core 

Measurements, 10C Manuals and guides, 29, UNESCO, Paris, pp.170. 

Uye, S. (1982), Population dynamics and production of Acartia clausi Giesbrecht 

(Copepoda: Calanoida) in inlet waters. J. Exp. Mar. Bioi. Ecol., 57,55 - 83. 

Varkey, M. 1., V.S.N. Murthy and A. Suryanarayana (1996). Physical Oceanography 

of Bay of Bengal, Oceanography and Marine Biology, an Annual Review, 

UeL press, 1 - 70 

Venkateswaran, S.V. (1956). On evaporation from the Indian Ocean. Indian j. 

Meleorol. Geophy. 7, 265-284. 

Verity, P.G. (1985). Grazing, respiration, excreation and growth rates of tintiinids. 

Limnol. Oceanogr. 30, 1268-1282. 

Verity, P.G (1986a). Grazing on phototrophic nanoplankton by microzooplankton in 

Narragansett Bay, Rhode Island. Mar. Ecol. Prog. Ser. 29, 105-115. 

Verity, P.G. (1986b). Growth rates of natural tintinnid populations in Narragansett 

Bay. Mar. Ecol. Prog. Ser. 2, 117-126. 

Verity, P.G. (1987). Abundance, community composition, size distribution and 

production rates of tintinnids in Narragansett Bay, Rhode Island. Eslur. 

Coastal ShelfSci. 24, 671-690. 

Verity, P.G., D.K. Stoecker and M.E. Sieriacki (1990). The impact of grazing of 

microzooplankton on the North Atlantic spring bloom: initial results. EOS. 71, 

102. 

234 



References 

Verity, P.G., D.K. Stoecker., M.E Sieracki., P.H. Burkill. E.S. Edwards and C.R. 

Tronzo, (1993a). Abundance, biomass and distribution of heterotrophic 

dinotlagellates during the north Atlantic spring bloom. Deep Sea Res If. 40, 

227-244. 

Verity, P.G., K.K. Stoecker, M.E. Sieracki and J.R. Nelson (l993b). Grazing growth 

and mortality of microzooplankton during the 1989 North Atlantic spring 

bloom at 47°N, 18°W. Deep Sea Res. 40, 1793-1814. 

Wheeler, P.A. and D.L. Kirchman (1986). Utilization of organic and inorganic 

nitrogen by bacteria in marine systems. Limnol. Oceanogr. 31,998-1009. 

Wiadnyana, N.N. and F. Rassoulzadegan (1989). Selective feeding of Acartia Clausi 

and Centropages typicus on microzooplankton. Mar. Ecol. Prog. Ser. 53,37-

45 

Wittaker, R.H. (1969). New concepts of kingdoms of organisms. Science. 163, 150-

160. 

Wright, R (1907). The plankton of eastern Nova Scotia waters. Contrib. Can. Bioi. 

Sess. Pap. 228, 1901-1907. 

Wyrtki, K. (1971). Oceanographic atlas of International Indian Ocean Expedition. 

Natl. Sci. Found., Washington, DC. 531 pp. 

Yentch and Phinney. (1989). A bridge between OCM optics and microbial ecology. 

Limn. Oceanogr.34, 1694 - 1705 

Yentch and Phinney. (1995). Two pathways of primary production induced by 

monsoon wind forcing. In: Arabian Sea: Living Marine Resources and the 

Environment. M.F. Thomson and N.M. Tirmizi (eds). Vangard Books, 

Lahore, Pakistan. 469- 478. 

235 



Papers published/communicated 

1. Jyothibabu, R., Madhu, N. v; Maheswaran. P.A .. Nair, KKC, P. Venugopal and T 
Balasubramanian (2003). Dominance of dinoflagellates in microzooplanlcton community 
in the oceanic regions of Bay of Bengal and Andaman Sea. Current Science, 84 (9), 
1247-1253 

2. Jyothibabu, R .. Maheswaran, P.A .. Madhu, N. v., Mohammed Ashraf, TT, Vijay, JG.. 
Haridas. P.c' Revichandran, C. T Balasubramanian, KKC Nair. Gopalakrishnan. 
TC and Venugopal, P. Differential response of winter cooling on biological production 
in the north-eastern Arabian Sea and north-western Bay of Bengal. (Accepted in Current 
Science, 2004) 

3. Jyothibabu. R, N. V Madhu. Nuncio Murukesh, P. C Haridas, K K C Nair and 
P. Venugopal (2003). Intense blooms of Trichodesmium erythraem in the open waters of 
Bay of Bengal. Ind J Mar. Sci, 32 (2). 

4. Madhu, N. V; Maheswaran, P.A., Jyothibabu, R., Revichandran, C, T 
Balasubramanian. Gopalakrishnan, TC and Nair, KKC (2001). Enhanced biological 
production off Chennai triggered by October 1999 super cyclone (Orissa). Current 
Science, 82 (12),1472-1479 

5. Maheswaran, P.A., Jyothibabu, R., Madhu, N. v., Vijay, JG., Nuncio, M, Mohammed 
Ashraf, TT, Haridas. P.c' Revichandran, C, Venugopal, P. and KKC Nair. 
Hydrography of western Bay of Bengal: Physical controls on biological production. 
Continental Shelf Research (communicated in 2003) 

6. Madhu. N. v., Jyothibabu. R . Ramu. K, Sunil. v.. Gopalakrishnan TC (2004). Vertical 
distribution of mesozooplanlcton biomass in in relation to oxygen minimum layer in the 
Andaman Sea during late northeast monsoon, 1999. Indian Journal of fisheries 51 (1). 


	Title
	Certificate
	Declaration
	Acknowledgement
	Contents
	Chapter I
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Chapter 7
	Chapter 8
	Chapter 9
	References
	Papers published

