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PREFACE 

Microzooplankton are phagotrophic organisms less than 200pm in 

length (Dussart, 1963). They are taxonomically heterogeneous comprising of 

both protozoa and metazoa. Though ubiquitous in freshwater to marine 

ecosystems, unlike the autotrophic phytoplankton or heterotrophic 

zooplankton, the importance of microzooplankton in trophic dynamics was 

neglected or poorly understood. However, microzooplankton are now being 

recognised as key players in enemy transfer. In fact, the studies on 

microzooplankton in recent times show that microzooplankton has a variety 

of roles in the pelagics. Although generally heterotrophic many forms of 

microzooplankton are often autotrophic to mixotrophic. They fill a niche which 

transforms energy from bacteria to phytoplankton and into higher levels and 

yet some are carnivorous. Thus studying their ecology, abundances and 

relationship with other planktonic organisms is ultimately important in 

understanding the trophic organisation in pelagic ecosystems, and carbon 

turnover. 

The ensuing account on microzooplankton from the Zuari estuary of 

Goa and Arabian Sea in this thesis is one of the first of its kind from the 

tropics. While there are some studies on distributions of these from estuarine 

and coastal areas of the south-east coast of India, there have been no 

attempts to characterise them or understanding their role in the food web. 

Vagaries of the monsoons certainly make the northern Indian Ocean a 

very untypical area among the world oceans. The Arabian Sea and its 

purlieus are particularly intriguing with its mysteries only slowly unfolding. 



The microzooplankton of the estuaries that confluence with the Arabian Sea 

remains enigmatic. 

By having carefully analysed the distribution, abundance and types of 

microzooplankton in estuaries, coastal and open ocean regions of the 

Arabian Sea, I hope to provide some new insights on this interesting, key 

component of microplanktonic life at sea. I have also related the 

microzooplankton data with physics, chemistry and the general biology from 

the study area with a view to provide a holistic scenario on the nterplay of 

ecosystem dynamics of the microzooplankton. 

The frontis-piece depicts the study area viz. the Zuari estuary of the 

west coast of India and central and eastern Arabian Sea. 
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CHAPTER 1 

INTRODUCTION 



1.1 Characteristics of microzooplankton  

Tropical areas are well known for their high species diversity, both in 

plant and animal kingdoms. Likewise, tropical plankton consists of an 

enormous and complex community compared to those in temperate waters. 

Plankton are basically divided into two major groups based on the type of 

nutrition. (i) Phytoplankton: A group of autotrophic plant organisms, 

containing chlorophyll and other pigments in the cells which are capable of 

absorbing radiant energy and fixing CO2 to carry out photosynthesis (Fig. 

1.1) and (ii) Zooplankton: A group of heterotrophic organisms incapable of 

synthesizing organic matter by themselves, but depend upon the organic 

matter produced by autotrophs for their existence (Fig. 1.2). Based on their 

cell size, Dussart (1965) classified plankton as ultraplankton (2 pm), 

nanoplankton (2-20pm), microplankton (20-200pm), mesoplankton (200pm-

2mm) and megaplankton (> 2mm). Plankton constitutes the main food of 

many aquatic animals ranging from fishes to baleen whales. However, 

microplankton also consists of both autotrophic and heterotrophic forms. The 

heterotrophic animal forms of microplankton are called microzooplankton. 

There are also reports on mixotrophic forms of microzooplankton 

(ciliated protozoans). These mixotrophic organisms retain chloroplast derived 

from ingested algae (Blackbourn et al., 1973; Laval-Peuto and Febvre, 1986; 

Laval-Peuto et al., 1986; McManus and Furman, 1986; Stoecker et. al., 

1987c) and can function as autotrophs. At times, mixotrophic ciliates can 

comprise anywhere between 18 and 81% of the ciliate fauna. 



According to Dussart, (1965) microzooplankton (Fig. 1.3) are 

phagotrophic organisms that are <200 pm in length. They comprise 

taxonomic groups of both Protozoa and Metazoa. However, since the lower 

threshold in size is not identified in the above definition, the community may 

include organisms in the size range of 2-20pm which may have different 

names depending on the classification scheme (Dussart, 1965; Sieburth et. 

al., 1978). The upper size limit is also somewhat ambiguous as there are 

colonial protozoa that can be several times larger than the 200 pm cut off, but 

are still grouped under microzooplankton. Microzooplankton are typically 

numerous in sea water (ca 1000 1 .1 ) where they are often vigorous grazers of 

phytoplankton (Capriulo, 1990). They can comprise a large portion of the 

total zooplankton biomass in marine and freshwater environments (Beers 

and Stewart, 1969, 1971; Pace and Orcutt, 1981; Porter et. at., 1985). 

Although microzooplankton are smaller, they have inherent faster growth 

rates compared to those of meso- or macrozooplankton. The importance of 

microzooplankton relative to macrozooplankton is particularly emphasized in 

eutrophic areas (Revelante at al., 1985). Higher weight-specific metabolic 

rates than metazoan competitors have also been reported in 

microzooplankton (Heinbokel, 1978a,b; Verity, 1985, 1986a,b). 

Studies have shown that microzooplankton often form an important 

and highly active part of the pelagic food web in estuarine (Leakey et al., 

1992), coastal (Burkill et. al., 1987) and open-ocean waters (Burkill et. al., 

1993). However, these environments have different physical or chemical 

characteristics leading to variations in biology. Basically, estuaries and 

coastal areas have more variability compared to the open ocean. There is 
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usually a gradual gradation in diversity from estuaries to open waters, with 

the diversity increasing towards the latter (Madhupratap, 1987). The 

dynamics and food webs also differ. Keeping in view of the non-existence of 

any detailed information on this component in trophic structure, a study was 

undertaken to obtain relevant ecological and taxonomical information of 

microzooplankton from estuarine, coastal & open ocean environments. 

1.2  Main characteristics of the environment studied  

1.2.1 Estuary 

Estuaries are highly variable environments where freshwater mixes 

with the sea. One of the chief characteristics of the tropical estuarine 

environment is the fluctuation in salinity. The salinity variation occurs due to 

the effect of tidal changes and freshwater influx. Higher salinity is found 

during flood tide and lower during ebb tide. However, seasonality in variation 

of salinity in estuaries is somewhat predictable. A comparatively higher 

variation in temperature is also evident in estuaries than in coastal and open 

waters. The turbidity in the water column due to siltation limits the light 

penetration to deeper depths compared to the coastal and oceanic waters. 

Though food supply is abundant in estuaries, only those organisms that are 

adapted to wide range of fluctuations can flourish. Therefore, species in the 

estuarine environment are fewer but are often present in large numbers 

depending on seasons. 

The term estuary originated from the latin adjective 'aestuarium' which 

means tidal. According to the oxford dictionary the term estuary means ' the 

tidal mouth of a great river, where the tide meets the current'. 
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Oceanographically the term estuary has a wider meaning than the 

conventional one. Pritchard (1967) defined an estuary as " a semi-enclosed 

coastal body of water which has a free connection with the open sea and 

within which the sea-water is measurably diluted with freshwater derived 

from land drainage". Dionne (1963) defined an estuary as " an inlet of the sea 

reaching into a river valley as far as the upper limit of tidal rise and usually 

being divisible into three sectors: i) a marine or lower estuary, in free 

connection with the open sea. ii) a middle estuary, subjected to strong salt 

and freshwater mixing and iii) an upper or flual estuary, characterised by 

freshwater but subjected to daily tidal action. Fairbridge (1980) classified 

estuaries based on the physiographic and dynamic features into 7 

categories. They are i) High relief estuary ii) Moderate relief estuary iii) 

Coastal plain estuary iv) Bar-built estuary v) Blind estuary vi) Inter-deltaic 

estuary and vii) Tectonic estuary . According to Qasim and Sen Gupta 

(1981), based on the environmental and other relevant characteristics , the 

Zuari estuary of Goa, one of the areas of the present study, falls under the 

category of 'Coastal plain estuary ' of Fairbridge's classification. Estuaries 

form a sort of buffer zone between the marine and limnetic realms and are 

sometimes more productive than open waters. They form the breeding and 

nursery grounds for several species of important fishes and crustaceans. 

They are also subjected to domestic and industrial pollution. All these make 

this environment unique but often vulnerable. 

1.2.2 Coastal areas 

Coastal waters are often more stable than the estuarine environment. 

Salinity and temperature are much less variable. However, coastal waters 
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also undergo some changes depending on seasons. A major influence 

comes from dilution in inshore areas through river discharge (during 

Southwest monsoon in the west coast of India). Secondly, shallow areas get 

disturbed through mixing processes and sediments may add to the turbidity. 

Like the estuaries, the coastal regions are also affected by domestic and 

industrial discharges. But processes like coastal upwelling and river water 

discharge bring in nutrients into the area, often resulting in high productivity. 

1.2.3 Open waters 

The open ocean waters are relatively more stable than the estuaries 

or coastal waters. The depth of light penetration of 1% of surface illumination 

ranges from a maximum of about 100-150m in oceanic water to a 50-80m in 

coastal and a minimum of 1-4m in turbid estuaries along the Indian west 

coast. Open waters are often poor in nutrient, sustaining low primary 

productivity (Krey and Babenerd, 1976; Bhattathiri et. al., 1996), but some of 

the new understanding of open Arabian Sea depicted below shows that 

advected upwelled water or sea surface temperature (SST) variations can 

lead to higher productivity in the Arabian Sea in some seasons, 

1.3 Classification of microzooplankton  

For convenience, a group wise detail on microzooplankton is 

documented here. Ciliates are a ubiquitous preponderant group of 

microzooplankton community (Dussart, 1965). They have a rather 

complicated structure. The cilia are the locomotive and food-catching organs 

of the animal. The nucleus is differentiated into a macrcnucleus responsible 

for metabolism (massive nucleus), and micronucleus responsible for 

reproduction (vesicular nucleus). The planktonic ciliates are usually divided 



into loricated (suborder: Tintinnina) and naked forms (suborder: 

Oligotrichina). Loricated ciliates are all heterotrophs, but based on their 

nutritional function, the naked forms are subdivided into three groups viz. 

autotrophic, heterotrophic and mixotrophic ciliates. The subclass 

choreotrichida includes most of the ciliates commonly seen in the marine 

plankton. Ciliates other than choreotrichs (Order, Prorodontida, Haptorida, 

Scuticociliatida and Euplotida) can at times be abundant in plankton 

population but they rarely appear to have much impact in the plankton 

community, especially when compared to the tintinnic.is and other 

choreotrichs and they were therefore not included in this study. In this thesis, 

the term "Tintinnida" refers to the suborder Tintinnina, which are commonly 

distinguished from other choreotrichs by the presence of a test or lorica. 

Some tintinnids have hyaline (clear) loricae (see Fig. 1.3, no: 7, 8 & 9), 

whereas others have agglomerated loricae that are covered by particles (See 

Fig. 1.3, no: 5 &10). Some particles may be coccoliths, diatom frustules, or 

otherwise of biogenic origin, whereas others may be nonbiogenic, such as 

sand grains or mineral flakes. They vary in size and seasonal distribution 

(Montagnes, 1987; Montagnes et al., 1988), growth rate (Gifford, 1985; 

Johnsson, 1986), diet and trophic status (Laval-Peuto and Rassoulzadegan, 

1988; Stoecker et al., 1987a,b) and behaviour (Dale, 1987). They are grazers 

of nannoplanktonic flagellates, cyanobacteria and bacteria (Rassoulzadegan, 

1977; Takahashi and Hoskins,1978; Heinbokel, 1978a,b; Hollibaugh et. al., 

980; Rassoulzadegan and Etienne, 1981; Stoecker et. al., 1981). 

Ciliate taxonomy has undergone considerable changes in the recent 

past and often making the identification of the certain groups confusing. The 
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taxonomic classification of ciliates given below is of Lee et. al., (1985). Later 

Montagnes and Lynn (1991) have modified this classification. The most 

common planktonic ciliates encountered in the plankton population are 

summarized below. In the present study particular attention was given to 

loricate ciliates (suborder: Tintinnina) due to their predominance compared 

to non loricate ciliates. 

Phylum: Ciliophora 

Class: Spirotrichea 

Subclass:Choreotrichia 

Order: Choreotrichia 

Sub order: Tintinnina 

Genera: Favefia, Helicostomella, Eutintinnus etc 

Sub order: Strombidinopsina 

Family: Stombidinopsidae 

Genus: Stombidinopsis 

Sub order: Strombilidiina 

Family: Strombilidiidae 

Genus: Strombilidium 

Family: Leegaardiellidae 

Genus: Leegaardiefia 

Family: Lohmanniellidae 

Genus: Lohmaniella 

Order: Oligotrichida 

Family: Halteriidae 

Genus: Halteria 
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Family: Strombidiidae 

Genera: Laboea, Strombidium and Tontonia 

The most comprehensive guides to the identification of aloricate 

choreotrichs are those of Maeda and Carey (1985) and Maeda (1986). 

Some of the papers by Montagnes, Lynn and others (Lynn et al., 1988; Lynn 

et al., 1991, Montagnes et al., 1988; Snyder and Ohman, 1991) form the 

modern basis for the identification and taxonomy of marine planktonic 

aloricate choreotrichs. The taxonomy of marine choreotrichs has been 

recently reviewed by Montagnes and Lynn (1991). Tintinnids have been 

treated extensively in the taxonomic monographs since the turn of 20th 

century because of their robust, gelatinous or pseudochitinous lorica. 

Morphology of the lorica forms the chief basis for the identification of tintinnid 

species. Tintinnid taxonomy presented by Kofoid and Campbell (1929), is in 

use till today. Additional insight into tintinnid taxonomy is given by Kofoid and 

Campbell (1939), Marshall (1969) and Small and Lynn (1985). Studies 

conducted by Bakker and Phaff (1976), Davis (1978,1981) and Laval-Peuto 

(1981,1983) have pointed out that lorica morphology is unsuitable as the sole 

taxonomic criterion for identifying the tintinnids due to the polymorphic nature 

of loricae of many species. 

Loricate ciliates dominate over naked ciliates in Californian waters 

(Beers and Stewart, 1970) and in the Long Island Sound (Capriulo and 

Carpenter, 1983), while they are subordinate in Kiel Bight (Smetacek, 1981) 

and in the East China Sea (Ota, 1995). Data on the aLundance and biomass 

of the more fragile aloricate forms from a range of pelagic environments have 

become available only during the last two decades (Beers et.al 1975; 
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Smetacek, 1981; Revelante and Gilmartin,1983, 1987; Sorokin et al., 1985; 

Leppanen and Bruun 1986; Montagnes et al., 1988; Dolan and Coats, 1990; 

Laybourn-Parry et al., 1992). The numerical dominance of the more fragile 

aloricate ciliates over the more robust loricate tintinnid ciliates is also well 

established, the former having been underestimated by the harsh net 

sampling techniques employed in early studies (Pierce and Turner, 1992). A 

study conducted by Sorokin, 1991 in open waters also revealed dominance 

of aloricate dilates. Variations in the vertical distribution among different 

types of planktonic ciliates have commonly been reported, e.g NW 

Mediterranean (Dolan and Marrase, 1995), the western North Pacific 

(Taniguchi, 1984) and the western subtropical Pacific (Taniguchi, 1977; Endo 

et al., 1983). In addition, the distribution of ciliates shows a close association 

with the distribution among phytoplankton chlorophyll a (Beers and Stewart, 

1970). 

1.4 Role of microzooplankton in the food web 

Natural zooplankton communities consist of a great variety of species. 

The microzooplankton (20-200pm) primarily consists of ciliates and 

heterotrophic dinoflagellates, with a contribution of crustacean larval stages. 

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 determining carbon flow in marine 

ecosystems (See reviews of Gast, 1985; Pierce and Turner, 1992). 

Microzooplankton comprises of a significant portion of total planktonic 
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biomass. As a result 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 (Albright et. al., 1987; Bernard and Rassoulzadegan, 1993; 

Turley et. al., 1986). Microzooplankton have also been implicated as 

important agents of nutrient regeneration (Probyn, 1987) and are thought to 

act as trophic intermediates between the bacterioplankton and larger 

mesozooplankton grazers (Hass and Webb, 1979; Gifford and Dagg, 1991). 

The realization that phytoplankton biomass and productivity are 

dominated by nanoplankton (<20pm; Malone, 1980 and references therein) 

and picoplankton (<2pm; Sieburth et. al., 1978; Stoecker and 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 

observations on microzooplankton have indicated that they consume 

phytoplankton, heterotrophic flagellates, cyanobacteria and heterotrophic 

bacterioplankton (Gifford, 1985; Johnson et. al., 1982; Laval-Peuto et. al., 

1986; Rassoulzadegan et. al., 1988; Sherr et. al., 1986; Smetacek, 1981; 

Taylor, 1978). 

Ciliates are an important component of the protistan plankton in the 

seas, estuaries and freshwaters (Sherr et. al., 1986; Beers and Stewart, 
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1967,1969; Rassoulzadegan and Gostan, 1976; Pace and Orcutt, 1981; 

Smetacek, 1981; Sorokin, 1981; Revelante and Gilmartin, 1983; Borshein, 

1984). Reviews by Sorokin (1981); Porter et al. (1985) and Banse (1982) 

have dealt on the factors influencing ciliate production. They are a major 

component of planktonic food webs (Lynn and Montagnes, 1991; Porter et. 

al., 1985). They are also known to comprise an abundant and productive 

component of neritic environments (Lynn and Montagnes, 1991; Pierce and 

Turner, 1992; Sherr and Shen , 1988; Verity, 1987; Burkill, 1982). Fenchel 

(1988), Pierce and Turner (1692) found that ciliates can graze significant 

quantities of autotrophic and heterotrophic microbial production in temperate 

and boreal waters. 

In nearshore (Heinle et. al., 1977) and oceanic (Silver and 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 Parsons and Kessler (1986) shows that the presence of 

microzooplankton during introduction of freshwater plumes can enhance 

zooplankton production by several hundred percent. Study carried out by 

Madhupratap etal.(1992) found higher zooplankton density in the presence 

of ciliates. Inclusion of tintinnids in the diet of female Acadia tonsa can 

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

and Egloff, 1987). Similarly, inclusion of tintinnids in the diet of larval 

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

In experimental studies from an estuary, Roraan et. al. (1988) found 

crustacean zooplankton population to be associated with decrease in 

heterotrophic nanoflagellates. Kapylov eta'. (1986) found that copepods and 
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other suspension feeders had higher clearance rates for heterotrophic 

flagellates associated with particles than that of free-swimming flagellates. 

Laboratory data also indicate that calanoid copepods can utilize large 

heterotrophic dinoflagellates (Klein Bretler, 1980). 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; Sieburth and Davis, 1982). 

However, ciliates are also important consumers of bacteria in some 

planktonic marine environments (Gast, 1985; Rivier et .al. 1985; Sherr et al., 

1986). The ciliates are a known food source for macrozooplankton, including 

fish larvae and copepods (Berk et. al., 1977; Robertson, 1983) and may 

represent a direct trophic link among picoplankton, nanoplankton and 

metazoans (Porter et. al., 1979; Johnson et. al., 1982). 

Tintinnids are the most common and widespread group of shell-

building protozoan ciliates populating the planktonic fauna. They are the 

numerically important second-trophic level feeders, grazing upon small 

diatom, dinoflagellates and other ultra-and nanoplankton. Quantitative 

information on abundance and distribution of Tintinnina from neritic and 

coastal environments (Hedin 1974; Konovalova and Rogachenko, 1974; 

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

and Stewart, 1971; Kimor and Golandansky- Baras, 1981; Krsinic, 1982; 

Tumantseva, 1983a,b) is available. Early works of Wright (1907), Gran 

(1933), and Gran and Braarud (1935) provide species list of tintinnids. 
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Johansen (1976) has described seasonal distribution of tintinnids from a 

coastal inlet of Canada. 

The importance of microzooplankton in different ecosystems is evident 

from the foregoing 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 

anc Egloff, 1987; Stoecker and Capuzzo, 1990). They thus have a central 

role in the nutrition of microbial system especially in areas where seasonal 

stratification occurs in the water column. In the Arabian Sea, relatively strong 

stratification occurs during intermonsoon whereas the area remains well 

mixed at other times. So it has been thought that intra- annually there may be 

two possible food chains existing (Cushing, 1989). During the productive 

season viz., southwest monsoon and Northeast monsoon zooplankton may 

follow food chain 'A' (shown in Fig. 1.4). However, during inter-monsoon 

periods (oligotrophic condition) zooplankton switch over (Fig. 1.4B) to the 

'microbial loop' (Azam et al., 1983) when strong stratification occurs in top 

layers. Under such stratified conditions dissolved nutrients above the 

thermocline are generally low and the phytoplankton are dominated by small 

flagellates. A study by Aksnes and Egge (1991) pointed out that small cells 

with high surface to volume ratio have a higher efficiency for utilisation of 

nutrients than large cells. This implies that smaller cells proliferate in these 

nutrient-low 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 
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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. al. 1983). However, their very small 

size puts bacteria beyond the reach of many zooplankton. Azam et. al. 

(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 (Wiadyana and Rassoulzadegan, 1989). There are also 

evidences of microzooplankton directly ingesting bacteria (Sherr and Sherr, 

1987; Gast, 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 and 

Hassett, 1982; Landry, 1981, Landry et al., 1995; Landry et. al., 1998). 

James and Hall (1998) studied the grazing rates of microzooplankton on total 

phytoplankton, picophytoplankton and bacteria in subtropical, Subtropical 

Convergence and subantarctic waters in winter and spring of 1993. They 
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found that the grazing impact on total chl 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. al, 1987; 1993 a,b; Verity, 1990, 1993) 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 al., 1965; 

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

microzooplankton consumes between 10 and 75% of daily primary 

production (Garrison, 1991; Pierce and Turner, 1992). 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. Jonsson (1987) 

and Stoecker et. al. (1987a) pointed out that the autotrophic and mixotrophic 

ciliates also contribute to primary production in the microplankton size 

fraction. 

Beers et. a/. (1980) found overlap in the size distribution between 

phytoplankton and microzooplankton but observed that in most samples the 

average size of the microzooplankton was greater than that of phytoplankton. 
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The potential dynamic role of microzooplankton community as consumer of 

small phytoplankton and bacteria as well as in recycling of nutrients has long 

been emphasized (Pomeroy, 1974; Harrison, 1980; Conover 1982; Paasche 

and Kristiansen, 1982; Goldman and Caron, 1985; Fenchel, 1987). 

Observations of Garrison et. al. (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 

1ominate among the grazers of tropical oceanic phytoplankton in the Atlantic 

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

and Pacific Oceans (Miller, 1993). Studies speculate that microzooplankton 

may be important grazers during the spring bloom (Heinbokel, 1978; Landry 

and Hasset, 1982; Capriulo and Carpenter, 1983, Bamstedt, 1985). Grazing 

pressure of microzooplankton on phytoplankton is responsible for not only 

regulating the phytoplankton species (e.g. Capriulo and Carpenter, 1983; 

Paranjape, 1990), or filter/mucus feeding mesozooplankton directly ingesting 

bacteria (Sorokin, 1981) but also controlling the size compositions 

(Blackbourn, 1974; Johansen, 1976; Verity 1986 a). In coastal and inshore 

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

predation (Hewes et al., 1985; Burkill et al., 1987). 

Planktonic ciliates are also known to influence energy flux both as 

primary and secondary producers as well as by contributing to nutrient 

regeneration (Smith and Barber, 1979; Antia et. al, 1980; Azam et. al, 1983; 

Gast and Horstmann, 1983; Stoecker, 1991). These protozoa in association 

with bacteria play a significant role in nutrient recycling in marine 

environments (Johannes, 1965; Fenchel and Harrison, 1976). The works of 
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Eppley and Peterson, (1979); Gilbert, (1982); Wheeler and Kirchman, 

(1986); Caron and 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). 

1.5 Biogeography of micrczooplankton  

As mentioned earlier most of the early studies of planktonic ciliates 

concentrated on conspicuous and relatively robust loricate tintinnids 

compared to aloricate ciliates perhaps because loricae of tintinnids are 

relatively sturdy and can be preserved well and captured in fine-meshed 

plankton nets. Information on the role played by the tintinnids in the biological 

economy of the sea is not extensive even though Tintinnine protozoa have 

been treated in taxonomic monographs in the late 19th and early 20th 

centuries (Cleve, 1899; Meunier, 1910; Bernsheteyn, 1931), but only in the 

last 20 years has there been an increasing interest in the ecology of 

tintinnids, aiming at a reevaluation of the role of heterotrophic 

protozooplankton in the pelagic trophic chain. Tintinnids have been known to 

marine biologists since the beginning of plankton study and occurrence of 

tintinnids has been recorded from all the oceans of the world (Pierce and 

Turner, 1992). Biogeography of tintinnids in relation to hydrography is well 

known for certain areas including the North Atlantic (Zeitzschel, 1966, 1967; 

Lindley, 1975), South Atlantic (Balech, 1971; Souto 1981), Pacific (Kofoid 

and Campbell, 1939; Balech, 1962), Mediterraneran Sea (Jorgensen, 1924; 
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Balech, 1959; Travers and Travers, 1971; Travers, 1973), western Arabian 

Sea (Zeitszchel, 1969, 1982), the east coast of India (Krishnamurthy, et al., 

1979; Naidu and Krishnamurthy, 1985), the Adriatic Sea (Krsinic, 1982; 

1987a,b; 1988), the front between the Oyashio and Kuroshio Currents 

(Yamamoto, et. al., 1981) and the Southern ocean (Laackmann, 1907, 1909; 

Balech, 1958a,b, 1971; Boltvskoy, 1991 a,b). Balech (1972) investigated 

tintinnids as indicators of upwelling. However, a precise knowledge of their 

distribution boundaries in various biotopes is essental to understand their 

role in trophic relationships. 

Our knowledge about tintinnids is still very fragmentary particularly 

from the Indo-pacific region and Indian coastal waters. Prasad (1956), 

Krishnamurthy and Santhanam (1975,1978); Krishnamurthy and Damodara 

Naidu (1977); Damodara Naidu (1980); Godhantaraman (1994) and 

Godhantaraman and Krishnamurthy (1997) have contributed to the literature 

on tintinnids from the east coast of India. The works (Marshall, 1969; 

Zeitzschel, 1967; Balech, 1972; Gold, 1968; Krishnamurthy and Santhanam, 

1975) underline their importance and their distribution in the various regions 

of the world oceans indicating that the contribution made by the different 

species of tintinnids in the world of plankton is quite impressive. During the 

past two decades, several tintinnids species — primarily members of the 

genera Tintinnopsis, Favella and Helicostomella - have been isolated and 

maintained in the laboratory (Gold, 1968, 1969; Johansen, 1976; Laval-

Peuto, 1977; Heinbokel, 1978a; Paranjape, 1980; Stoecker et. al., 1981). 

Cyst formation appears to be an important life cycle stage in tintinnids 

(Reid and John 1978; Paranjape, 1980; Krsinic, 1987). Hence, tintinnid cysts 
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probably play an important role in the population dynamics of their 

assemblages in coastal waters (Kamiyama and Aizawa, 1992). The cysts are 

thought to be the likely mechanism by which populations survive under 

unfavourable conditions and appear only at a certain time of the year (Gold 

and Morales, 1975; Hargraves, 1981; Sanders, 1987; Verity, 1987). 

Importance of temperature (Kamiyama and Aizawa, 1992), irradiance 

(Kamiyama et. al., 1995) and extracellular products from phytoplankton 

(Kamiyama, 1994;Kamiyama and Arima, 1997) on excystment of tintinnid 

species from sediments has been studied. 

Collection of tintinnids with plankton net has been found to cause them 

to abandon their loricae (Paranjape and Gold, 1982). Empty loricae 

abandoned by organisms sink at a very slow rate - 1.5 m d -1  (Smayda and 

Bienfang, 1983), as a result of which loricae can be carried away hundreds of 

kilometers offshore before settling on the sediments (Echols and Fowler, 

1973). It is thus difficult to tell if empty loricae in samples were abandoned 

and transported to different areas by currents or if they were of local origin. 

Nonetheless, for biogeographic studies it is important to know where an 

organism lives. Once this has been established, the presence of empty 

loricae of alien species can be used as an indicator of unusual water mass 

movements. 

1.6  Objectives of the present study and scope  

From this review of literature, it could be seen that the only published 

data on microzooplankton from the Indian Ocean are from limited areas of 

the east coast of India. There is virtually no seasonal date on 
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microzooplankton either from the Indian west coast, estuarine, coastal or 

open waters of the west coast. However, recent studies from west coast 

(Madhupratap et al., 1992, 1996; Gauns et. al., 1996; Ramaiah et. al., 1996) 

strongly indicate that microzooplankton could be the key community for an 

understanding the food chain of the region. The answers to the stable 

biomass of zooplankton in the mixed layer depth over seasons in the Arabian 

Sea, and that zooplankton may supports an estimated annual stock of 

mesopelagic myctophids in the region (100 million tons) might well be 

through the microbial loop. Further, the role of microzooplankton as grazers 

in controlling phytoplankton and bacteria is not fully understood. Apart from 

these, the ecology of microzooplankton from the region, including estuaries 

needs a comprehensive study. 

In order to fill up these lacunae, this study was taken up on the 

microzooplankton from two different environments, an estuary (Zuari estuary 

of Goa) and the coastal and open waters (Arabian sea) with the following 

main objectives 

1) To study the composition and distribution of microzooplankton in 

relation to environment. 

2) To estimate microzooplankton biomass. 

3) To study the environmental control of microzooplankton 

abundance. 

4) To understand the overall role of microzooplankton in food chain 

dynamics of the hitherto uninvestigated aspect that is microzooplankton from 

an estuary (Zuari). 
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Thus, the present work provides information qualitatively and 

quantitatively on microzooplankton with respect to physical and other 

biological parameters. The thesis includes the results of investigations 

carried out from year round sampling made from the Zuari estuary and from 

seasonal collection from the Arabian sea. The preluding introductory chapter 

1 highlights the significance and historical resume of the microzooplankton. 

Chapter 2 describes 'Study area'. Procedures adopted for sampling and 

analysis are presented in 'Materials and Methods' (chapter 3). Hydrographic 

features of the Zuari estuary and Arabian Sea are detailed in Chapter 4. 

Chapter 5 includes abundance of biological parameters from the Zuari 

estuary and from the Arabian Sea. Distribution of microzooplankton, 

composition, seasonal variations, effect of environmental parameters on their 

distribution in the Zuari estuary are explained in chapter 6 apart from tintinnid 

'species dominance, Succession, Diversity and Associations'. Seasonal 

studies on the microzooplankton from the central and eastern Arabian Sea 

and their distribution with respect to biological and physical are explained in 

chapter 7. Chapter 8 describes microzooplankton standing stocks in the Zuari 

estuary and in the Arabian Sea. Chapter 9 deals with the discussion and 

summary followed by the 'Bibliography'. 
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CHAPTER 2 

STUDY AREA 



The two environments selected for this study, namely, the Zuari 

estuary and the eastern Arabian Sea are contrasting in many physical and 

chemical characteristics. These contrast could naturally be expected to be 

reflected in their flora and fauna. Oceanographic studies on the Zuari estuary 

began in the early 1970s and results of several long and short-term 

observations have been published from time to time on physical, chemical and 

biological aspects (Dehadrai, 1970a,b; Cherian, et. al, 1975; Singbal, 1973; 

Parulekar et. a/ 1973; Bhargava and Dwivedi, 1974). The studies on 

microzooplankton, however, had not been carried out from this estuary or for 

that matter from any other estuarine environment along the West Coast of 

India. Similarly, studies on microzooplankton from the coastal and central and 

eastern Arabian Sea are very few, even though the origins of " Ocean 

Science" in the northwestern Indian Ocean date back to about 2,300 B.C., 

when trade began between the Mesopotamian civilisation in the Persian Gulf 

and the Indus Valley (Warren, 1987). Thus, apart from the Zuari estuary, 

microzooplankton were studied from coastal (west coast of India) and open 

waters (along 64°E) of the Arabian Sea, the latter as a part of the Joint Global 

Ocean Flux studies (JGOFS). 

2.1. The Zuari (Estuarine environment)  

The Zuari estuary is located along the west coast in the Konkan belt 

and joins the Arabian Sea at Goa. Physical, chemical and biological features 

of this estuary have a seasonal rhythm controlled by the monsoon. It 
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experiences three seasons. (1) southwest monsoon (June-September) 

when the estuary becomes freshwater-dominated due to heavy precipitation 

and land runoff which bring about major changes in temperature, salinity, 

flow pattern, dissolved oxygen and nutrients (2) a postmonsoon (October-

January) season which is a recovery period from freshwater domination and 

(3) a premonsoon season (February- May) during which the water becomes 

well mixed and the lower and middle reaches of the estuary become 

marine water dominated. 

2.2 The Arabian Sea (Marine environment)  

2.2.1. Coastal/shelf waters: Coastal waters of the west coast of India 

are also a relatively unstable environment at least for a part of the year, being 

influenced by physical processes such as coastal upwelling and river runoff 

during the southwest monsoon. 

2.2. 2. Open Ocean: Open waters of the Arabian Sea are comparatively 

a more stable environment away from man-made perturbations while still 

under the influence of the monsoons. In this study, the open ocean track was 

along 64°E and between 11 °-21 °N. 

2.1 The Zuari Estuary  

Goa is located between latitude 14°  54'N — 15 °48'N and longitude 73° 

 41'E — 74°  21 1E (See Fig. 2.1) with a coast line of 110km. It occupies an area 

of 3700 km2. Of the nine rivers (Tiracol, Chapora, Mandovi, Zuari, Sal, Saleri, 

Talpona, Lolien and Galgibaga as well as numerous rivulets and tributaries) 
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the rivers Mandovi and Zuari are the major ones. These rivers, viz. Zuari 

(67 km long) and the Mandovi (65 km long) are called the 'lifelines' of Goa. 

The Mandovi-Zuari estuarine system is located along latitude 15 °  25' to 15° 

 31' N and longitude 73°  45' to 73°  59'E on the west coast of India. The 

Cumbarjua canal (17 km long), a shallow causeway, connects these two 

estuaries away from its mouth at a distance of 11 km (in the Zuari estuary) 

and 14 km (in the Mandovi estuary). During summer (southwest monsoon), 

because cf the formation of sand bars (Aguada Bar and Reis Magos Bar) at 

the entrance of the Aguada Bay in the Mandovi estuary, all barge and boat 

traffic is diverted through the Zuari estuary via the Cumbarjua canal. The 

area covered by these two rivers is about 69% of the total basin area of the 

riverine system in Goa. Geologically speaking, both these estuaries could be 

classified as drowned river valley estuaries formed due to the holocene rise 

in the sea level. Qasim and Sen Gupta (1981) classified these as tide 

dominated coastal plain estuaries. This is in accordance with the earlier 

classification of Pritchard (1967) and Fairbridge (1980). These two rivers 

form a rather complex system being one of the largest estuarine complexes 

along the west coast and comparable to the Cochin backwaters of Kerala. 

The annual average rainfall in Goa is about 3000 mm with heavy 

precipitation during the southwest monsoon (June- September). Nearly 80% 

of the total rainfall occurs in 3 months (June to August). Thus, according to 

the definition given by Pritchard (1952), the Zuari estuary may be classified 

as a stratified estuary during tht monsoon season, that gradually evolves as 

a well mixed one by the pre-monsoon period through a partially mixed period 

during the post-monsoon. 
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The river Zuari originates in the Dighi Ghat of the Karnataka part of 

the Sahyadri Hills and after following in a zizag stretch of about 67 km, joins 

the Arabian Sea at the Marmugao - Dona Paula point (See Fig. 2.1). Its width 

at the mouth is about 5.5 km while upstream, it narrows down to 0.5 km. This 

river is navigable up to a distance of about 62km from its mouth. The Zuari 

basin covers an area of about 973 km 2  or about 27% of the total land area of 

the state in Goa. There are a total of 129 industries (6 large, 13 medium and 

110 small) along this basin, discharging around 4.4 X 10 6  m3  effluent per year 

into the river and its tributaries (Ancm, 1979). The 10 large mines located 

along this estuary generate 1000-4000 tons of rejects per day per mine, a 

good amount of which could be expected to be added to the river. The 

quantity of freshwater discharge (9 km 3) into the estuary during the 

southwest monsoon season (June to September) is high compared to 

premonsoon (February to May) and postmonsoon (October to January) 

periods when it is negligible (about 0.03 km 3/year). This estuary is rich in 

fishery resources and the fishing activity goes on practically throughout the 

year, particularly during the monsoon months when sea fishing is not 

possible. 

A study carried out during 1980-1981 showed that the monthly mean 

maximum atmospheric temperature ranged from 30 °C (August) to 39°C 

(March and May). Similarly, the monthly mean minimum temperature ranged 

from 15 °C (November to January) to 24°C (April). 

Qasim and Sen Gupta (1981) observed seasonal changes in 

temperature of water. They found that there was a progressive increase in 

temperature in the Zuari estuary from January to May followed by a decline 
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during the peak monsoon months and again an increase in October-

November. De Souza (1983) also observed a similar trend and reported 

variations from 25°C to 34°C. 

From January-May the salinity remains fairly high even upstream. But 

with the onset of monsoon in June, the salinity of the entire estuary 

decreases sharply. During the monsoon the lowest salinities recorded at the 

mouth of the estuary and at an upstream station (Cortalim) are 10.5%o and 

6%0, respectively. de Souza (1983) observed salinity variation:. from 0.1 to 

36.6 %0. Padmavati and Goswami (1996) also observed a similar trend. 

During the monsoon season, freshwater runoff increases and as a 

result, a salt wedge is formed near the mouth of the estuary that extends up 

to a distance of 12 km upstream (Qasim and Sen Gupta, 1981) (See Fig. 

2.2). The estuary becomes stratified 2-3m below the surface depending upon 

the depth of the estuary. 

The sea-river exchanges during the non-monsoon seasons are mainly 

regulated by tides, which are of mixed semidiurnal type with a maximum tidal 

range of about 2.3m. This causes an input of appreciable amount of salt 

water into the system from the Arabian Sea, the rate of which varies 

considerably with season (Cherian et. a!, 1975). During the month of May, 

the peak of premonsoon, the maximum distance of penetration of water of 

0.9 %o  salinity is up to about 65 km upstream. It gets reduced to a minimum 

of about 20km during June-July following the onset of monsoon. 

The flood and ebb tides mainly dominate the currents in the Zuari 

estuary during dry seasons while during monsoons the currents are caused 

by the interaction between the tidal currents and the heavy river discharge. At 
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Cortalim -8 km upstream, the surface currents during ebb ranged from 11 to 

23 cm/sec while bottom currents ranged from 5-18 cm/sec (Anon, 1979). 

Qasim and Sen Gupta (1981) observed that the maximum current speed 

during both ebb and flood tide were in the middle region of the two estuaries 

and minimum was at the mouth of the estuary. 

Dissolved gases play a major role in the physical, chemical and 

biological processes. According to Barrett (1972) the concentration of 

dissolved oxygen in an estuarine water body depends on two factors viz tidal 

cycle and varying tidal flow rates. Qasim and Sen Gupta (1981) and de 

Souza and Sen Gupta (1986) show that during non-monsoon months the 

estuary remains well mixed with uniform oxygen concentrations from surface 

to bottom. However during monsoon months the estuary becomes stratified 

with higher concentrations in surface waters than that at bottom. They also 

observed that the oxygen concentrations towards upstream were more than 

those near the mouth. 

Both biological oxygen demand (BOD) and chemical oxygen demand 

(COD) values attain peaks just before the onset of monsoon rains because of 

the higher evaporation rates and lesser inflow of freshwater into the basin. 

The BOD and COD values ranged from 0.4-3.8 mg/I to 0.1-4.4 mg/I, 

respectively (Anon, 1979). 

The Zuari estuary receives a considerable load of suspended solids 

from upstream especially during monsoon. This leads to increase in turbidity 

and silicate values. The dissolved silicon was reported to range from 3-196 

pmol r' (Qasim and Sen Gupta, 1981) and was higher closer to the mouth of 

the estuary than upstream. Peaks in the seasonal cycle were observed 
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during the monsoon period when river runoff was more. Cherian et al. 

(1975) have reported lowest sediment load in Zuari in premonsoon while 

during monsoon they observed the highest sediment load ranging from 6.5 to 

214 mg/I at the mouth and 20 to 280 mg/I at upstream stations. de Souza 

(1983) reported higher phosphate in bottom samples and higher nitrate at the 

surface; nitrite and ammonia also showed similar patterns. 

Phytoplankton cell numbers and chl a in the Zuari estuary often show 

a direct relation to the primary proc uctivity (Devassy, 1989). The decline in 

salinity with the onset of monsoon forms an important factor in controlling the 

distribution, abundance and productivity of phytoplankton (Devassy, 1989). 

The occurrence of the dinoflagellate, Noctiluca miliaris bloom in February-

March at the lower reaches of the Zuari estuary leads to increase in chl a 

concentration to as high as 16.70 mg re and at times forms as much as 

91.3% of the total phytoplankton counts (Devassy and Sreekumaran, 1987). 

The study carried out by Bargava et. al. (1977) on nanoplankton pointed out 

that in this estuary their contribution to the total chl a and primary productivity 

is significant i.e. 32.8 - 100% and was on an average 84.8%. The average 

organic production of nanoplankton was 215 mgCm -3 d-1 . 

Padmavati and Goswami (1996) recorded maximum zooplankton 

biomass of 1.9 ml m -3  during September at the upper reaches of the Zuari 

near Dhurbhat and observed that copepods contribute 54.9 to 70.6% of the 

total zooplankton community. Goswami (1982) indicated that during 

postmonsoon (October- January) as the salinity increases, copepod 

repopulation and proliferation takes place and attains maximum species 

diversity during dry, premonsoon months. Nair et. al. (1981) observed that 
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zooplankton production shows two peaks — one in November and another in 

March/April. They found that the coefficient of energy transfer from primary to 

secondary level was 6.6%. Nair et. al. (1983) reported zooplankton 

production to fluctuate from 0.52 to 13.88 mg C m3  c1 -1 . On the other hand, 

Sevalkumar et al. (1980) observed zooplankton column production to be 35.9 

mg C M-2  crl . 

2.2  Arabian Sea  

The Indian Ocean in the north comprises of the Arabian Sea and the 

Bay of Bengal, which also encompasses the Andaman Sea and the 

Laccadive Sea. In addition, on the west it is connected to the adjoining 

Persian Gulf and the Red Sea. The Arabian Sea is bounded by the African 

and Asian landmasses in the west and north, the Indian subcontinent in the 

east and the equator in the south. Although the geographical setting is 

somewhat similar, the hydrographic and hydrochemical characteristics widely 

differ between the Arabian Sea and the Bay of Bengal. The Arabian Sea 

receives lower volumes of river runoff as very few major rivers (Indus, Tapti 

and Narmada) empty into it. On the other hand a large number of rivers such 

as Irrawady, Brahmaputra, Ganges. Mahanadi, Godavari, Krishna and 

Cauvery discharge into the Bay of Bengal. In the Arabian Sea evaporation far 

exceeds precipitation and runoff, except off the west coast of India where 

annual precipitation is slightly in excess (<20 cm) over evaporation 

(Venkateswaran, 1956). The domination of evaporation over precipitation is 

maximal (100-150 cm y-1 ) off the Arabian coast and decreases steadily 

towards southeast. The excessive evaporation results in high surface 
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salinities in the Arabian Sea. The two marginal seas, viz., the Red Sea and 

the Persian Gulf, lying in arid zones experience still more intense 

evaporation. Surface salinities in these regions are among the highest among 

the oceans. This, together with winter cooling in the north, leads to the 

formation of high-density water masses which sink and renew deep-waters in 

the Red Sea and Persian Gulf (Dietrich, 1973). These deep high-salinity 

waters flow at subsurface levels into the Arabian Sea through the Gulfs of 

Oman and Aden. In order to balance the outflow as well as the excess 

evaporation, there is an inflow of Arabian Sea surface waters into the Red 

Sea and the Persian Gulf (Grasshoff, 1969, 1975; Hartmann et .9/., 1971). 

During the northeast (NE) monsoon (November-February), the 

circulation in the Arabian Sea is not very different from that in the northern 

Pacific and Atlantic Oceans. North of the equator, the flow is from east to 

west in the form of the NE monsoon current. Beginning in November this 

flow becomes the most intense in February and subsides by April (Wyrtki, 

1973). A branch of the NE monsoon current turns north and flows along the 

west coast of India during November to January, bringing low salinity surface 

waters from the Bay of Bengal. The other branch turns south off Somalia, 

crosses the equator and merges with the South Equatorial Current. An 

equatorial counter-current and an undercurrent are also found (Wyrtki, 1973). 

Surface circulation in the Arabian Sea is generally anticlockwise during this 

period. 

The winds are predominantly north/north-easterlies during this season. 

The air temperature, in general, is low (about 22° C) in the north. The cool 

dry continental air over the northern Arabian Sea enhances evaporation 

30 



leading to surface cooling. Apart from the cooling due to evaporation, the 

decrease in solar insolation results in further cooling of surface waters. Thus, 

the reduced SST and deepened mixed layer depth (MLD) in the northern 

Arabian Sea during winter result from a combination of enhanced 

evaporation and reduced solar insolation. Consequently, the Arabian Sea 

surface waters, in the north of 15° N, experience cooling and densification. 

This leads to sinking of surface water which sets in a convective mixing and 

brings about injection of nutrients into the surface layers from the upper 

thermociine region (Prasanna Kumar and Prasad, 1996; Madhupratap et. al., 

1996a). 

Thus, as a result of convective mixing, nutrients from subsurface 

waters are pumped to the surface layers. de Sousa et al. (1996) have 

reported about 2 pM nitrate in the surface waters during this season. A recent 

study during winter cooling in the north show that 2-4pM nitrate is constantly 

available in the upper water column during the period (Madhupratap et. a/., 

1996a, Kumar et. al, in press). This leads to enhanced chl a and primary 

productivity in the north. 

The inter-monsoon (April-May) represents transition period between 

NE and SW monsoons. The surface winds south of 17° N during April-May 

are predominantly northerly and weak (<4 m s -1 ) but become westerlies and 

progressively stronger towards the north-west. The air temperature increases 

to around 28 - 30° C. A shallow mixed layer of 20 to 40 m prevails over most 

part of the Arabian Sea leading to strong stratification (Wyrtki, 1973). 

Nutrients are generally unavailable in the upper water during this season 

leading to very low chl a and productivity. 
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The current pattern seen in winter changes completely with the onset 

of the SW (summer) monsoon. The reversal actually starts in February and 

is completed by May. The westbound NE monsoon current is replaced by an 

eastbound monsoon current. During the SW monsoon the overall direction of 

winds over the northern Indian Ocean is from the south and surface currents 

flow towards the equator along the coast of India (Shetye et. al., 1990; 

Muraleedharan and Prasanna Kumar, 1996). A prominent feature of the 

large-scale surface circulation in the Arabian Sea during the SW monsoon is 

the Somali Current System. The northward flowing Somali Current along the 

coast of Somalia reaches its greatest strength in July (Schott, 1983). 

A prominent signature of the onset of the SW monsoon is the cross-

equatorial wind component in the northern region. During May this low-level 

flow progressively moves northward along the East African coast where it 

accelerates and produces the low level Somali Jet (Findlater Jet, Findlater, 

1966) flowing across the Arabian Sea from Somalia to the Gujarat coast of 

India (See Fig. 2.3). As a result, cyclonic wind stress curl forms north of the 

jet which leads to shallow mixed layer. On the other hand, anticyclonic curl 

forms in the south leads to deep mixed layer formation (Muraleedharan and 

Prasanna Kumar, 1996). The divergence in the north stimulates biological 

blooms as a result of nutrient injection (Bauer et. al., 1991). 

Comprehensive studies made by Varadhachari and Sharma, (1967), 

Banse (1968), Shetye et. al. (1990) established the occurrence of cold 

upwelled water along the west coast of India during summer monsoon. 

However, its extension to the north of 15° N is uncertain. Shetye et. al. (1990) 

found upwelling signatures along the southwest coast of India which 
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weakened towards the north. Off the west coast of India the direction of 

winds varies from roughly west-southwest in the north to approximately west-

northwest in the south. Shetye and Shenoi (1988) studied the annual cycles 

of wind stress and ship-drift along the coast and showed that local winds 

could drive the surface circulation. 

It has been noted that upwelling along the SW coast of India begins 

sometime in February (Longhurst and Wooster, 1990), well before the onset 

of ur welling-favoring southwest monsoon winds. 

Upwelling occurring along the coastal areas of Arabian Sea during 

southwest monsoon is one major process influencing the productivity. Unlike 

the Atlantic or Pacific oceans, in the Arabian Sea, the wind driven upwelling 

is stronger along the western boundary. Strong upwelling occurs along the 

Somalia and Arabian coasts and offshore as a consequence of turning of 

offshore boundary current (or, Ekman transport) in response to winds blowing 

parallel to the coast (Schott, 1983; Swallow, 1984). The breadth of the 

upwelling zone extends about 400 km offshore, and parallels the Arabian 

coast for a distance of about 1000km (smith and Bottero, 1977). Ryther et al. 

(1966) and Ryther and Menzel (1965) considered this region to be one of the 

most productive regions of the world. Ryther et al. (1966) report values 

approaching bloom conditions (1 - 6.4 g C m -2  d-1 ) all along east coast of 

Arabia extending up to 65 °E during October-November. Upwelling along the 

southwest coast of India is comparatively weaker and hugs the coastal 

region. The nutrient-rich upwelled waters promote primary production during 

the SW monsoon making this basin one of the most productive regions. 

33 



Higher rates of primary production result in very low levels of 

dissolved oxygen in intermediate waters of the Arabian Sea. This oxygen 

minimum zone (OMZ) occurs between -100 and 1200 m of the water column 

and is most pronounced in the central and northern Arabian Sea (Naqvi, 

1987). Various hypotheses have been proposed for the maintenance of the 

OMZ, including slow advection of water allowing long periods for organic 

decomposition (Sverdrup et al., 1942) and high local respiration rates due to 

enhanced production in surfaGe waters (Ryther and Menzel, 1965). The 

dynamic processes required for the maintenance of the OMZ in the Arabian 

Sea have been studied recently by Olson et. al. (1993), who estimated the 

residence time of water in the OMZ to be -10 years. 

The reducing environment in the OMZ has important biogeochemical 

consequences for nitrogen and carbon cycling as it is conducive for 

microbially mediated processes such as denitrification. The only other open 

oceanic sites that experience mid-depth nitrate reduction are located in the 

eastern tropical Pacific Ocean off Mexico and Peru (Codispoti et al., 1992). 

Thus, although the Arabian Sea is a small ocean basin, the diverse 

physical processes it experiences and biogeochemical regimes it houses 

have led to a spurt of research activities in this region in recent years under 

numerous international programs such as the International Indian Ocean 

Expedition (110E), GEOSECS (Geochemical Ocean Sections), World Ocean 

Circulation Experiment (WOCE) and Joint Global Ocean Flux Study 

(JGOFS). 
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2.3 Station locations  

In the Zuari estuary, three stations were selected (Fig. 2.4) based on 

the seawater penetration and the tidal influence. Monthly collections were 

made from of these stations during June'96 to May'97. 

Station Z1: This station is at a distance of about 8 km upstream from 

the mouth of the Zuari. The average depth at this station is about 7 m during 

high tide. 

Station Z2: Located further upstream at a distance of 18 km from the 

mouth. The average depth at high tide is 4 m. 

Station Z3: It is located at a distance of 22 km from the mouth. The 

average depth at this station during high tide is 4 m. 

In the central and eastern Arabian Sea, sampling was done during 

three different seasons [inter-monsoon (April-May), north east (February-

March) and southwest monsoon (July-August)]. Offshore stations were fixed 

along 64°E longitude between 11 to 21 °N latitude. Coastal stations located 

along the west coast were also sampled in all the three seasons (see Fig. 

2.5). All the stations could not be covered in every cruise due to logistic 

problems. Details of stations covered during different expeditions are given in 

Table 2.1. 
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Table 2.1: Expeditions carried out on board ORV Sagar Kanya (SK) in the 

central and eastern Arabian Sea 

Sr. 
No 

CRUISE 
NUMBER 

STATIONS SAMPLED 
PERIOD/ 

SEASONS OCEANIC (along 64°E) COASTAL 

1 SK-91 April-May'1994 21°N (01),19°N (02), 21°N 67°E (C1) 
15°N (04) & 11°N (06) 10°N 75°E(C5) 

INTER- 
MONSOON 

2 SK-99 February - *21 ° N (01)19 °  N (02) , 21 °N 67°E (C1) 
March'1995 15 ° N (04) &11 ° N (06) 10°N 75°E (C5) 

WINTER 

3 SK-104 July- 11 °N (06) 18°N 70°E (C2), 
August'1995 15°N 73°E (C3), 

12°N 74°E (C4) 
SOUTHWEST 10°N 75 °E (C5) 
MONSOON 

4 SK-115 June-July'1996 21 ° N (01),19 ° N (02), 
17 ° N (03), 15 ° N (04) & --------- 

SOUTHWEST 13 °N (05) 
MONSOON 

5 SK-121 February'1997 
*21 °N (01) _-_-__-_-_-_- 

WINTER 

*= Time series station, --- = No station sampled 
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CHAPTER 3 

MATERIAL AND METHODS 



3.1.1 Estuarine Sampling 

Monthly samples were collected for a period of one year (June'1996- 

Mayl 997) from the Zuari estuary from three stations viz., Z1, Z2 and Z3 (Fig. 

2.4) during high tide onboard NIO's research boat 'TARANGINI'. During the 

high tide, the mean depth in this estuary was not more than 8 m at St. Z1 and 

4 m at Sts. Z2 & Z3. Therefore, the sampling was generally 1m below the 

surface. All samples were obtained by using a 5L Niskin sampler (General 

Oceanics, Miami FL, USA). Samples for microzooplankton, zooplankton, 

phytoplankton and bacteria were immediately fixed/preserved following the 

respective procedures to be described later. Samples for chlorophyll a and 

nutrient analysis were kept in an ice box soon after collection to minimize 

grazing and pigment losses. Temperature and pH were noted immediately 

after collection. Dissolved oxygen was also fixed soon after collection. 

3.1.2 Coastal/ Open Ocean sampling 

Various locations of sampling from the coastal and open ocean in the 

Arabian Sea are depicted in Fig. 2.5. Water samples were obtained from 

coastal and open ocean stations by means of 12 litre capacity GO Flo 

(General Oceanics, Miami FL, USA) bottles. Details of collection, 

preservation and analysis for each parameter are given below. GO Flo 

bottles were initially cleaned with a detergent and then rinsed thoroughly 

several times with freshwater to remove oil, grease, soil, dust, etc. Water 

samples from the desired depths were collected by a CTD rosette and used 

for analysing biological parameters (microzooplankton, primary productivity, 

phytoplankton abundance, chlorophyll a, bacterial counts and production 
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rates, particulate organic carbon and particulate organic nitrogen) and 

chemical parameters (nitrate, dissolved organic carbon and dissolved 

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

obtained from respective sensors fitted on to a Sea Bird Electronics Seasat 

(SBE 19, USA) CTD. 

3.2 Measurements of biological parameters 

3.2.1 Microzooplankton  

Samples from the Go Flo bottles triggered during upcast at depths of 

200, 150, 100, 50 and just below the surface were used for microzooplankton 

studies. From each depth, 10 I of water sample was transferred to black 

carboys. Although JGOFS protocols (UNESCO, 1994) suggest 250m1-2L 

volumes as enough for microzooplankton studies, in order not to miss out 

rare specimens, all the 10L was filtered. Samples from each depth were 

gently siphoned through a PVC tubing with its cod end fitted with a 20pm 

Nitex screen for retaining all the microzooplankton of >20 pm size at the 

bottom of the carboy. Concentrated samples were then preserved in 1% acid 

Lugol's solution. Acid Lugol's is superior for preserving ciliates but as it 

dissolves calcified material, 1% formaldehyde-seawater fixative buffered with 

hexamine was added to the concentrate to minimize dissolution of calcium if 

any. Additionally, to the same concentrate Strontium sulphate solution (2mg 

1 ) was added for preserving acantharians. These microzooplankton 

concentrates were then used for enumeration, identification and measuring 

the biomass. 
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As mentioned earlier, by definition microzooplankton are 

phagotrophic organisms that are <200pm in length (Dussart, 1963). In this 

study, all microzooplankton in the size range 20-200 pm were studied. 

Microzooplankton samples were collected and fixed suitably soon after 

collection and analysed later in the laboratory. The analyses involved 

microscopic counting and sizing of microzooplankton. Based on the 

morphology, geometric shapes were assigned to each microzooplankton 

taxon and biovolumes of individual organism were calculated. These volumes 

were then converted to organism biomass through appropriate volume to 

organic carbon ratios (see below). Production rate was estimated from 

biomass and empirically determined instantaneous growth rate (Uye et al., 

1996). Microzooplankton community biomass is the sum of biomass of 

organic carbon of microzooplankton per unit volume of seawater and is 

expressed as pg C I -1 . 

Upon reaching the laboratory at the National Institute of 

Oceanography (N10), the initial concentrates (ca. 50m1) were allowed to 

settle for 3 days. They were further concentrated to 20m1 by siphoning out 

supernatant. A known amount of sample concentrate (in duplicates) was then 

observed under an inverted microscope with phase contrast optics following 

Paranjape et. al (1985) at 100-400X magnification. Microzooplankton were 

identified and assigned to the following five groups: Loricate ciliates 

(tintinnids), aloricate ciliates, heterotrophic dinoflagellates, sarcodines and 

micrometazoans. The choreotrichs and oligotrichs were identified to the 

generic level following several keys (Marshall,1969; Lynn et al, 1988; Corliss, 

1979). The lengths of appropriate body dimension (pm) were measured using 
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micrometer. The lorica volume of tintinnids and cell volume of naked ciliates 

were determined according to their geometric configurations. From lorica 

volume (LV, pm 3) the body weight (carbon) of a tintinnid (B t, pg) was 

calculated using the equations given below. The cell volume of tintinnid ciliate 

in the present study was assumed as 50% of lorica volume similar to Gilron 

and Lynn (1989). The carbon weight of naked ciliates was converted from 

cell volume using a factor of 0.19 pg C pm -3  (Putt and Stoecker, 1989) and 

0 14 pg C pm-3  for dinoflagellates (Lessard, 1991). The carbon content of 

copepod nauplii was calculated from body length (BL, pm) by using an 

equation (given below). While computing the biovolume of protozoans, a 

mean cell shrinkage of 40% due to preservation was allowed as per 

Stoecker et. a/ (1994a). 

In Zuari estuary, only 5L of water sample in duplicate was collected 

from -1 m below surface by means of Niskin samplers. These samples were 

preserved in the above mentioned manner after screening through the 20pm 

mesh. Concentrated sample was analyzed for microzooplankton as 

mentioned above. 

For studying the abundance of heterotrophic flagellates, 50 mi of water 

sample was collected and fixed in 2% glutaraldehyde. A known volume of 

water sample (5-10m1) was stained with DAPI and Proflavin (each at a final 

concentration of 5 pg m1 -1 ) for 5 minutes (Hass, 1982; Booth, 1993) and 

passed through 25mm diameter 0.8pm black Nuclepore (Nuclepore, USA) 

filters (Booth, 1993; Sherr and Sherr, 1983) and the slides prepared for 

epifluorescence microscopy. These slides were held at 5 °C in a darkened 
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box until observed under UV excitation with a blue filter. Only unbroken well-

defined organisms were counted and biovolumes were determined. 

Calculation: 

Microzooplankton production was calculated using the following 

equations 

P(mg C M-3  d-1 )= B(mg C M-3) * g (d-1 ) 

Bt  = 444.5 + 0.053 LV (Verity and Langdon, 1984) 

Bc= 1.51 * 	BL 2.94 (Uye, Personal communication) 

gc= 0.057 e°.069T  (see Uye et al., 1996) 

Ingd =0.1438T-0.3285In(V *10 -3) - 1.3815 (Montagnes et al., 1988) 

Where, 

P= production rate 

B= biomass of each microzooplankton category 

Bt= biomass of tintinnids(pg) 

Bc= biomass of copepod nauplii (ng) 

g= instantaneous growth rate of each microzooplankton category 

gc= growth rate of copepode nauplii 

gcd= growth rate of ciliated protozoans 

T= temperature (°C) 

V= cell volume (pm 3) 

BL= body length (pm) 

3.2.2 Cell counts of phytoplankton  

Phytoplankton are a group of unicellukir autotrophic organisms, 

containing chlorophyll and other pigments and are capable of absorbing 

radiant energy and fixing CO2 during photosynthesis. For enumerating and 
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speciating phytoplankton cells, the offshore seawater samples (250 ml) 

drawn in duplicate at 0,10, 20, 40, 60, 80, 100 and 120m were fixed in 1% 

Lugol's iodine and preserved in 3% formaldehyde solution. The samples 

were stored in dark at low temperature (5 °C) until enumeration, which was 

usually within one month after collection. A settling and siphoning procedure 

was followed to obtain 20-25 ml phytoplankton concentrate. Two replicates of 

one ml each of these concentrates were examined with a stereoscopic 

binocular microscope at a magnification of 100X n a Sedgwick-Rafter 

plankton counting chamber for phytoplankton of size >bum. 

3.2.3 Chlorophyll a 

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

photosynthetic pigments important for carbon fixation and capable of 

absorbing blue-violet and red light. Algal pigments, particularly chl a, 

fluoresce in the red wavelength after extraction in acetone when they are 

excited by light in the blue wavelength. It is detected usually in a fluorometer 

before and after acidifying the sample. By applying a predetermined 

acidification factor, the relative fluorescence strength of chl and 

phaeopigments can be calculated both for the chl a and phaeopigment 

concentrations. 

To measure the concentration of chl a, in the open ocean and coastal 

waters, two replicates samples of 1L volume were filtered through Whatman 

GF/F (pore size 0.7 urn) under low vacuum. For estuarine samples only 500 

ml volumes in replicates of two were analysed. The chl a pigments were, 

extracted for 24 hours in 10 ml 90% acetone (Qualigens AR, Mumbai) in 

dark in a refrigerator. Samples were brought to room temperature and the 
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fluorescence was measured in a fluorometer (Turner Designs, USA) before 

and after acidification with two drops of (1.2 M HCI) acid (UNESCO, 1994). 

The chlorophyll a was calculated from the fluoroscence using the appropriate 

calibration factor. The average of spot values from each depth were 

integrated to obtain the column concentration. 

The instrument (Fluorometer-Turner Designs USA) was calibrated with 

Chl a standard (Sigma, UK) before and after every cruise by dissolving the 

standard in 90% acetone for at least 2 hours before its concentrations (mg 1-1 ) 

was measured fluorometrically. 

The concentrations of chl a and phaeopigments in the samples were 

calculated using the following equations: 

Chl a (Pg/I)= [(Fm/(Fm —1)] * (F 0  — Fa) * (Kx Ne) * [Vol ex/ Vol s] 

Phaeo (Chl equiv. pg/I) = [Fm/ (Fm-1)] * {(F m  * Fa) —F0  } * Kx  —Volex 

 Where 

Fm  = acidification coefficient (Fa/Fa) for pure Chl a 

Fo  = Reading before acidification 

Fa  = Reading after acidification 

Kx  = Door factor from calibration calculations (for 10 ml standard) 

Vol ex  = extraction volume (ml) 

Vol s  = sample volume (ml) 

V0  = Volume used for calibration in ml (usually 10 ml) 

3.2.4 Primary production  

Primary production is defined as the uptake of inorganic carbon by 

autotrophic communities for formation of new cellular component into the 

eventual production of particulate organic matter. The rate of carbon fixation 
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by autotrophs in seawater was measured by tracing the uptake of 

radioactive 14C (Na2 H 14CO3). Primary production is expressed as 'mg carbon 

M-3  d-1  '. A known concentration of 185 kbq 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 d -1 '. 

Polycarbonate (PC, Nalgene, USA) bottles 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 HCI 

solution prepared with distilled water). Bottles were then rinsed 3 times with 

Milli-Q water (or distilled water) and allowed to stand in Milli-Q water for at 

least 48 hrs. 

For measuring primary productivity, water samples were obtained from 

8 predetermined depths (0-120m as done for phytoplankton) in the euphotic 

zone in the Arabian Sea. From each depth sample was transferred to five 

clean bottles. Before addition of radioactive carbonate, none of the samples 

was 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 sea water 

sample (-250-300 ml) 1 ml of aqueous solution: of 185 kbq of radioactive 

carbon (BRIT, Bhabha Atomic Research Centre, Department of Atomic 

Energy, Mumbai) was added. From one bottle, 100 ml sample was filtered on 
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to 25 mm GF/F 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 with a 

velcro closure 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 to suspend them 

at the appropriate depths of their origin using polypropylene line attached to a 

buoy. The "mooring" system was deployed approximately one hour before 

sunrise, and was allowed to drift freely for 12 hours during the fair weather 

seasons. During monsoon however, due to inclement weather, primary 

productivity mooring was tied to the ship and let to drift freely in such a way 

that the rope was not taut. The ship was occasionally manoevured to keep 

the PP mooring -150-200m away from it. The system was then retrieved ca 

- 30 minutes after sunset. 

Upon retrieval, from each bottle, 100m1 were filtered on to GF/F 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 held at room 

temperature until the radioactivity was counted. Before counting, all vials 

were uncapped and left open overnight. Five ml of liquid scintillation cocktail 

(SISCO-Bombay) was added and the radioactivity counted in a liquid 

scintillation system (Packard 2500 TR, USA). The count rates were 

converted to daily production rates (mg C m -3  d -1 ) which were obtained from 

the triplicates that generally agreed within t 10% of covariance and wee 

averaged to obtain mean values for a given depth. Dark bottle production 

rate was subtracted from the mean rate of light bottles to correct for 
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adsorption. Similarly, to determine the initial activity added (Time zero T o) in 

the bottles, 0.2m1 of sample was transferred to a scintillation vial and 0.2 ml 

of ethanolamine was added to it (ethanolamine prevents the radiolabelled 

inorganic CO2 from escaping to the atmosphere). 

The daily production rate at various depths was used to calculate the 

integrated water column production (mg C ill -2  d -1 ). The primary production 

measurements were not carried out in the Zuari estuary. Similarly during 

monsoon cruise (summer1995) all stations were not sampled for PP due to 

very rough sea conditions. 

Calculation: 

Primary Production (mg C m -3  day 1 )= 1.05 X SDpm X W / SA X T 

Sample Activity (SA)= V * TDPM / Avoi 

Where 

DPM = disintegration per minute 

SDpm= DPMs in filtered sample 

T Dpm= Total 14C DPMs (in 0.25 ml) 

Avol = volume taken to measure sample activity 

V= volume of filtered sample (liters) 

T= time (days) 

1.05 = correction for the lower uptake of 14C compared to 12C 

W = dissolved inorganic carbon (DIC) concentration in sample 

(25000 mg C m -3) 

3.2.5 Bacterial abundance 

Bacterial abundance is the number of bacterial cells /kg seawater. 

Samples for counting bacteria were preserved, stained with acridine orange 
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(in open ocean and coastal station of Arabian Sea) and 4,6-Diamidino-2 

phenylindole (DAPI) (for estuarine samples) and concentrated onto a 

membrane filter. The individual cells fluorescing green (using acridine 

orange) and bluish white (using DAPI) under blue and ultraviolet excitation 

respectively in an epifluorescence microscope were counted in the field of 

view of known area and the abundance of bacteria in the original sample was 

calculated. 

The procedure followed in brief is; 20 ml water sample from various 

depths where primary productivity was measured, were fixed with 1 mi 

formaldehyde (2% final concentration) and refrigerated in the laboratory. 

Acridine orange direct counts (AODC) for bacteria were carried out following 

Parsons et al. (1984) and the UNESCO (1994). Up to 25 microscopic fields 

were counted for bacteria using non-fluorescent oil at 100X in an Olympus 

BH2 epifluorescence microscope. Mean cell numbers per field were 

calculated and the number of bacterial cells r' determined based on the 

relationship detailed in Parsons et. al (1984). Bacterial cell abundance was 

converted to carbon mass using a value of 2 X 10 -14  g C per cell (Ducklow et 

al., 1995). From the estuary, water samples were stained with fluorescing 

DNA stain, 4,6-diamidino-2-phenylindole (DAPI) instead of Acridine Orange 

(AO) and filtered onto black stained 0.2 pm Nuclepore filters (Porter and 

Feig, 1980). Bacteria were enumerated using UV excitation (Zeiss filter set 

48 77 02). A minimum of 20 fields were counted for each sample. 

3.2.6 Bacterial Production (BP)  

Bacterial production is the rate of build up of biomass of heterotrophic 

bacterioplankton, which 	is usually estimated by tracing the specific 
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incorporation of 3H-thymidine into the TCA-insoluble macromolecular 

fraction for a definite length of time. This incorporation is terminated by 

adding formalin, followed by an extraction of the unincorporated 3 H-thymidine 

from the bacterial cells in cold TCA and ethanol. 

The Bacterial production (Cells kg -1  h -1 )= F * [3  H-thymidine] pmole kg -1  

h -1  

Conversion Factor (F) = production of bacterial cells/ mole 3 H-

thymidine incorporated 

The working solution of 21.25 ml containing 59 n mole of methyl 3 H 

thymidine (BAARC, Mumbai) was prepared and 100 [11 of this solution was 

added to 27.8 ml of water sample collected from various depths, upto 150m, 

to yield a final concentration of 10 nM thymidine. Samples were incubated for 

1h and the uptake was stopped by adding 37% formaldehyde (3% VNol). 

The incubated samples were immediately filtered onto a 0.2pm Millipore 

filters and precipitation in cold TCA and ethanol extraction was carried out. 

Just prior to measuring the amount of radioactivity, a 3m1 of Liquid 

scintillation cocktail (Cocktail 'W) was added to each vial and assayed for 

radioactivity in a liquid scintillation counter (Packard 2500TR, USA). From 

the readings of disintegration per minute (DPM), bacterial production was 

estimated using mean oceanic conversion factor of 2.17 * 10 18  cells mo1 -1 

 thymidine incorporated. Bacterial production was not measured from Zuari 

estuary 
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Calculation: 

[methyl-3H-thymidine] pmole kg" 1  If1 = (DPM/2200)*(1000N)*(1/SA)*(60fT) 

Where, 

DPM= Disintegrations per minute (after subtracting the DPM from 

blank) 

V= extraction volume 

SA= specific activity (of added 3H-thymidine) 

T= incubation time (min) 

3.2.7 Mesozooplankton  

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 link in the food chain of the 

oceans. 

From Zuari estuary the mesozooplankton samples were collected 

monthly using a Heron Tranter net ( mesh size 200 pm), having a mouth area 

of 0.25 m2. The net was towed obliquely at -1m depth below the surface for 

five minutes for a distance of -50 m. The volume of water filtered was 

calculated with the help of a flowmeter (General Oceanics, USA). 

Immediately after the retrieval, samples collected in the plankton bucket at 

the cod-end of the net were transferred to a plastic bottle. They were passed 

through 200pm mesh again to drain as much water and placed on an 

absorbent paper to remove excess water. The collected zooplankton was 

then transferred to a graduated cylinder with a known volume of water. 

Increase in the volume after transferring the samples collection was noted 
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and used for determining mesozooplankton wet biomass. Buffered formalin 

(4% V/V) was used to preserved these samples. 

In Arabian Sea, the zooplankton samples were obtained with a 

Multiple Plankton Net (Hydro-Bios, mouth area 0.25 m 2, mesh width 200 pm). 

Sampling was conducted around mid day and mid night from five depth-

zones from the open ocean stations (1000-500m, 500-300m, 300m-base of 

thermocline (BT), BT-top of thermocline (TT) and TT up to surface (mixed 

layer). At coastal station two shallow depth intervals were invariably sampled, 

deeper sampling depeoded on the bottom depth. 

Mesozooplankton biomass estimated as displacement volume was 

converted to dry weight (1 ml displacement volume = 0.075 g dry wt.) and to 

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

Haridas, 1990). 

Calculation: 

From the analysis of samples, it was observed that contribution of 

copepod to the total zooplankton community was 80-90%. Therefore, only 

growth rate of copepods was used for calculating the whole zooplankton 

community production. 

P (mg C m-3  d -1 ) = B (mg C r11-3) * g (d-1 ) 

g = 0.078 e  0.062T (uy  e Personal communication) 

Where 

P = mesozooplankton production rate 

B = Biomass of mesozooplankton 

g = Growth rate 

T= Temperature ( °C) 
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3.2.8 Particulate organic carbon (POC) and nitrogen (PON)  

POC and PON are estimated in principle from particulate organic 

matter as follows. A dried, acidified sample is combusted at 960 °C and the 

organic carbon is converted to CO2 and, nitrogen oxides reduced to N2 gas. 

Both these gases are measured by thermal conductivity and expressed as 

pgC/Kg (POC) or pgN/Kg (PON) of seawater. 

From the coastal and open ocean stations one litre each of the water 

samples collected from 8 depths were used for particulate carbon and 

nitrogen measurements. Samples were filtered ooto a 25mm Whatman GF/F 

filters precombusted at 500 °C for 24 h. After straining all the POM the filters 

were removed and wrapped again in precombusted aluminium foil and stored 

in a deep freezer (-20 °C) until processed. Filters were thawed and allowed to 

dry overnight at 65 °C. Later these filter papers were exposed to 

concentrated hydrochloric acid (HCI) fumes overnight in a desiccator. Again 

these filters were dried at 65 °C and packed in precombusted nickel sleeves 

and analysed for carbon and nitrogen content at the NIO in an elemental 

analyser (Perkin-Elmer 2400 CHN, USA). Every gram of acetanilide used as 

standard contained 0.7109 g C and 0.1036 g N. Some of the samples were 

analysed at the Physical Research Laboratory (PRL, Ahmedabad) on a 

Carbo-Alba analyser (Germany). 

In the Zuari estuary, POC and PON analysis were done from 500m1 of 

water sample in duplicate. 

Calculations: 

POC and PON was calculated using the following equation 

pg/kg=(S-B)/ V 
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Where 

S= value of sample 

B= value of filter blank 

V= volume filtered 

3.2.9 Dissolved oxygen  

Dissolved oxygen (DO) in seawater was measured by following 

Winkler's method as described in Grasshoff (1976). Water samples were 

carefully collected in a glass bottle (125 ml) without trapping air bubbles. 

Immediately samples were fixed by adding 1 ml of Winkler A (manganous 

chloride) and 1 ml of Winkler B (alkaline iodide) solution to each 50 ml of 

water samples. Samples from Zuari estuary were analyzed by titration 

method (Grasshoff, 1976) whereas dissolved oxygen samples from the 

Arabian Sea was measured by colorimetric technique (Pai et. at 1993). 

Calculation: 

The dissolved oxygen analysed by titration method was calculated 

with the following relation. 

DO (ml/litre)= 5.6 * N * (S-bm) * V/(V-1) * (1000/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 (50m1) 
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3.2.10. Temperature and Salinity 

Temperature and salinity profiles from the Arabian Sea were taken 

from the respective sensors on the CTD (Conductivity, Temperature and 

Depth) profiler. These profiles were used for relating the influence of these 

parameters on various biological parameters. In the Zuari estuary 

temperature was measured by a good quality centigrade thermometer and 

salinity by Mohr Knudsen argentometric chlorinity titration method (Grasshoff, 

1976). Standard seawater of chlorinity 19.374 x 10' 3  supplied by the Institute 

of Oceanographic Sciences, U.K. was used for standardising silver nitrate 

solution. 

Calculation: 

Salinity ( S x 10 -3) was calculated from chlorinity (CI) from the relation 

Sx10-3= 1.80655 * CI (x 10' 3) 

CI = V + K 

V= Vc  X F 

F=N/Cm  

Where 

F= Standardisation factor 

N= nominal chlorinity of Standard Sea Water on the ampoule 

Vc= mean value of the amount of Ag No 3  consumed by the sample. 

K= Correction factor for the calculation of chlorinity 

Cm= Mean value of the amount of Ag NO3 consumed by the standard. 

3.2. 11 PH  

PH  was measured while onboard during the estuarine collection in 

Zuari, with a digital pH meter (Orion Research, Italy). pH meter was 
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calibrated before the field trips using standard buffer solutions of pH 7.00 

and 4.00. The multiwavelength spectrophotometric technique was used for 

measuring pH from all samples from the Arabian Sea. This technique uses 

acid-base indicators which are highly precise and sensitive (Byrne and 

Breland, 1989). The seawater sample, thermostated at 25+ 0.2 °C in a water 

bath, was transferred to 10 cm long cylindrical quartz cuvette, with least/no 

exposure to air and capped quickly. Blank absorbances of all the samples 

were measured at 730, 573 and 433 nm. Subs )quently, 50 pl cresol red (2 x 

10 -3  M) was added to the sample in cuvette, dispersed well and 

measurements repeated. Absorbance was measured in a spectrophotometer 

(JASCO Model 7011). The absorbance at 730 nm was also noted to account 

for baseline drift, if any, between the measurements. The ratio of cresol red 

indicator absorbances at 573 and 433 nm were used to calculate seawater 

pH using the following equation 

PH°25 = 7.8164 + 0.004 (35-S) +log ((R-0.00286)/ (2.7985-0.09025*R)) 

Where 

R(absorbance)=X, 573/X433 

3.2.12 Nutrient (Nitrate -nitrogen NO 3-N) 

Samples for nutrients were collected into cleaned glass bottles. The 

analyses were carried out in an autoanalyser SKALAR (Model 51001-1) for 

Arabian Sea samples. Spectrophotomertric technique was used for samples 

from the Zuari estuary. 
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Nitrate in the sample was first reduced to nitrite in a reductor column 

filled with copper amalgamated cadmium granules. The reduced nitrate 

(NO3) i.e nitrite (NO2) then reacted with sulphanilamide in an acid solution. 

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

ethylenediamine dihydrochioride to form a colored azo dye, the absorbance 

was measured spectrophotometrically at 543nm. The concentration of 

reactive nitrate is given in pmol kg -1 . 

Calculations 

pmole NO2-N/litre = FNO2 * (As7NO2 — Ab,NO2) 

FNO2= Stock nitrite solution/ (Ast NO2+NO3 — Ab NO2 +NO3) 

Where 

F=factor 

Ast= mean standard absorbance 

As  = Sample absorbance 

Ab= mean blank absorbance 

3.2. 13 Dissolved Organic Carbon MOGI 

For the measurement of DOC, the organic carbon from the water 

sample is oxidised to CO2 by 1.5% platinum-coated on alumina granules at 

680°C temperature. The amount of carbon dioxide released is measured by 

using non-dispersive infrared detector (NDIR). 

Samples were collected in 30 ml polycarbonate bottles. Prior to 

collection, these bottles were thoroughly washed, soaked in 20% ortho-

phosphoric acid for 24 hours and rinsed with distilled water. Samples were 

then preserved with 0.5 ml 85% ortho-phosphoric acid and stored in a 

refrigerator until analysis in the laboratory. Each sample was injected 4 to 6 
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times until the coefficient of variation among injections was less than 2%. 

The mean value of total organic carbon (TOC, µg r 1 ) from all the injections 

per sample was noted. Particulate organic carbon (POC) was then 

subtracted from the TOC to obtain DOC values (j.ig r 1 ). 

3.3 Statistical analyses  

From the qualitative and quantitatively analyses tintinnid sample data 

the species commt, nity structure were derived using suitable equations. 

Species diversity index (H') was measured by following Shannon and 

Weaver (1963). 

H'=-Epi loge pi 

Where 	H' = the diversity in bits of information per individual 

pi = ni/n (proportion of the sample belonging to the i th 

 species). 

Species richness (SR) 

SR =(S-N)/InN 

Where 

S = the number of species 

In N = natural logarithm of the total number of individuals of all 
the species in the sample. 

Species evenness (J') 

J 1 =1-1'/Iog2S 

Where 

H'= species diversity in bits of information per individual 

S= the number of species 
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Root-root or log transformed data was used for the analysis of 

variance (ANOVA, Sokal and Rohlf, 1969) and regression. This analysis was 

performed to find out significant variations in biological, physical and 

chemical parameters between/within seasons, stations and among the 

biological parameters. Clustering was done using Bray-Curtis measure for 

tintinnid species (Field et al., 1982). 
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CHAPTER 4 

HYDROGRAPHY OF THE ZUARI ESTUARY 
AND THE ARABIAN SEA 



In this chapter, the hydrography of the study area during this 

investigation is presented. 

4.1 Hydrographical features of the Zuari estuary during the study  

period  

Of the two monsoons, summer (southwest) and winter (northeast), the 

summer monsoon affects the characteristics of the Zuari estuary more. 

Based on the monsoonal cycle, the study period has been divided into three 

seasons i) monsoon (June-September) ii) postmonsoon (October-January) 

and iii) premonsoon (February-May). 

4.1.1 Temperature 

The annual fluctuations in the surface temperature at the three 

stations were in the range of 25.2 to 34.4 °C and are depicted in Fig. 4.1. 

Surface temperature, over a period of one year showed two peaks, one 

during August-September and second in April-May at all the three stations 

(Fig. 4.1). The highest temperature was observed in the month of May and 

was 33.4, 34.4 and 33.7°C respectively for Z1, Z2 and Z3. The lowest 

temperature was recorded in October followed by a second minimum during 

February during winter. Seasonal averages of temperature at three stations 

are given in Table 4.1. Largest spatial variation of surface temperature was 

noticed during premonsoon season. 
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4.1.2 Salinity  

During the study period the salinity fluctuated from almost freshwater 

condition (1psu, practical salinity unit at Z3 station) in the month of October 

to high saline (32 psu at Z2 station) condition during May (Fig. 4.2). Thus, 

the annual variation in salinity which was very large depends on the seasonal 

freshwater runoff and intensity of precipitation. With the termination of 

monsoon, salinity increased steadily during postmonsoon and attained the 

highest values (s=ig. 4.2). A general decrease in salinity from mouth towards 

upper reaches of the estuary was observed along the transect. During 

postmonsoon, salinity at station Z2 was comparatively higher than at the 

other two stations. The average seasonal variation in salinity is given in table 

4.2. Salinity decreased drastically during monsoon with Z3 showing the 

lowest values within 5 psu while at Z1 and Z2 it varied between 5 and 20. 

During monsoon, salinity at Z1 was almost double compared to the 

upstream station Z3 (Table 4.2). However, during premonsoon variations 

between the Z1 and Z3 stations were minimal. 

The lowest salinity observed during the study period resulted from 

large amount of land runoff from the considerably large catchment area of 

Zuari river. Heavy precipitation and increased freshwater runoff lead to the 

formation of a salt wedge at the lower reaches of the estuary as explained by 

Qasim and Sen Gupta, (1981); Anon (1979). 
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4.1.3 Oxygen  

The annual profiles of dissolved oxygen remained almost similar at all 

stations in the estuary. The annual average concentrations of dissolved 

oxygen at the Z1, Z2 and Z3 were 3.72(+0.70), 5.65(+1.32) and 3.94(+0.95) 

ml r 1  respectively. Seasonally, higher oxygen concentration was seen during 

monsoon followed by post and premonsoon (Table 4.3). During 

postmonsoon there were very little fluctuations in the oxygen concentration 

particularly at Z2 and Z3 stations. The highest values were observed during 

August at all three stations and concentrations were 4.53, 8.36 and 6.52 ml r 

1 at Z1, Z2 and Z3 respectively whereas the lowest values were in 

September, 1.79 (at Z1), 2.80 (at Z2) and 2.41m1 1 .1  (at Z3). Higher 

concentration was observed at Z2 i.e., in the region of low salinity. In general 

comparatively higher concentrations were observed at the upstream stations. 

Throughout the year higher values were observed at station Z2 when 

compared to other two stations. 

4.1.4 pi 

Seasonal distribution (Table 	4.4) indicated higher pH during 

premonsoon (7.75 — 7.94). Monthly variation of pH depicted in Figure 4.4 

showed highest value in March (8.31 at Z1, 7.93 at Z2 and 7.83 at Z3 station) 

and the lowest in August (7 at Z1 & Z2 and 7.02 at Z3 station). During 

postmonsoon there was not much variation in pH. It increased during 

premonsoon and thereafter a decrease was seen coinciding with monsoon. 

The annual average variation of pH showed higher values at Z1 (;'.49 ± 0.44) 

compared to Z2 (7.4 ± 0.39) and Z3 (7.42 ± 0.32). 
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4.1.5 Nitrate  

Concentration of NO3-N were the highest in June-July at all three 

stations. A secondary peak was seen in October-November at station Z2 and 

Z3 (Fig. 4.5). The annual fluctuation in the nitrate concentration was large 

and ranged from 0.85 to 14.56 pM. Annual fluctuations observed at Z1, Z2 

and at Z3 stations were 1.3 - 12.5 pM, 0.85-14.56p M and 1-11.94pM 

respectively. The seasonal average of nitrate variations observed at each 

station is given in Table 4.5. Higher concentration was observed in me nsoon 

followed by post and premonsoon. Relatively higher average values were 

seen towards the upstream (Z2 & Z3). During premonsoon, its variations at 

different stations was minimal. During postmonsoon though stations Z2 and 

Z3 did not show much variation. The NO3-N was comparatively higher at Z1 

(Table 4.5). 

4.2 Hydrographical features of the Arabian Sea during the study period  

The winds in the Arabian Sea are dominated by two periods of strong 

monsoon-southwest (Summer) and northeast (winter). During southwest 

monsoon (June-September), winds are strong and southerly, whereas during 

NE monsoon (November-February), the winds are generally weaker and 

northerly. The transition between these two monsoons is called 

intermonsoon. Accordingly, the circulation during summer monsoon is 

northerly along the western boundary and southerly along the eastern 

boundary. Somali current flows towards north and upwelling occurs along the 

coastal regions of Somalia and Arabia. In the interior Arabian Sea zonal 

currents are towards east. Upwelling also occurs along the southern parts of 
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the west coast of India. In winter the currents along the western boundary is 

southerly while that along the eastern boundary is northerly. open sea 

currents are zonal and towards west. 

Apart from the wind and current reversal, the Arabian Sea is also 

influenced by the intrusion of warm high salinity water mass from the Persian 

Gulf and Red Sea and low salinity waters from the Bay of Bengal and 

equatorial region. The high salinities form due to excess evaporation over 

precipitation. Ftochford (1964) provided the first description of the different 

water masses of the Arabian Sea based on hydrographic data. The Arabian 

Sea high salinity water mass (ASHSW) occurs in the upper 100m, while the 

Persian Gulf water (PGW) and Red Sea water (RSW) are found generally 

between 200-400m and 500-800m respectively. Characteristics of water 

masses in the upper 1000m is summarised in Table 4.6. 

Based on the monsoonal cycle, the Arabian Sea was sampled during 

Winter monsoon (February), Spring Inter monsoon season (April-May) and 

Summer monsoon (July-August). A season wise account of the hydrographic 

features is presented in the following sections. 

Distributions of sea surface temperature, air temperature, wind speed 

and mixed layer depth recorded during different seasons along 64 °E are 

presented in Figure 4.6 

4.2.1 NE MONSOON  

During the northeast (NE) monsoon period, the flow north of equator is 

from east to west in the form o! the North Equatorial Current (NEC). 

Beginning in November, this flow becomes the most intense by February and 

subsides by April (Wyrtki, 1973). A branch of the NEC turns north and flows 
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along the west coast of India during November to January, bringing low 

salinity surface waters from the Bay of Bengal. The other branch of NEC 

turns south off Somalia, crosses the equator and merges with the South 

Equatorial Current. Surface circulation in the Arabian Sea is generally 

anticlockwise during the NE monsoon. 

4.2.1.1 Shelf waters  

Along the shelf of India, winds were predominantly north/north-

easterlies during winter with speed varying between 4 and 10 m.s -1 , except at 

18° N where it was about 12 m.s -1  (Prasanna Kumar and Prasad, 1996). 

Along the northern shelf, the wind speeds were between 8 and 10 m.s -1 , 

decreasing to 4 to 6 m.s' l  towards south. 

Weakly stratified surface layer extended upto 100 m depth along the 

shelf. SST rose north to south from about 24.2°C at 21°N to about 29°C at 

10°N, with approximately 0.5°C increase per degree latitude. The MLD was 

deep and varied between 120 m at 21° N and about 80 m at 10° N. Vertical 

distribution of temperature and salinity along the coast is shown in Figure 4.7 

and 4.8. The isotherms below 100 m, along the southern shelf indicate the 

occurrence of a strong thermocline. Salinity structure also showed a weakly 

stratified layer of high salinity (36.4 psu) in the north that was thinning 

towards south. Low salinity waters (<34.6 psu) in the south indicate the 

influence of the Bay of Bengal waters, being carried along the shelf by 

northward moving coastal current (Prasanna Kumar and Prasad, 1996). The 

high salinity surface waters (36.4 psu) in the north lead to the formation of the 

Arabian Sea High Salinity Watermass (ASHSW), the core of which deepens 
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towards south (about 100 m depth) having a salinity of 36.0 psu (Prasanna 

Kumar and Prasad, 1996). 

Figure 4.9 and 4.10 depicts nitrate and oxygen distribution in waters 

along the west coast of India. All contours of the oxygen as well as nitrate 

rose from a depth of 180 m between 16 and 19° N and deepened between 

19° and 21° N, clearly depicting the prevalence of winter convection. As a 

result, high nitrate levels in the surface layers (2 i.IM) could have led to higher 

primary productivity in the mixed layer. Column productivity was higier (860 

mg C m 2  d -1 ) in the north (Bhattathiri et al., 1996). 

4.2.1.2 Open ocean  

Prasanna Kumar and Prasad (1996) observed that winds were 

predominantly north/north-easterlies along 64 °E during winter with speeds 

gradually increasing from about 2 m.s l to 5 m s 1 . 

Wind speed, air temperature, seasurface temperature (SST) and 

mixed layer depth MLD are shown against latitude to highlight the changes in 

the top layer of the ocean during winter, intermonsoon and SW monsoon 

along 64° E (Fig. 4.6). The air temperature, during winter, increased from 

22° C in the north to more than 26 °C in the south. The SST rose by about 3° 

C from north (25° C) to south (28° C). The MLD was deep at average of 80 m 

in the north (with its deepest 120 m at 17 °N). The MLD shoaled steadily to 

65 m (Prasanna Kumar and Prasad, 1996; Madhupratap et al., 1996a) south 

of 17°N. The distribution of nitrate during the three seasons is shown in 

Figure 4.13. The nitrate concentration was about 2 pM in the surface waters 

in the northern latitudes resulting from cooling and convective mixing (de 

Sousa et al., 1996 and Madhupratap et al., 1996a). The distribution of 
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oxygen in the upper 200 m during these seasons is shown in Figure 414. 

The data revealed a difference in oxygen concentrations in the surface 

layers by 40 pM compared to that in intermonsoon by 20 pM compared to 

that in SW monsoon. This could be due to enhanced productivity associated 

with the winter cooling which injects nutrient rich subsurface waters into the 

euphotic zone. These data are consistent with primary productivity 

measurements during the season (Bhattathiri et al., 1996). They also 

observed productivity of 643 mg C m Z &I  in the northern open Arabian Sea 

during NE monsoon whereas it was 1097 mg C m z d -1  during SW monsoon 

1996. Surprisingly, though the mixed layer is enriched with nutrients in winter, 

the productivity remained less than that in the SW monsoon (Madhupratap et 

al., 1996). However, during 1997 winter, a production of 925 mg C m 2  61 

 was observed at 21°N. 

Along the zonal section (of 11 °N) the MLD increased gradually from 

about 50m in the west to almost 100m towards the east with SST, in general, 

greater than 28° C (Fig. 4.15). The presence of NEC brings about changes 

in the surface salinity along this section (Fig. 4.16) with very low saline 

waters (34.6 psu) of Bay of Bengal over-riding the ASHSW formed in the 

Arabian Sea. The core of the ASHSW (36.0 psu) consequently showed an 

eastward tapering and deepening. Dissolved oxygen concentrations in 

surface waters showed no significant east west variations (-220pM) and 

were quite well stratified (Fig. 4.18). Nitrate in the upper 50 m was below 

detectable level throughout this section (in the north). 
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4.2.2 INTERMONSOON  

As noted previously, the intermonsoon represents transition periods 

between NE and SW monsoons when the winds reverse their direction 

during March to May (pre-monsoon) and October to November (post-

monsoon). 

4.2.2.1 Shelf waters  

Along the northern part of the Indian shelf, wind speeds were between 

8 and 10m s -1  and decreased to 6m; 1  towards south. Thermal structure 

revealed a thin mixed layer that varied from 10 m to 25 m with SSTs more 

than 30° C (Fig. 4.7). Comparatively low temperature (<29 °  C) in the north 

where wind speeds were high was observed as a result mixing of surface 

waters with cooler subsurface waters. Otherwise, waters were well stratified 

due to increased insolation. More or less uniformly high salinity waters (36.4 

psu) were encountered along the northern shelf (north of 16° N). However, 

along the southern shelf, relatively low salinity waters were seen in the upper 

20 m (Fig. 4.8). The core of ASHSW was closer to the surface in the north 

but deepened to about 80 m in the south (Prasanna Kumar and Prasad, 

1996). 

The oxygen concentration did not showed much variation between 

northern and southern areas along the shelf. It is in concurrence with 

temperature data shown in Fig. 4.7. Surface oxygen concentration (Fig. 

4.10) observed during this season was lower (200 pM) than winter (240 pM). 

The surface waters were nearly devoid of nitrate during tha intermonsoon 

period (Fig. 4.9). This lower oxygen concentration may be because of lower 

primary productivity observed during this season (Bhattathiri et al., 1996). 
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The 2 pM nitrate isoline was found at 60 -75 m in this season. The surface 

primary production was also low, 

4.2.2.2 Open Ocean  

The surface winds south of 17° N during April-May were 

predominantly northerly and weak (<4 m s -1 ) and became westerlies and 

progressively stronger towards the northwest. Wind speeds were high in the 

north of 18° N reaching up to 8-m s'. The air temperature along 64° E was, 

in general, more than 28° C reaching up to 30°C at 13° N (Fig. 4.6). The 

SST showed decreasing trend from south (30° C) to north (29° C) with large 

variations between 13° and 17° N. MLD was shallow and varied between 30 

and 35 m, but at 19-20° N it further shallowed to 10 m. 

The MLD remained thin towards south along 64°  E. Salinity structure 

resembled that of winter, except for the reduced spatial extent of the low 

saline water in the southern region. The thick isohaline layer seen in the 

north, during winter, was no longer present. Instead, spreading and 

deepening of the ASHSW towards south was noticed. 

Along the 64°E, oxygen was lower than in NE monsoon by 40-60 pM 

(Fig. 4.14) with no spatial variability along this section. Such a low oxygen 

concentration could be related to less production of organic matter in the 

surface waters (de Sousa et al., 1996). Surface nitrates were almost at 

undetectable levels (Fig. 4.13). However, high nutrient concentrations below 

the mixed layer (-50m) resulted in development of subsurface chlorophyll 

maximum (SCM). 

The thermal structure along zonal section 11 °  N revealed extremely 

shallow MLD that was at least 2 °C warmer than in winter (Fig. 4.15 and 
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4.16). The low saline waters in the east along 11 °  N during winter are not 

seen in intermonsoon and surface salinity varied over a narrow range from 

35.0 to 35.2 psu. Oxygen contours in the upper 150 m were well stratified 

and showed no east-west gradient. But high concentrations were observed in 

the surface close to the coast. Surface nitrate was undetectable but started 

increasing from the base of the euphotic zone (60-70 m) leading to the 

formation of SCM (Fig. 4.17& 4.18). 

4.2.3 SOUTHWEST (SUMMER) MONSOON  

The flow pattern seen in winter changed completely with the onset of 

the SW monsoon. During SW monsoon the overall direction of winds over the 

north Indian Ocean was from the southwest and surface flow towards the 

east. The reversal actually starts sometimes in February and is completed by 

May. An eastbound Indian monsoon current (IMC) replaces the westbound 

NEC. A prominent feature of the large scale surface circulation in the Arabian 

Sea during the SW monsoon is the Somali Current System. The northward 

flowing Somali Current reaches its greatest strength in July (Schott, 1983). 

4.2.3.1 Shelf waters  

The occurrence of cold upwelled waters along the west coast of India 

has been established by Banse (1968). Shetye et a/. (1990) found upwelling 

along the southwest coast of ndia, which weakened towards the north. 

Although, the overall direction of winds over the northern Indian Ocean is 

from the southwest, departures from this can be noticed from the distribution 
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of climatic monthly mean winds in July (Hastenrath and Lamb, 1979). Off the 

west coast of India, the direction of winds varies from roughly west-southwest 

in the north to approximately west-northwest in the south. Shetye et. al. 

(1984) computed the climatic annual cycle of the along-shore component of 

the wind stress off the southwest coast of India, and compared it with the 

annual cycle of the mean thermal structure of the shelf given by Sharma 

(1968). This comparison revealed that winds control the upwelling along the 

coast. Shetye and Shenoi (1988) stt, died the annual cycles of wind stress 

and ship-drift along the coast and showed that local winds could drive the 

surface circulation. 

During the present study, the local winds were generally from west-

northwest. High eastward wind component (10 m s -1 ) has been observed to 

be associated with moderately strong southward component (6 m s-1 ) 

(Muraleedharan and Prasanna Kumar, 1996). Along 11° N, the observed 

wind showed a steep rise in both cross-shore (positive towards east) and 

along-shore (positive towards north) components. The shoaling of the 

isotherm with low SST indicated strong upwelling and is well correlated to the 

prevailing winds. 

The vertical thermal structure studied by Muraleedharan and 

Prasanna Kumar (1996) off Goa found gentle upsloping of isotherms towards 

the coast producing colder surface water. They attributed this to the strong 

cross-shore wind present at this latitude, bringing the low saline surface 

water, diluted by freshwater influx from land, thereby suppressing the 

upwelling. Thus, along-shore as well as cross-shore components play 
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significant role in determining the magnitude of the upwelling. Surface 

salinities near the coast were almost 0.8 psu lower than the offshore values. 

Signature of upwelling occurrence in the eastern side of the east-west 

section along 11 °N during South west monsoon of 1995 is depicted in Fig. 

4.15. Surface temperature less than 28 °C was observed to the east of 72 °E. 

As a result of upwelling, isotherms upsloped from a depth of 150m towards 

the coast. In addition, salinity structure (Fig. 4.16) showed concurrent 

distribution with temperature. Low salinity waters were observed close to the 

coast due to river flux. Dissolved oxygen distribution along the coast is 

depicted in the Fig. 4.18. Like temperature, all contours upsloped from a 

depth of 150m, nitrate distribution showed that 2pM contour progressively 

upsloped from a depth of 100m in the west to 40m towards east. Surfacing of 

these contours were probably, inhibited by low saline waters from river run-

off. 

4.2.3.2 Open ocean  

A prominent signature of the onset of the SW monsoon is the cross 

equatorial wind component in the Northern Hemisphere. During May this low-

level flow progressively moves northward along the East African coast where 

it accelerates and produces the Somali Jet, also known as Findlater Jet 

(Findlater, 1971) 

During this study the overall wind speeds ranged between 2 and 17 m 

s-1 . Winds along 64 ° E were stronger, ranging from 8 to 17 m s -1  with the 

hiOest speeds occurring near the Jet axis (16-17 °  N). The winds were highly 

variable along the Indian coast with speeds of 2-10 m s -1 . The physical 

forcing due to Findlater Jet on the oceanography has been fairly well 
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understood. Briefly, to the northwest of the axis of the jet, positive (cyclonic) 

wind stress curl occur which induce a divergent Ekman transport in the upper 

ocean (Bauer et al., 1991) with vertical velocities of the order of 1-2 m d -1 

 (Yoshida and Mao, 1957; Smith and Bottero, 1977). This divergence 

stimulates an intense biological bloom over -40% of the surface area of the 

basin during the SW monsoon (Smith and Bottero, 1977; Brock et aL, 1991). 

To the southeast of the jet axis, the curl is negative (anti-cyclonic) and drives 

downwa-d Ekman pumping. This results in a warm and deep mixed layer 

(Bauer et aL, 1991). 

Consistent with wind field, the mixed layer was found to be deep in the 

south and shallow in the north of the Jet axis, respectively. Isotherms 

shoaled from a depth of 100m in the south to almost 50m in the north. 

Salinity structure also reflected similar feature (Fig. 4.12). High salinity cells 

were observed between 15-18°  N in the surface where open ocean upwelling 

was prevalent. Nitrate was at undetectable or very low levels in the upper 50 

m in the south (Fig. 4.13), except that high nitrate was found during SW 

monsoons of 1995 at 17° N and in 1996 at 19 °  N. Concentration of nitrate at 

these locations was upto 4.5 p,M in 1995 but was low (< 2 Al) in 1996. In the 

north nutrients, apparently were supplied by open ocean upwelling induced 

by cyclonic wind stress curl. Dissolved oxygen in surface layers did not show 

much variation between years (Fig. 4.14) except it was higher by -10 11M at 

the surface at 18-19°  N in 1996 than 1995. This may be due to enhanced 

biological production at these latitudes triggered by higher availability of 

nutrients. 
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Table 4.1: Seasonal mean surface temperature ( °C) at three stations in the Zuari 

estuary. 

Station 

Season 

Z1 Z2 Z3 

Monsoon 29.2 (±1.5) 29.4 (±1.4) 29.4 (+1.1) 

Postmonsoon 27.4 (+1.5) 27.5 (±1.3) 27.6 (±1.3) 

Premonsoon 30.4 (+2.6) 31.3 (±3.1) 32.5 (±1.0) 

Table 4.2: Seasonal mean salinity (psu) at three stations in the Zuari estuary. 

Station 

Seasons 

Z1 Z2 Z3 

Monsoon 14.25 (±6.39) 13.0 (±5.18) 6.25 (±2.10) 

Postmonsoon 20.1 (±7.40) 17.12 (±8.89) 9.75 (±6.18) 

Premonsoon 25.25 (±3.52) 30.0 (±2.48) 17.62 (±1.44) 



Table 4.3: Seasonal mean oxygen (ml I -1 ) at three stations in the Zuari estuary. 

Station 

Season 

Z1 Z2 Z3 

Monsoon 3.49 (±1.21) 5.69 (±2.31) 4.22 (±1.73) 

Postmonsoon 3.72 (±0.25) 5.35 (±0.41) 3.69 (±0.10) 

Pre-monsoon 3.97(± 0.35) 5.93 (± 0.84) 3.94 (±0.25) 

Table 4.4: Seasonal mean pH  at three stations in the Zuari estuary. 

Station 

Season 

Z1 Z2 Z3 

Monsoon 7.31(+0.33) 7.17 (±0.23) 7.15 (±0.19) 

Postmonsoon 7.24 (±0.38) 7.17 (±0.26) 7.36 (±0.29) 

Premonsoon 7.94 (±0.27) 7.85 (±0.13) 7.75 (±0.06) 



Table 4.5: Seasonal mean NO3-N (1,LNI ) at three station in the Zuari estuary 

Station 

Seasons Z1 	 Z2 Z3 

Monsoon 6.20 (±5.91) 8.06 (±6.65) 7.00 (±5.59) 

Postmonsoon 2.51(+0.10) 3.26 (±3.23) 3.11 (±2.50) 

Premonscion 2.97 (±0.54) 2.26 (±1.21) 2.72 (±1.55) 

Table 4.6: Characteristics of the Three Water Masses in the upper 1000m of 

the Arabian Sea (after Prasanna Kumar and Prasad, 1996). 

Water Mass Depth (m) Temperature 

(0C) 

Salinity 

(psu) 

Sigma-t 

(gm cm -3 ) 

ASHSW 
0-100 28-24 36.7-35.3 22.8-24.5 

PGW 200-400 19-13 	37.9-35.1 26.2-26.8 

RSW 
500-800 11-09 	35.6-35.1 27.0-27.4 

ASHW- Arabian Sea High Salinity Water 
PGW- Persian Gulf Water 
RSW- Red Sea Water 
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CHAPTER 5 

SEASONAL VARIATIONS OF SOME 
BIOLOGICAL PARAMETERS IN THE ZUARI 

ESTUARY AND THE ARABIAN SEA 



5.1 Zuari estuary 

5.1.1 Phytoplankton cell abundance  

Monsoon (June-September): 

Phytoplankton cell concentration during this season varied from 400-

55680 1-1  (Table 5.1). Higher average cell concentration was at st Z3 

followed by Z2 and Z1 (Fig. 5.1). Seasonal peaks were recorded in August at 

st Z3 and in September at sts Z1 and Z2. General increases in cells were 

observed from June to September at sts Z1 and Z2 (Fig. 5.2). No statistically 

significant variation was recorded between stations and months during this 

season (Table 5.2). 

Postmonsoon (October-January): 

Phytoplankton cell counts ranged from 600-62480 1-1  (Table 5.1) and 

the seasonal averages increased progressively from sts Z1 to Z3 (Fig. 5.1). 

Peaks were recorded in November at sts Z2 and Z3 and in December at st 

Z1 (Fig. 5.2). At st Z1 the cell abundance increased from October to 

December (Fig. 5.2). Monthly variations of phytoplankton cell counts were 

statistically significant (P<0.001) but not spatially (Table 5.2). 
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Premonsoon (February-May): 

Abundances (588-40112 1 -1 ) recorded during this season was higher 

than those from monsoon (Table 5.1). Both the minimum and maximum cells 

were observed at st Z3. Seasonal peak was recorded in April at all three 

stations and highest were at st Z3 (Fig. 5.2). Unlike the spatial variations, the 

phytoplankton cell counts had high seasonal variations (P<0.001, Table 5.2). 

Overall, the cell numbers during the study period varied from 400-

62480 I' (Table 5.1). On an annual scale, spatial variations in , thytoplankton 

cell counts were not statistically significant during the study period unlike 

those between seasons (Table 5.2). 

5.1.2 Chlorophyll a (Chl  

Monsoon: 

The chl a did not show any spatial variation in this season. Its 

concentration varied from 0.18-3.29 mg M-3  (Table 5.1). Relatively higher 

concentrations were recorded at st Z2 (Fig. 5.1). At sts Z2, chl a 

concentrations increased from July to August. Similar trend was recorded for 

st Z3 (Fig. 5.3). Maximum values were recorded in August (st Z1) and in 

September (sts Z2 and Z3) and minimum in July at all stations. The variation 

in chl a concentration was highly significant (P<0.001) between the seasons 

(Table 5.2). 

Postmonsoon: 

Concentration of chl a during this season ranged from 1.03 — 8.68 mg 

m-3  (Table 5.1). Like in monsoon, variation of chl a among the months 

(October to January) was statistically significant (P<0.001, Table 5.2). 
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Comparable values were observed at all three stations (Fig. 5.1). Seasonal 

peaks were recorded in November at both the upstream stations and at the 

mouth st Z1 in January (Fig 5.3). 

Premonsoon: 

The concentration of chl a concentration was the highest during this 

season. It ranged from 0.72 — 12.78 mg rn -3  (Table 5.1). Unlike the earlier 

two seasons, no stastistically significant variations either seasonally or 

spatially were discernible (Table 5.2). Seasonal average trend was similar to 

that postmonsoon (Fig. 5.1). Peak concentrations were observed in March at 

sts Z2 and Z3 and in April at st Z1 ( Fig. 5.3) . 

On an annual scale, the chl a concentration showed a significant 

variation between the stations except during premonsoon (Table 5.2). On 

the whole, it varied from 0.18 — 12.78 mg m-3. Higher values were recorded 

at st Z2 (Fig. 5.1). Peaks were recorded in March at upstream stations and in 

April towards the mouth. The lowest chlorophyll a was in July at all three 

stations (Fig. 5.3). 

5.1.3 Bacterial abundance 

Monsoon: 

During the monsoon, bacterial counts varied from 19 to 444 x 10 

cells r' (Table 5.1). No significant variation was recorded between the 

stations and months (Table 5.2) although the average cell concentrations 

decreased from st Z1 to Z3 (Fig. 5.1). Seasonal peaks were recorded in June 

at st Z2 and Z3 and in July at st Z1 (Fig 5.4) and the peaks were followed by 

a decrease from July to September. 
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Postmonsoon: 

Relatively higher abundance (42-411 x 10 7  cells r 1 ) was recorded 

during postmonsoon season (Table 5.1C). Average cell abundance 

increased upstream. Variations between the months were statistically 

significant (P<0.05, Table 5.2). Seasonal peaks were observed in 

December at all three stations and the highest count was at st Z2 (Fig 5.4). 

Cell concentrations increased from October to December at sts Z2 and Z3. At 

Z1 no such trend was recorded. 

Premonsoon: 

Average bacterial cell abundance was the highest during this season 

and ranged from 120-390 x 10 7cell 1 .1  (Table 5.1). Station Z2 had higher 

averages followed by sts Z3 and Z1 (Fig 5.1). Peaks were recorded in March 

at st Z2 and in May at sts Z1 and Z3 (Fig 5.4). Both spatial and monthly 

variations of bacterial abundance were statistically insignificant (Table 5.2). 

Annual averages did not show much variation between the stations as 

compared to seasons (Table 5.2, Fig. 5.1). Counts ranged from 19 to 444 

x107  cells 1-1 . Maximum abundance were recorded in July, June and in 

December at Z1, Z2 and Z3 respectively (Fig. 5.4). 
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5.1.4 Heterotrophic nanoflagellates cells (<20pm)  

Monsoon: 

Flagellate cell numbers ranged from 0.29-10.51 x 10 7  rl (Table 5.1). 

Higher averages were recorded at st Z3 and the minimum at st Z2 (Fig 5.1). 

They were more common in August at stns Z2 and Z3 and in September at 

stn Z1 (Fig. 5.5). However, a variation in distribution with respect to stations 

and months was statistically insignificant (Table 5.2). 

Postmonsoon: 

Comparatively lower flagellate cell concentration was recorded during 

this season. The number of cells varied from 0.29 — 8.81 x 10 7  r 1  (Table 5.1). 

Seasonal averages were higher at st Z1 and decreased upstream (Fig 5.1). 

However, variations among the stations were insignificant as compared to 

those between months (P<0.01, Table 5.2). Peaks were recorded in January 

at all three stations (Fig. 5.5). 

Premonsoon: 

Comparatively higher abundance 2.64-11.65 x10 7r1  of flagellates was 

recorded during this season (Table 5.1). From sts Zito Z3, the seasonal 

averages showed a decreasing trend (Fig. 5.5). Like in monsoon season, 

the variation among the season and months was not significant (Table 5.2). 

On an annual cycle, the flagellate abundance varied from 0.29-11.65 x 

10 '  r 1 . Spatial variation was not significant although cell numbers decreased 

from sts Z1 to Z3 (Fig. 5.1). However, seasonal variation was highly 

significant (P<0.001, Table 5.2). Peaks were recorded during March at st Z1 

and Z2 and during August at st Z3 (Fig. 5.5). 
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5.2 Arabian Sea 

5.2.1 Phytopiankton production (PP)  

Phytoplankton production (PP) measurements were made during 

intermonsoon of 1994, winter of 1995 and 1997 and summer of 1995 and 

1996. lntermonsoon season had the lowest production and maximum was 

observed in summer. During summer season, higher PP was in the southern 

coastal region a.; well as in the northern waters of the open ocean. Higher PP 

was observed in the northern region in winter. Average seasonal picture of 

primary productivity for open ocean region column values of intermonsoon 

1994; winter 1995; summer 1995 and 1996 and winter 1997 were 165, 516, 

770, 1108 and 925 (mg C m -2  d -1 ). For coastal regions, the average primary 

productivity for the three sets of observations (inter, winter and summer) 

were 255, 503 and 953 (mg C FT1-2  d -1 ). Specific productivity values varied 

from 10 to 30 when all the observations were considered. Vertical profiles 

depicted distinct subsurface peaks at most of the stations during 

intermonsoon. 

The surface primary productivity during intermonsoon season varied 

from 0.7 to 11.9 mg C m -3  d -1  at oceanic stations and from 3.3 to 8.8 mg C m -

3  d -1  at coastal stations. Integrated column (0-120m) values varied between 

163 and 168 mg C m -2  d -1  and between 199 and 310 mg Cm"
2  d -1 

 respectively. Station 21°N 67°E and 10°N 75°E along the coast had highest 

column values in the north and south respectively. Most of the station during 

intermonsoon showed higher production at lower depths (0 to 40m) 
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compared to that at the surface. Vertical profiles of PP are shown in Figure 

5.6. 

During winter'95 season, the primary productivity in the surface waters 

of oceanic areas was between 3.8 and 35.8 mg C m -3  d-1  and between 1.1 

and 21.4 in the coast with column values of 337 to 643 and 200 to 807 mg C 

-2 —1 m a . Both surface and column maximum were recorded at the northern 

most stations along 21 °N longitude (Table 5.3). Vertical profiles given in 

Figure 5.7 shows that the maxima either occurred at surface or immediately 

below (ca. 10m). A distinct SCM (sub surface chlorophyll maximum) was not 

generally discernible. 

Inter annual variability was observed at station 21 °N 64°E between 

winter 1995 and winter 1997. Primary productivity during winter 1997 was 

higher (avg. 925 mg C 111-2  d-1 ) compared to that of winter 1995 (643 mg C m-

2  d-1 ). Surface production rate during winter 1997 varied from 19 to 39 mg C 

m3  d-1  (avg. 29.52 mg C m-3  d-1 ). Integrated column values during the time-

series marginally decreased from the initial value of 985 mgCm -2  d-1  on 

February 10 to 900 and 845 mg C rri -2  d-1  respectively on February 15 and 

21. A Subsurface maximum (SSM) was observed immediately below surface 

(10m) on February 10 whereas on 15 and 22 February production rate 

decreased with increasing depth (Fig. 5.8). A short time series made in 

winterl 995 at 21 °N showed PP about 640 mg C rn2  d-1 . 

Apart from coastal stations, only one open ocean station was sampled 

during zummer 1995 at 11 °N 64°E. Surface and column production at this 

station was 12.8 mg C m -3  d-1  and 770mg C m-2  d-1  respectively. In coastal 

region surface PP average of values were in the range from 12 to 49.9 mg C 
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m-3  d-1  and column values ranged from 440 to 1760 mg C m -2  d-1 . Highest 

production rate was at station 12 °N 75°E (Table 5.3) with a distinct 

subsurface peak at 20m (Fig. 5.9). 

During summer'96, primary productivity measurements were carried 

out only at oceanic station from 13 °N to 21 °N (Fig. 5.10). Surface PP rate 

was in the range of 8.3 to 41.48 mg C m-3  CI-1  and column values from 830 

to 1782 mg C m -2  d-1  (Table 5.3).At most of the station higher values were 

observed up o 10 and 20m. But at 17 °N 64°E.  higher values were recorded 

upto a depth of 20-60m. A bloom of Phaeocystis globose (23 to 64 x 106 

 cells 1-1  in upper 80m), was recorded between 15 and 17°N. 

5.2.2 Chlorophyll a 

Chlorophyll a also showed seasonal variations generally coinciding the 

PP with higher abundance during summer followed by winter and 

intermonsoon. Wide variation in chlorophyll a concentration was recorded 

between summer 1995 and summer 1996 at 15 °N even though the surface 

chl a concentration was similar (0.4 mg m -3) during both the seasons. 

Average column chlorophyll values for open ocean region of intermonsoon 

1994; winter 1995; summer 1995 and 1995 and winter 1997 were 11, 20, 39, 

40 and 45 (mg m-2). For coastal regions, the averages were 11, 20 and 42 

(mg m-2) for inter, winter and summer season. 

During intermonsoon, surface chl a value for open ocean region were 

varying from 0.03 to 0.5 mg m-3  ard for coastal areas ranges were from 0.05 

to 0.055 mg m-3  (Table 5.3). Column values for open and coastal region was 
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between 8 to 17 and 11 to 12 mg m -2  respectively. SCM were observed 

almost at all the stations fluctuated between 60 to 80m (Fig. 5.11). 

During winter 1995, surface chlorophyll values for open ocean region 

were from 0.06 to 0.41 mg m -3  (Table 5.3). For coastal areas, values were in 

between 0.03 and 0.31 mg m-3. Column values for open ocean were in 

between 13 to 27 (mg m -2) and for coastal waters they were from 10 to 34 mg 

m-2 . In northern open ocean station higher values were observed at shallower 

depth (40m) compared to coastal stat ons (60m, Fig. 5.12). This was due to 

the effect of winter cooling and convelitive mixing which is not effective in the 

south. 

During the time series of winter'97, surface chl a at 21 °N varied from 

0.43 to 0.80 mg tri -3  and column values from 37 to 51 mg re (Table 5.3). No 

SCM was recorded in any vertical profile during the time series and showed a 

sharp decrease below 80m at the beginning and in the middle of the 

experiment except towards the end when distribution was almost uniform 

upto a depth of 100m (Fig. 5.13). Day night variation in chlorophyll 

concentrations (Fig. 5.14) indicated higher values during day time. 

Chlorophyll a measurements were made both along the coastal region 

during summer 1995 and at some open ocean during summer 1996. 

Chlorophyll a concentration along the open ocean region was in the range of 

0.42 to 0.45 mg m-3  (summer 1995) and 0.32 to 1.12 (summer 1996, Table 

5.3). Column values in the respective years varied from 34 to 44 and 26 to 

60 mg m-2 . Uniform chlorophyll a concentration was recorded upto a depth of 

40-60m in the north (north of 15 °N) and was extended upto a depth of 80m in 

south (Fig. 5.15, 5.16). About 2-4.tmole of NO3-N was available throughout 
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the upper 50m water column during this period as a result of convective 

mixing. Average column chlorophyll values for the open ocean and coastal 

waters were 29.7 and 26.1(mg m -2). 

5.2.3 Bacterial abundance (TDC)  

Bacterial densities were highest during intermonsoon period, ranging 

from 0.24 to 0.96 x 109  cells r'. No distinct subsurface maxima were 

observed at any of the location except at station 21 °N 67°E (3t 40m) and 

11 °N 64°E (at 60m, Fig 5.17). Both coastal (62.5 x 10 12cells m-2) and offshore 

(61 x 10 12cells rn-2) regions had relatively similar abundances. Average 

abundance at northern (north of 15°N) and southern regions were 57 x 10 12 

 cells rn-2  and 67 x 10 12  cells m2  respectively. Stations along the 21 °N latitude 

depicted higher values of bacteria along the oceanic region (Table 5.4). 

In contrast, bacterial abundance was about an order of magnitude 

lower (0.05 to 0.09 x 109  r 1 ) during winter 1995, compared to intermonsoon 

season. Generally bacterial densities increased with depth except at coastal 

station 19°N 70°E (Fig. 5.18). Coastal areas had slightly higher abundances 

than that of oceanic waters (approx. 1.2 times, Table 5.4). 

During winter 1997 at 21 °N bacterial abundances built-up their cell 

number towards the end of the time series. In surface water, cell numbers 

increased from 0.066 x 10 9  r' (10th February) to 1.55 x 10 9  r' (on the 21 

February). Column values ranged from 0.8 to 73 x 10 12  m-2  during this period. 

A subsurface maximum was not depicted in any of the collections (Fig. 

5.19). 
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Average bacterial densities at 21°N during winter 1997 was 2.2 times 

more than that of 1995 when the Sea Surface Temperature (SST) was about 

1 °C warmer and Mixed Layer Depth (MLD) was shallower by about 30m than 

winter 1997. 

Bacterial densities were fairly high during summer also. Densities 

ranged from 0.13 to 0.64 x 109  r 1  and from 0.011 to 0.199 x 109  r' in 

summer'95 and summer 1996 respectively. During former season bacterial 

abundances increased with depth except at 10 °N 75°E but in latter period 

SSM was recorded at 40 to 80m depth (Fig. 5.20 and 5.21). Average coastal 

(33.55 x 10 12  cells m2) and offshore (31 x 10 12  cells m-2) stations had 

similar bacterial abundances during summer'95. Similarly, at 21 °N 64°E 

(10.68 x 10 12  cells m-2) and 13°N 64°E (9.46 x 10 12  cells m-2) had similar 

abundance during summer 1996. However, these numbers were lower than 

those observed in intermonsoon (Table 5.4). 

5.2.4 Bacterial production (BP) 

Bacterial production measurements were made only during 

intermonsoon'1994, summer 1995 and 1996 and winter' 1997 

Bacterial production ( 3H-thymidine incorporation) measured during 

intermonsoon showed highest uptake rates (25 to 50 p mol r' h-1 ) and was 

observed at the southern coastal station of 10 °N 74°E and at oceanic 

stations of 11 °N 64°E and 15°N 64°E when phytoplankton biomass and 

production was lowest. Subsurface maxima were evideit at 40-60m depth. 

An order of magnitude lower uptake rates were recorded during 

summer'1995 (0.2 to 3 p mol r' h-1 ). Highest uptake rates were in the 
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southern stations during this season. However, during summer 1996 

moderate BP was recorded (range 0.062 to 2.303 p mol r 1  h -1 ). 

Time series measurements carried out at 21 °N during winter 1997 

(10 to 23 February) showed a significant increase towards the end in BP. The 

BP in upper 150m was in the range of 1.36 and 4.66 p mole r' 11 1 . Higher 

rates were observed around 150m on 10 and 21 February. During this period 

column (0-150m) production rate increased from 152 p mole m -2  h-1  on 10th 

to 244 p mole m-2  on 21st. 

To summarise, overall picture depicted lack of covariance between BP 

and PP in general, suggesting a decoupled heterotrophic (bacterial) 

production. 

Regression analysis were carried out on on PP, Chl a and bacterial 

abundance data observed during the study period after root-root 

transformation. Former two biological parameters, PP and chl a, were 

strongly related with each other (P<0.001). Their distribution/concentration 

was equally significant with depth (P<0.001), probably because they 

decrease due to waning light. Influence of salinity on PP and chl a was 

insignificant (P<0.05). But the production rate was dependent on temperature 

(P<0.05). Bacterial relationship was significantly related to salinity (P<0.05) 

but not with temperature. Additionally, bacterial relationship with either 

phytoplankton production or biomass was insignificant. 
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Phytoplankton (cells 11 ) 
Stations 

SEASONS Z1 Z2 Z3 

Monsoon 400-8120 552-3996 1400-55680 

Postmonsoon 2100-16704 600-62480 3200-62400 

Premonsoon 1800-23200 1656-20000 588-40112 

Annual 400-23200 552-62480 588-62400 

Z3 Z2 Z1 SEASONS 

Chlorophyll a ( mg ni 3) 
Stations 

Postmonsoon 1.03-7.37 1.59-7.2 1.7-8.68 

Premonsoon 0.89-8.6 1.98-12.78 0.72-10.77 

Annual 0.26-8.6 0.36-12.78 0.18-10.77 

0.18-2.72 Monsoon 0.26-2.11 0.36-3.29 

Bacteria (x 107  1 -1 ) 
Stations 

SEASONS Z1 Z2 Z3 

Monsoon 91-359 47-444 19-291 

Postmonsoon 43-227 42-411 85-371 

Premonsoon 130-256 138-390 120-370 

Annual 43-359 42-444 19-371 

SEASONS Z3 Z2 Z1 

Het. nanoflagellates (x 10 7 1 -1 ) 
Stations 

Monsoon 2.36-7.19 1.17-4.99 0.29-10.51 

Premonsoon 2.64-11.65 4.99-9.45 

Annual 0.65-11.65 0.29-9.45 

1.47-4.11 

2.94-5.19 

0.29-10.51 

0.29-5.28 0.65-8.81 Postmonsoon 

Table 5.1: Seasonal cell ranges of various biological parameters at different 
stations in the Zuari estuary 



Table 5.2: Results of analysis of variance in various biological parameters and in salinity 
of the Zuari estuary 

Chlorophyll a Bacteria Heterotrophic 

nanoflagellates 

Phytoplankton Salinity 

P-value 

Annual 
Stations NS NS NS NS <0.001 

Months <0.001 <0.01 <0.001 <0.001 NS 

Monsoon 
Stations NS NS NS NS NS 

Months <0.001 NS NS NS NS 

Postmonsoon 
Stations NS NS NS NS <0.02 

Months <0.001 <0.02 <0.02 <0.001 NS 

Premonsoon 
Stations NS NS NS NS <0.001 

Months NS NS NS <0.001 NS 



Table 5.3: Primary productivity (PP) and Chlorophyll a (ChI a) values in the central and eastern Arabian Sea 

PRIMARY PRODUCTIVITY SURFACE) mg C m-3  d -1  PRIMARY PRODUCTIVITY 
Summer 

1995 

(COLUMN) 
Summer 

1996 

mg C m-2 d -1 

Winter 
1997 

Intermonsoon 
1994 

Winter 
1995 

Summer 
1995 

Summer 
1996 

Winter 
1997 

Intermonsoon 
1994 

Winter 
1995 

11 °N 64°E 0.7 3.8 12.8 - 163 337 770 - 
13°N 64°E --- - -- 8.3 - - -- - 792 - 
15°N 64°E 0.8 12 - 41.48 - 168 606 --- 1782 - 
17°N 64°E -- -- --- 8.95 -- - - --- 1029 - 
19°N 64°E --- 6.7 - 22 --- - 477 -- 830 -- 
21 °N 64°E 11.9 35.8 --- 18.96, 39.12, 	30.5 -- 643 --- -- 985, 945, 845 

avg. 29.52 avg. 925 
10°N 75°E --- 1.1 49.9 -- - 199 200 660 --- - 
12°N 75°E 3.3 - 9.4 -- --- - --- 1760 - - 
19°N 70°E - - 12 -- - --- --- 440 , --- --- 
21 °N 67°E 8.8 21.4 --- --- -- 310 807 --- --- --- 

CHLOROPHYLL a (SURFACE) mg m3  CHLOROPHYLL a (COLUMN) mg m-2  
Intermonsoon 

1994 
Winter 
1995 

Summer 
1995 

Summer 
1996 

Winter 
1997 

Intermonsoon 
1994 

Winter 
1995 

Summer 
1995 

Summer 
1996 

Winter 
1997 

11 °N 64°E 0.04 0.06 0.42 --- --- 9 13 44 --- - 
13°N 64°E - --- - 0.32 --- --- --- --- 26 --- 
15°N 64°E 0.05 0.41 0.45 0.45 --- 17 27 34 60 - 
17°N 64°E - - -- 1.12 - --- --- - 58 - 
19°N 64°E 0.03 0.27 -- 0.54 --- 9 21 -- 28 - 
21 °N 64°E 0.04 0.17 -- -- 0.80, 	0.43, 0.57 8 19 - 26 47.82, 37.35, 51.1 

avg. 0.6 avg. 45.42 
10°N 75°E - 0.03 1.34 - --- - 10 16 - --- 
12°N 75°E 0.05 - 0.09 - - 11 - 88 - - 
19°N 70°E - 0.22 0.29 - --- - 17 21 - --- 
21 °N 67°E 0.05 0.31 -- - -- 12 34 --- -- --- 



Table 5.4: Column values of bacterial abundance (cell nos. x 10 12  m-2) in the central 
and eastern Arabian Sea ("---" indicates No data) 

Bacteria (cell nos. x 10 12  m-2) 

lntermonsoon Minter 1995 Minter 1997 	'Summer 1 CS5 1 Summer 1996 

OCEANIC 

11 °N 64°E 79.83 --- --- 32.04 — 

13°N 64°E --- -- --- — 9.46 

15°N 64°E 50.34 7 29.54 10.28 

17 °N 64°E --- --- — --- 4.27 
9°N 64°E 28.97 5.38 --- — 12.06 

21 °N 64°E 85.27 15 0.83-73.35 --- 10.68 
Average 61.10 9.13 28.15 30.79 9.35 

COASTAL 

10°N 75°E 67.2 --- --- 50.68 --- 
12 °N 75°E 67.35 --- — -- — 
13°N 70°E 53.51 --- — — --- 

15°N 70°E --- --- --- 17.96 --- 
19°N 70°E 22 --- 31.97 — 
21 °N 67°E 62.1 17.5 --- — --- 
Average 62.54 19.75 --- 33.54 --- 
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Figure 5.1: Average distribution of various biological parameters at different stations 
in the Zuari estuary [M=monsoon, POST M= Postmonsoon and 
PRE M=Premonsoon] 
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Fig 5.2: Monthly variations of phytoplankton (cells I -1 ) at differenet stations in the 
Zuari estuary 
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Fig. 5.3: Monthly variations of chlorophyll a concentration (mg m -3) at different statior 
in the Zuary estuary 
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Zuari estuary 
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stations in the Zuari estuary 
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Fig. 5.8: Variations of primary productivity during February 1997 
time-series at 21°N 64°E in the central Arabian Sea. 
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Fig. 5.9: Vertical profiles of primary productivity during summer 1995 in 
the central and eastern Arabian Sea. 
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the central and eastern Arabian Sea. 
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Fig. 5.11: Vertical profiles of chlorophyll a during intermonsoon in the 
central and eastern Arabian Sea 
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Fig. 5.12: Vertical profiles of chlorophyll a during winter 1995 
in the central and eastern Arabian Sea. 
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Fig. 5.13: Variations of chlorophyll a during time-series 
in February1997 at 21°N 64°E 
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Fig. 5.14 Variations of chlorophyll a at 21 °N 64°E during February 1997 
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Fig. 5.15: Vertical profiles of chlorophyll a during summer 1995 
in the central and eastern Arabian Sea 
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in the central Arabian Sea 
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CHAPTER 6 

MICROZOOPLANKTON IN THE ZUARI 
ESTUARY 



From an ecological point of view, it is important to assess the 

distribution and abundance of various organisms and study their interactions 

with the environment. In this chapter, seasonal data on distribution, 

abundance and generic/species-composition of microzooplankton are 

presented. The monthly data from the Zuari estuary were arranged into 

monsoon (June- September), postmonsoon (October-January) and 

premonsoon (February-May) seasons. 

6.1 Abundance and composition of microzooplankton 

The abundances of microzooplankton (tintinnid ciliates, aloricate 

ciliates, heterotrophic dinoflagellates, sarcodines and micrometazoans) at 

different stations during different seasons are given in Table 6.1. Similarly, 

the microzooplankton composition is given in Table 6.2. Seasonal 

percentage contributions of individual groups to the total microzooplankton at 

station Z1, Z2 and Z3 are respectively shown in Figures 6.2, 6.3 and 6.4. 

6.1.1 Monsoon 

The counts of total microzooplankton varied widely (800-25500 I -1 ) 

during this season. Higher average abundance was recorded at the seaward 

station (Z1). However, not much variation was recorded between st Z2 and at 

the interior st Z3. 

Tintinnids cell counts varied from 140-15072 1 -1  with no definite 

gradients seaward or streamward. On an average, they were more at Z1 
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(5750 I"'), followed by Z3 (4960 1 "
1 ) and Z2 (4014 p'). Their cell densities at 

sts Z1 and Z3 showed an increasing trend from July to September. Whereas, 

a reverse trend was observed at St Z2 from June to August. Percentage 

contribution of tintinnids to the total microzooplankton ranged from 25-96%, 

1-68% and 21-97% at sts Z1, Z2 and Z3 respectively. 

A total of 50 species of tintinnids belonging to 10 genera was recorded 

from the estuary of which 21 occurred during monsoon. Six species, 

Dictyocysta sheshayaii, Leprotin innus nordequistii, Tintinnopsis beroidea, T. 

gracilis, T. uruguensis and Tintinnidium incertum occurred at all three 

stations. Considerable variation was noticed with respect to the species 

composition of tintinnids within the season. For example, at Z3, there were 

11 species during September, while only two occurred in June. Seven 

species in three genera formed swarms (cell abundance >1000 I " 1 ) during 

monsoon. They are Dictyocysta sheshayaii (max. counts 4800 1 1 ), 

Dictyocysta sp. (4800 I"'), Tintinnidium incertum (7872 I"'), T. tubulosa (1600 

I"'), T. uruguensis (3200 I"'), T. directa (6468 I"1 ) and T. ventricosa (8484 I"'). 

At sts. Z1-Z3, percentage contribution of these species to the tintinnid 

community ranged from 32.6-76.9,19.6-32.22 and 41.66-56.74%and to the 

total microzooplankton from 11.27-58.82, 8.7-35.67 and 14.8-55.19% 

respectively. 

Tintinnid peaks were recorded in September at st Z1 and Z2 and in 

June at St Z3. The most dominant forms of tintinnids were D. sheshayaii and 

T. uruguensis at St Z1, Tintinnidium incertum at St Z2 and T. ventricosa at Z3 

(Fig 6.5). T. ventricosa and T. directa at times accounted for 100% of the 
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tintinnid at st. Z3 and on the whole formed 55 and 42% of the total 

microzooplankton community. 

Aloricate ciliate abundance was lower than that of tintinnids ciliates. 

Cell counts ranged from 84-6208 C. Higher cell concentrations were 

recorded at st Z3. Seasonal peaks were recorded in July (st. Z1, Z2) and 

September (st Z3). Their percentage contribution to total microzooplankton 

varied from 0-80%. 

Among oligotrich ciliates, only Labeo spp were of served at all the 

three stations while Strombidium spp occurred at upstream stations (Z2 and 

Z3). Vorticella sp was recorded only at st Z3. In the present study, ciliates, 

other than Labeo spp, Strombidium spp, and Vorticella sp are named as 

'other ciliates'. They were recorded at all the three stations. Maximum 

abundance of Labeo spp, Strombidium spp, Vorticella sp and other ciliates 

observed during the study period were 800, 3360, 5376 and 1200 1 -1  

respectively and their maximum percentage contribution to the total 

microzooplankton were 24%, 15% and 55% and 60% respectively. 

Abundance of heterotrophic dinoflagellates was higher (92-16100 1-1 ) 

than that of both loricate (tintinnids) and aloricate ciliates. An increasing cell 

abundance was recorded towards the end of the season at all three stations 

(Fig 6.1). Range of their percentage contribution to the total 

microzooplankton at sts. Z1-Z3 were 1.25-63.14%, 0-16.49 and 0-17.74%, 

the maxima usually occurring in the month of September at st Z1. 

Protoperidinium spp dominated the heterotrophic dinoflagellate 

community and were present at all three stations. On the other hand, 

Ceratium spp were restricted to st Z1 and Z2 and Dinophysis spp to St Z1 . 
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The highest numbers of 2100 r', 13900 r' and 100 r' recorded for 

Protoperidinium spp, Ceratium spp and Dinophysis spp formed 8.24, 54.51 

and 0.39% of the total microzooplankton. 

Abundance of micrometazoan individuals was lower than that of 

tintinnids and heterotrophic dinoflagellates and ranged from 64-9000 l -1 . 

Higher seasonal average abundance of 3133 was recorded at st Z1. This 

was mainly because of the occurrence of nauplii and early copepodid stages 

of copepods. However, not much variation was recorded between stations 

Z1 and Z2. A higher abundance was noticed in the month of August at all the 

three stations (Fig 6.1). The percentage contribution ranged from 12-63.14, 

0-16.49, and 0-17.74% at st. Z1, Z2 and Z3 respectively . 

Nauplii and early copepodite stages of copepods and invertebrate 

eggs were recorded at all the stations. Decapod larvae were observed only at 

sts Z2 and Z3. Appendicularian larvae were rare and recorded mostly at st 

Z1. Maximum cell counts of copepod nauplii (7400 r 1 ), decapod larvae (336 

r1 ), appendicularian larvae (1001 -1 ) and of invertebrate eggs (15001 -1 ) formed 

52.11, 2.19, 0.76 and 10.56 percent of the total microzooplankton 

respectively. 

Mainly represented by acantharians, the sarcodines occurred very 

sporadically during this season (100-560 cells 1 -1 ). Variations were recorded 

between stations. Higher counts were recorded in August at Z2 station 

(Fig. 6.1). The sarcodine contribution to microzooplankton was low to 

moderate ranging from 0.7-9.68%. 
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6.1.2 postmonsoon 

During postmonsoon, microzooplankton abundance was in the range of 

1632-182972 1 -1 . Maxima at stn Z1 and Z3 were recorded in November and in 

January at stn Z2 (Fig. 6.6). Spatial variation was more at stn Z2 and least at 

stn Z3 (Fig. 6.7). Variations between the stations was insignificant and but 

varied significantly with respect to months (P<0.05, Table 6.4). 

Ranging from 1056-75760 cell 1-1 , tintinnids had higher cell 

concentrations in the postmonsoon months than the monsoon. Seasonal 

averages were higher. The highest cell abundance at st Z1 in November (Fig. 

6.1) was due to the presence of Stenosemella ventricosa and Tintinnopsis 

ventricosa. Their cell concentration of 67200 and 4880 formed 56.41 and 

4.10% of the total microzooplankton. At st. Z1, the tintinnid abundance 

decreased from November to January. However, no such trends were seen at 

the other stations and remained more or less uniform (Fig 6.1). The 

percentage contribution at sts Z1, Z2 and Z3 ranged from 39.93-71.58, 4.05-

64.71 and 16.25-88.89 respectively. At the upstream station, maximum 

contribution was at the beginning of the season while at the mouth of the 

estuary, it was at the end of the season. 

A total of 36 species belong to nine genera were recorded during this 

season. Of these, nine species of six genera were common at all three 

stations. They were Tintinnidium incertum, Tintinnopsis uruguensis, T. 

tubulosa. T. minuta, T. butchii, T. 'a', Stenosemella ventricosa, Eutintinnus 

tennnus and Dictyocysta sheshayaii. 

A total of 16 swarms formed mostly by 10 species (belonging to five 

genera) were recorded during this period. These are Tintinnidium incertum, 

Tintinnopsis uruguensis, T. tubulosa, Tintinnopsis 'a', T. minuta, T. 
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ventricosa, D. sheshayaii, Disctyocysta. sp, C. ostenfoidii and S. ventricosa. 

Most of these occurred in November and December (Fig. 6.3) at st Z1. Most 

of the swarms had abundance of 1000-5000 cells 1 -1 . Their percentage 

contribution to total tintinnid community varied from 6.44-88.7% (at Z1), 

11.11-56.69% (at Z2) and 7.36-50% (at st Z3). Similarly, their contribution to 

total microzooplankton community ranged from 4.1-56.41%, 2.2-18.07% and 

6.7-34.75% (Table 6. 3). The highest cell numbers (67200 1 -1 ) were recorded 

with S. ventricosa which dominated this season. 

Cell concentration of aloricate ciliates (140-162184 cells 1 -1 ) were also 

higher during this season. Higher seasonal average was at st Z2. Similarly, 

the season's highest abundance observed in January at st Z2, was because 

of the dominance of other ciliates which formed 89% of the total 

microzooplankton community. Strombidium spp, Labeo spp and other ciliates 

were recorded at all the stations. In general, abundance of Strombidium spp 

and Vorticella spp was more at st Z3 whereas of Labeo spp and other 

ciliates were more at Z1 and Z2. The maximum percentage contribution to 

the total microzooplankton by Strombidium spp, Labeo spp , Vorticella sp and 

other ciliates respectively were 50.2, 23.5, 5.5 and 60. 

The heterotrophic dinoflagellate cell concentration ranged from 192-

15504 cell r'. Both minimum and maximum counts for the season were 

observed at st Z2. Like tintinnids and aloricates, higher seasonal average 

was recorded at st Z2. At Z1, cell abundance showed a decreasing trend 

from November to January unlike at st Z2 (Fig 6.1). Seasonal peaks were 

recorded in November at st Z1 and Z3 and in December at st Z2. Their 

percentage contribution to microzooplankton ranged respectively from 5.88- 
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45.79, 7.06-58.67 and 0-20.49 at Z1- Z3. Dinophysis spp and 

Protoperidinnian spp occurred at all the stations. Ceratium spp were noted at 

stns Z1 and Z2 whereas silicoflagellates spp appeared only at st at Z1. 

Micrometazoan numbers varied from 96-3440 cells 1 -1 . This range was 

lower than that seen during monsoon. Their abundance generally decreased 

towards the upstream stations. Seasonal peaks were recorded in November 

(at st Z1) and in December (sts Z2 and Z3, Fig. 6.1), with percentage 

contribution to the total microzooplankton ranging from 0.37-41.18%, 0.25-

23.53 and 6-12%. 

Nauplii and early copepodite stages were also recorded at all three 

stations. Copepod nauplii at st Z3 were lower than those observed at the 

other two stations. Decapod larvae occurred throughout the season but only 

at upstream stations. Invertebrate eggs were recorded only at st Z2. 

Copepodite numbers were comparatively higher (80-3400 1 -1 ) than decapod 

larvae (96-240), and eggs of invertebrate and fish (0-76 ply 

Sarcodines with cell concentrations from 72-124 cells 1-1  were 

recorded only in November-December at st Z1 and in December at st Z2 

(Fig. 6.1). Corresponding percentage contribution ranged from 0.07-1.05%. 

Foraminiferans and acantharians were observed at st Z1 and radiolarians at 

st Z2 during this season. 

6.1.3. premonsoon 

Total counts of microzooplankton during postmonsoon varied from 

4800-140336 1 1 . A general decreasing trend was observed from beginning 

towards the end of the season at all three stations (Fig. 6.6). Average 
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abundance at station Z2 was higher followed by st Z3 (Fig. 6.7). Their 

abundance varied significantly within months (P<0.001, Table 6.4). 

The Tintinnid cell concentrations during February-May, varied from 

1920-26628 cell 1-1  with a decreasing trend from February to April in 

upstream areas (st Z2 and Z3, Fig 6.1). Their seasonal averages at these 

stations were higher than those recorded at st Z1. Their percentage 

contributions at Z1 to Z3 ranged from 40-96%, 7-80 and 23 to 92. Seasonal 

peaks were recorded in Ar ril, May and in February at sts Z1-Z3 (Fig 6.1), 

mainly because of the swanns of Codonellopsis ostenfoidii and Tintinnidium 

incertum at st Z1, T. incertum at Z2 and Stenosemella nucula, S. ventricosa 

and T. uruguensis at Z3 (Fig 6.5 ). 

As many as 40 species belonging to 10 genera were recorded during 

the season. The number of species recorded at Z1, Z2 and Z3 were 22, 30 

and 21 of which only 10 species occurred at all three stations. 

Nine species belong to five genera formed 19 swarms and as many as 

eight swarms occurred in February (Fig. 6.5). Percentage contributions of 

swarm forming species to total microzooplankton ranged from 5.74-72.22, 

0.72-65 and 3.05- 68.8% respectively at sts Z1, Z2 and Z3 (Table 6.3). 

The aloricate ciliate counts ranged from 140-78584 1 -1 . Their average 

abundance in this season was more than that during monsoon at Z1 and Z2 

but less than that of postmonsoon. Large spatial variations were also noticed 

between the stations. Their percentages contribution to total 

microzooplankton ranged from 0-30%, 6.25-6% and 0.5- 12.4% respectively 

at Z1, Z2 and Z3. Seasonal peaks were recorded in March at sts Z1 and Z3 

and in February at st Z2 (Fig. 6.1). Stombidium spp and other ciliates were 
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observed at all the stations unlike Labeo spp which occurred only at sts Z1 

and Z2 or Vorticella sp which occurred only at st Z2. Other ciliates were the 

major contributors to total microzooplankton at st Z2 (55.9%) and Z3 (7.1%) 

while at Z1, it was Lobeo spp (18.9%). 

Heterotrophic dinoflagellate densities varied from 980-50312 cells r 1  

with a higher abundance at st Z2. Seasonal peaks were recorded in February 

at all three stations (Fig 6.1) that decreased towards the end. Percentage 

contributions to total microzooplankton was relatively similar at st Z1 (7-59) 

and Z2 (6-60) compared to st Z3. Similarly, higher seasonal averages were 

also recorded at st Z2 . 

During this season, Protoperidinium spp and Dinophysis spp occurred 

at all stations but Ceratium spp were recorded at st Z1 and Z2. At station Z1, 

the maximum cell numbers observed in Ceratium spp, Dinophysis spp and 

Protoperidinium spp were 692,124 and 5082 r' whereas at st Z2, their 

respective counts were 420, 924 and 49400 1 -1 . However, at st Z3 maximum 

cell concentrations of 588 r' were observed for Dinophysis spp and 17080 r' 

for Protoperidinium spp. 

Micrometazoans contributed only a little to the microzooplankton 

totals. Their numbers varied from 400-2704 1 -1  with higher average numbers 

at st Z2 and was least at st Z3. Seasonal peaks at all three stations were 

recorded in February (Fig. 6.1). Their percentage contribution ranged from 

3.7-26.67%, 0.87-6.7% and 0-12.6% at sts Z1, Z2 and Z3. 

Nauplii of copepods were recorded at all three stations during this 

season. Decapod larvae were present only at the first two stations. Like in 

the monsoon and premonsoon, nauplii and early copepodite stages were 
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responsible for the observed peak in March at sts Z1 and Z2 and in April at 

st Z3. 

The highest percentage contribution by copepod nauplii to total 

microzooplankton at sts Z1, Z2 and Z3 were 20.33%, 7.6% and 12.66% and 

by decapod larvae, 3.33, 2.08 and 0% respectively. 

Sarcodines did not occur at any of the stations during this season. 

Summary of the microzooplankton abundance 

Total microzooplankton density recorded during monsoon, 

postmonsoon and premonsoon periods varied from 800-25500, 1632-182972 

and 4800-140336 cells r'. The respective average values for each season 

9070, 36664 and 31597 cells r 1  with the annual average of 25777 cells r 1 . 

During monsoon, higher abundance was at stn Z1 and in post and 

premonsoon at stn Z2 . However, overall picture showed highest abundance 

at stn Z2 (Fig. 6.7). Similar trend was recorded for individual groups of 

microzooplankton except tintinnids which had higher abundance mostly at st 

Z1. Additionally, tintinnids, micro-metazoans and sarcodines had their 

maxima at sts Z1 and Z2 during monsoon and postmonsoon. Among 

aloricate and heterotrophic dinoflagellates, maxima were recorded at sts Z2 

and Z3 during post- and premonsoon (Fig. 6.8). 

The microzooplankton abundance varied from 3400-119120, 1564-

182972 and 800-44128 organisms r 1  at st Z1, Z2 and Z3 respectively (Fig 

6.6) with averages and standard deviations of 22192+31550, 39680 ± 58880 

and 15458+13260. Peaks were recorded in November (at st Z1), January 

(Z2) and February (Z3). As there was large variability, the raw data was 
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transformed logio X+1 to normalise and a two way ANOVA was applied to 

test significant differences between three stations and seasons. The results 

of ANOVA are given in Table 6.4A. Similar analysis was also performed for 

swarm forming tintinnid species (Table 6.4B). 

During the study period, significant difference was found in 

microzooplankton abundance between months (P<0.001, Table 6.4A). 

However, those between the stations were insignificant. Within premonsoon, 

no significant difference was recorded either between stations or between the 

months. Nevertheless, relatively significant differences was found with in 

months in monsoon (P<0.05) and postmonsoon seasons (P<0.05, Table 

6.4A). 

Among the 13 swarm forming species, significant difference between 

the stations was recorded for Codonellopsis ostenfoidii (P<0.001) and 

Tintinnidium incertum ( P<0.01, Table 6.4B). Among Tintinnopsis 

uruguensis, T. tubulosa and T. gracilis, the difference was insignificant both 

between stations and seasons. 

6.2 Analysis of tintinnid composition  

6.2.1 Species diversity 

Seasonal and spatial variations in species diversity of tintinnids were 

recorded during this study. Shannon-Wiener diversity indices ranged from 

0.77-3.04, 1.27-2.75 and 0.99-2.70 respectively at sts Z1, Z2 and Z3 

respectively (Fig 6.9) over the year. Higher values were recorded in February 

at Z1 (3.0) and Z2 (2.7) st and in September at st. Z3 (2.7). 

93 



During monsoon and premonsoon, higher diversity was recorded at 

sts Z1 and Z2. However, during premonsoon such variation was minimal 

between the higher values recorded at sts Z2 and Z3 (Fig 6.12). 

Nevertheless, on an average, the diversity was more during postmonsoon 

followed by premonsoon and monsoon seasons (Fig. 6.13). 

6.2.2 Species evenness 

The evenness index exhibited a similar pict ire to species diversity 

throughout the study period at st Z1 and in post-and premonsoon seasons at 

st Z2 and Z3 (Fig 6.10). During the year, the evenness indices ranged from 

0.22-0.85, 0.62-0.92 and 0.34-1 at st Z1, Z2 and Z3 respectively. Maximum 

values were noted during May at st Z1 and Z2 and in June at st Z3. 

During monsoon and postmonsoon, species evenness was more at st 

Z3. However, during premonsoon, this evenness was more at st Z2 (Fig. 

6.12). Average seasonal picture indicated a decrease in species evenness 

from monsoon to premonsoon (Fig. 6.13). 

6.2.3 Species richness 

Maximum species richness (Fig. ,6.11) was noted in August, February 

and in September and minimum during July at Z1 and Z2 and June at Z3. At 

these stations the richness ranged from 0.38-1.10, 0.33-2.34 and 0.1-1.25. 

Monsoon had higher species richness (0.73) at st Z1 whereas in post (1.2) 

and premonsoon (1.36) it was more at st Z2 (Fig. 6.12). Seasonally average 

picture did not show much variation between post and premonsoon (F g. 

6.13). 
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6.2.4 Species succession: 

The most predominant forms of tintinnids species at station Z1, Z2 and 

Z3 during monsoon, postmonsoon and premonsoon months are presented in 

Figure 6.14. 

At station Z1, Tintinnidium incertum was the most predominant of 

tintinnid community having maximum percentage contribution in July (77%) 

and from January to April (32-75%). Salinity during the respective months 

was 5 and 21.5 to 28psu. Other dominant form was T. tubulosa. This was 

observed in August and in October but its contribution was generally lower 

(46 to 44%) than that of T. incertum. Some unidentified species belonging to 

genera Dictyocysta sp. and Tintinnoipsis 'a' appeared abruptly and 

dominated respectively in September and December. But, the contribution of 

these forms to the tintinnid community was lower (33 and 26%). 

Stenosemella ventricosa dominated in November and in May contributing 

89% and 70% respectively. 

At Z2 also, succession of Tintinnidium incertum was dominant in July, 

September-October, December and May. Salinity recorded at the time of its 

dominance varied from 1-18.5 psu. Another successful species was 

Dictyocysta sheshayaii. in monsoon (June - August) and also in 

postmonsoon (November). Its contribution formed 38 and 86% of the tintinnid 

community. Tintinnopsis uruguensis was more common towards the end of 

the postmonsoon and at the beginning of the premonsoon forming 51-55% of 

tintinnid community. This species was replaced by the T. tubulosa in March 

and April which respectively formed 51 and 41% of the tintinnid population. 

However, at the upstream station, Z3, Tintinnidium incertum-the predominant 
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species of Z1 and Z2 dominated only in August forming 46%. T. uruguensis 

was the most predominant species in this area and was dominated during all 

seasons. Its contribution to tintinnids ranged from 29-83% at salinity range of 

1.3 to 11.5 psu. 

Although succession trend of T. uruguensis and T. tubulosa was 

similar to that observed at station Z2 during January-April, the percentage 

contributions were relatively higher at st Z3 except in January. Additionally D. 

sheshayaii dominated curing September-October forming 42 and 25%. 

Similarly, Stenosemella ventricosa and T. ventricosa dominated in December 

and in June forming 39 and 57% respectively. 

6.2.5 Cluster analyses of tintinnid species 

A cluster analysis was carried out on tintinnid species composition 

observed at three stations based on similarity index (Bray and Curtis, 1957 

and Field et al., 1982). Figures 6.15A, 6.15B and 6.15C depict tintinnid 

clusters observed at station Z1, Z2 and Z3 station respectively. 

Based on the prevailing environmental conditions species either 

flourishes or becomes less abundant and, at times, disappears. This is 

controlled not only by the environmental parameters like fluctuations in 

salinity or temperature but may also depend on the availability of food. 

Organisms with similar response to the environment tend to live together. 

The number of clusters recorded at Z2 were more than that of Z1 (6) 

and Z3 (5) station. At stations Z2, 37 tintinnid species were recorded (Fig 

6.15B). These species depicted eight well defined clusters. Cluster A 

includes species that were recorded mostly during post- and premonsoon 

seasons. These species were found in the estuary for 6-8 months of the year. 
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Some of the tintinnid species appeared only during post-and premonsoon. 

These formed Cluster Al as compared to Cluster A2 which includes species 

that occurred during all the three seasons. Species that appeared only during 

post and premonsoon were grouped under Cluster B. Average abundance of 

these species is lower than that of the Cluster Al. These species appeared 

only -4 months of the year as against cluster A. Cluster B has subgroups B1 

and B2. B1 includes numerically lower abundant forms than those belong to 

B2. Cluster C included tintinnid species prevailinq in premonsoon season. 

Some of these species were found in more than one month of the year 

(Cluster C1) and some only once (Cluster C2). Numerical abundance of the 

latter cluster was lower. Tintinnid species, which occurred in postmonsoon 

with low numbers, than those in Cluster A and B, are grouped under Cluster 

'D'. Based on their appearance this cluster can be further separated into two 

subclusters- DI and D2. Former appeared in 2 months of the year and latter, 

>2 months. Cluster F includes tintinnid species observed during premonsoon 

season with lower cell abundance. Cluster G consisted of two species, which 

occurred only during monsoon. Similarly, species under Cluster H appeared 

only once a year during premonsoon. 

At upstream station Z3, six tintinnid clusters were recorded (Fig. 

6.15C). Cluster A includes species monsoonal forms that occurred once or 

twice a year. Tintinnid species that appeared mostly in postmonsoon are 

grouped under Cluster B. Most of these species occurred in 4 to 5 months of 

the year. Cluster C includes species that appeared in all the three seasons 

and which generally appeared 5 to 8 months of the year. Species that 

showed their presence either in premonsoon or in monsoon are represented 
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in Cluster D. Cluster E includes species that were present in post- and 

premonsoon season. Cluster El and E2 depicts species, which occurred 

mostly either in premonsoon and postmonsoon season respectively. 

At station Z1 towards the mouth of the estuary depicted 6 clusters 

(Fig. 6.15A). Cluster A contains those species that appeared during most part 

of the study period (> 6 months of the year). Species which were restricted to 

high salinity region (post-and premonsoon season) are in Cluster B. Similarly 

Clusters C and D includes tintinnid species that mostly appeared either in 

premonsoon or in postmonsoon season. Some of the tintinnid forms that 

showed their presence at lower and medium saline period (i.e. monsoon and 

postmonsoon season) represents Cluster E. Likewise, some of the tintinnid 

species appeared both in monsoon and in premonsoon season (Cluster F). 

6.2.6 Distribution of tintinnids with respect to other parameters 

Tintinnid distribution with respect to salinity (depicted in Fig 6.16) 

indicated that optimum salinity for the distribution of most species was in the 

range of 15-25 psu. The number of tintinnid species and occurrence of their 

swarms were also found to be maximum within this salinity range. At higher 

salinity (>25 psu) the numbers of species and swarm formation also 

decreased. Salinity at which each species of tintinnid occurred is shown in 

Figure 6.17 though the euryhaline forms like Dictyocysta sheshayaii, 

Dictyocysta sp, Tintinnopsis beroidea, T. gracilis, T. tubulosa, T. uruguensis, 

T. ventricosa, Tintinnidium incertum, Stenosemella nucula were recorded 

from a wide range of salinity, only Tintinnidium incertum had swarms (>1000 

cells I -1 ) in different salinity ranges. 
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The occurrence of tintinnids was found to be higher at chl a 

concentration of <8 mg m-3 (Fig 6. 16). The highest density was at <2 and 6-8 

mg m-3  of chl a concentration. As many as 36 species were recorded at 6-8 

mg rif 3  chl a (Fig 6.16). However, the swarm formation was maximum at < 

4mg m-3 . Only species like Codonellopsis ecaudata, C. shabi, Eutintinnus 

tennus, Leprotintinnus nordequistii, T. beroidea, T. butchii, T. dadayaii, T. 

directa, T. primitivum, T. tocantensis, T. tubulosa, T. uruguensis and 

Tintinnidium incertum occurred when chl a was in higher ranges (Fig. 6.18). 

Only Tintinnopsis tubulosa had its swarm both at lower as well as higher chl 

a concentrations. 

Distribution of tintinnids and bacterial abundance (Fig 6.16) indicated 

maximum appearence of tintinnids at a bacterial cell concentration of <1 x 

109  r' (Fig 6.19). However, species diversity was found to be increasing 

above these concentrations and attained peak at 2-3 x 10 9  F. '. At higher 

bacterial cell concentration (> 3 x 10 9  1-1 ), both the total number of species 

and the number of swam forming species showed decreasing trend (Fig. 

6.19). Codonellopsis ostenfoidii, Dictyocysta sheshayaii, Dictyocysta sp., 

Leprotintinnus nordequistii, Stenosemella ventricosa, Tintinnopsis 'a, T. 

dadayaii, T directa, T. gracilis, T. minuta, T. tubulosa, T. uruguensis, T. 

climacocyclis and Tintinnidium incertum occurred independent of the 

variations in bacterial cell counts. 

Distribution of tintinnids and nanoflagellate abundance (Fig. 6.16) 

suggest that the tintinnid appearance, number of species and swarm 

formation were maximum at a nanoflagellate concentration of 2-4 x 107  r 1  

beyond which a decreasing trend was observed. Codonellopsis ostenfoidii, 
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Dictyocysta sheshayaii, Dictyocysta sp, Stenosemella ventricosa, T. 

beroidea, T. butchii, T. amphora, T. fimbriata, T. gracilis, T. minute, T. 

tubulosa, T. uruguensis, Tintinnidium incertum occurred at wider range of 

nanoflagellate cell abundance (Fig 6.20). 
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Table 6.1: Microzooplankton abundance (organisms 1') at different stations 

and seasons in the Zuari estuary 

GROUPS 

SEASONS 

Stations 

Z1 Z2 Z3 

3400-25500 1564-22072 800-15372 
Monsoon 

(12775+9568) (6969+10072) (7467+6436) 

3400-119120 1632-182972 2520-27168 
Postmonsoon 

Total (40127+53497) (58949+83453) (10915+11037) 

Microzooplankton 4800-20384 13440-140336 13272-44128 
Premonsoon 

(13676+7245) (53123+59020) (27993+12623) 

3400-119120 1564-182972 800-44128 
Annual 

(22192+31550) (39680+58880) (15458+13260) 

2600-9200 140-15072 600-14952 
Monsoon 

(5750+3198) (4014+7375) (4960+6786) 

1800-75760 1056-12570 2240-4416 
Postmonsoon 

(24114+34628) (6665+4759) (3403+962) 
Tintinnids 

1920-10400 4116-10780 3780-26628 
Premonsoon 

(7302+3785) (8170+3046) (15491+12168) 

1800-75760 140-15072 600-26628 
Annual 

(12388+20227) (6283+5173) (7951+9200) 

600-1200 368-3360 84-6208 
Monsoon 

(900+424) (1507+1340) (2374+3340) 

1984-26320 1216-162184 140-16704 
Postmonsoon 

(106504-13595) (566804-91409) (5146+7782) 
Aloricates 

320-5616 840-78584 140-3360 
Premonsoon 

(3342+2726) (22502+37557) (1176+1495) 

320-26320 368-162184 84-16704 
Annual 

(5472+8623) (24188+51171) (2946+4935) 



Table 6.1 (Cont.): Microzooplankton abundance (organisms I -1 ) at different 

stations in the Zuari estuary 

Seasons 
SEASONS 

Z1 Z2 Z3 

100-16100 92-3640 704 
Monsoon 

(4200+7934) (18664-2508) -- 

200-13520 192-15504 276-5568 
Het. dinoflagellates Postmonsoon 

(6647+7091) (8914+6808) (2508+2741) 

1280-5900 980-50312 1540-17220 
Premonsoon 

(3364+2342) 20908+21453 (10486+7573) 

100-16100 92-50312 276-17220 
Annual 

(4861+6098) (12302+ 5224) (6271+6883) 

100 560 384 
Monsoon 

— — — 

80-124 76 72 
Postmonsoon 

(102+31) 
Sarcodines 

Premonsoon 

80-124 76-560 72-384 
Annual 

(101+22) (318+ 	) (228+220) 

200-9000 200-840 64-1216 
Monsoon 

(3133+5080) (500+321) (454+519) 

96-3440 320-2204 140-828 
Postmonsoon 

Mieronietaitians 
(1327+1516) (841+910) (467+282) 

400-2704 840-2520 420-1680 
Premonsoon 

(1344+977) (1543+720) (1120+641) 

96-9000 200-2520 64-1680 
Annual 

(1825+2616) (1003+792) (640+531) 



Table 6.2: Microzooplankton composition at different stations and seasons in 
the Zuari estuary 

TINTINNID SPECIES 
MONSOON POST MONSOON PRE MONSOON 

Z1 Z2 Z3 Z1 Z2 Z3 Z1 Z2 Z3 

Codonellopsis ecaudata - - - - - - + + + 
C. orthoceros - - - + - - - - - 
C. shabi + - - + - - + + - 

C. ostenfoidii + - - + + - + + 
Dictyocysta elegans lepida - - - + - - - + : 

D. seshayafi + + + + + + - + + 
Dictyc cysta sp. + 

- 

+ 

- 
- 
- 

_ 

- 

+ 

- 

+ 
+ 

- 
- 

+ 
- 

+ 

- Eutintbnus apertus 
E. tennus - - - + + + - + - 
Favella phillipinensis - - - - + + - + - 
Leprotintinnus nordequisti + + + - + - + - + 
Metacylis corbula - - - + - - - + - 
Protothabdonella simplex - - - - - - - + + 
Stenosemella steini - - - - - - + + - 

S. nucula - - - + + + - + + 

S. sp - - - - - - - + - 

S. ventricosa + - - + + + + + + 

Tintinnopsis 'a' - - - + + + + - - 

T.accuminata - - - - - + - - - 
T. amphora - - - - - - + - - 
T. bermudensis - - - + + - - + - 

T. beroidea + + + + - + + + + 
T. butchfi - - - + + - + + - 
T. climacocylis - - - - + - - + + 
T. contracta - - - - - - - - + 
T. cylindrica + - + + - + - . - 
T. dadayaii - - - + + - - + - 

T. directs - + - + - - - - - 
T. entzii - - - - + - - - - 
T. fimbriata - - - + - - - + - 

T. glans - - - - + - + - - 

T. gracilis + + + - + - + + + 
T incertum + - - + - - + - - 

T. Karajacensis - - - - - - + + + 
T. lohmanni - - - - - - - - + 



Table 6.2 (Cont.): Microzooplankton composition at different stations and seasons in 
in tne Luan estuary ( 	denotes enotes genus present ana ..-- apsent) 

T. minuta + + + + + + 

T. mortensenii - - - + - - + - - 
T. nucula + - - - - - + - - 
T. ovalis + - + - - - - - - 
T primitivum + - + - - + + + 
T. rotundata - - - + - - + + - 
T. stigosa - - - - - - - - + 

T. sacculus - - - - + - - - - 
T. tocantensis - - - - + - + + + 

T. tubulosa + - - + + + + + + 
T. undella + + - - + - - - - 
T. uruguensis + + + + + + + + + 

T. ventricosa + - + + - - + + - 
T.butchii - - - - - + - - - 
T.directa - - + - - - - - + 
T.entzii - - + - - - - - + 
T.lobiancoi - - + - - - - - - 
T.meuntert - - + - - - - - + 
Tintinnidium incertum - + + - + + - + + 
ALORICATE CILIATE 

Strombidium spp - + + + + + + + + 

Lobeo spp + + + + + + + + + 

Vorticella sp. - - - + - + - + + 

Other ciliate + + + + + + + + + 

METAZOAN 

copepode nauplii + + + + + + + + + 

Decapod larva - + + - + + + + - 

fish/invertebrate eggs + + + - + - - - - 

Appendicularian larva + - - - - - - - - 
Het. DINOFLAGELLATE 

Ceratium + + - + + - + + - 

Dinophysis + - - + + + + + + 

Peridiania spp + - + + - + + - + 

Silicoflagellates - - - + - - - - - 
SARCODINES 

Foram - - - + - - - - - 

Acantharian + + + + - - - - - 

Radiolarian - - - - + - - - - 



Table 6.3: Maximum percentage contribution recorded in swarming tintinnid species to the total microzooplankton and to the 
tintinnid community (values in brackets) in the Zuary estuary 

Monsoon season Post monsoon season Pre monsoon season 

June July Aug Sept Oct Nov Dec Jan Feb Mar Apr May 

Codonellopsis ostenfoidii 8.79' 

(22.01) 

9.26' 

(9.61) 

Dictyocysta Sheshayaii 40 '  

(41.55) 

11.37';21.752;14.8 3 

 (31.52)1 ; (31.84)2 ; (41.66) 3  

9.03 2  

(12.73) 

7.14 3  

(7.73) 

Dictyocysta sp. 11.781 ; 8.72 

 (32.6)1 ; (19.6)2  

18.07 2 

 (39.21) 

Stenosemella ventricosa 56.41' 

(88.7) 

Tintinnidium incertum 58.82' 

(76.92) 

35.672 

 (52.22) 

5.12 2  

(11.11) 2  

8.08'; 6.50 2'7.36 3  

20.18); (28.37)2; 34.75 

34.74' 

(48.52) 

14.72 1  

(31.91) 

24.44 1 

 (61.11) 

72.22' 

(75) 

64.58 2  

(82.66) 

Tintinnopsis minuta 6.71 3  

(41.3) 

5.74 1 , 0.72 2  

(11.7) 1 , (9.85) 2  

Tintinnopsis ventricosa 55. 1 9 3 

(56.74) 

4.1 I 

 (6.44) 

Tintinnopsis directa 42.08 3  

(43.25) 

Tintinnopsis sp. 10.26' 

(25.68) 

Tintinnopsis tubulosa 11.27 1  

(45.71) 

27.73 2  

(52.38) 

4.49 2 ; 29.23 3  

40.81) 2 ; (53.3) 3  

Tintinnopsis uruguensis 40 1 

 (41.55) 

8.13 3  

(50) (58.69) 

2.24 2 ; le 3  

2 ;( 28.57) 

...T: 2 ; 50.06 3  

50.7) 2 ;( 82.96) 

Tintinnopsis gracilis 9 18 3  

(9.94) 

Stenosemella nucula 5.52 3  

(9.14) 

Superscript values, 1, 2 and 3 represents station Z1, Z2 and Z3 



Table 6.4A: Results of analysis of variance in microzooplankton abundance in the Zuari estuary 

SS df MS F P-value F Cr, 
Total microzooplankton stations 0.1608 2 0.0804 0.2489 0.7811 3.284 

months 7.1216  11 0.6474 4.2036 0.0016 2.21E 
monsoon stations 0.4355 2 0.2178 0.8760 0.4492 4.25E 

months 1.5090 3 0.5030 3.4576 0.0713 4.06E 
postmomsoon stations 0.4720 2 0.2360 0.5411 0.5999 4.25E 

months 2.6938 3 0.8979 4.2159 0.0460 4.06E 
premonsoon stations 0.4681 2 0.2341 2.1578 0.1716 4.25E 

months 0.6157 3 0.2052 1.9815 0.1954 4.06E 

Table 6.4B: Results of analysis of variane in swarming tintinnid species abundance in the Zuari estua 

SS df MS F P-value F cn 
Tintinnidium incertum stations 7.5859 2 3.7930 2.5786 0.0911 3.284 

months 16.7470 11 1.5225 0.9279 0.5312 2.21E 
T. uruguensis stations 5.2240 2 2.6120 1.2507 0.2995 3.28' 

months 24.7904 11 2.2537 1.0959 0.4050 2.21E 
Tintinnopsis tubulosa stations 4.9043 2 2.4522 1.2888 0.2891 3.284 

months 28.8920 11 2.6265 1.6247 0.1546 2.21E 
Dictyocysta sheshayall stations 2.3895 2 1.1948 0.5998 0.5548 3.284 

months 32.7109 11 2.9737 2.0154 0.0733 2.21E 
Dictyocysta sp. stations 5.9575 2 2.9788 1.8882 0.1673 3.284 

months 32.5560 11 2.9596 2.7897 0.0172 2.21E 
Codonellopsis ostenfoidii stations 15.3778 2 7.6889 5.7833 0.0070 3.284 

months 17.3515 11 1.5774 0.9035 0.5511 2.21E 
Tintinnopsis 'a' stations 2.2255 2 1.1127 1.4950 0.2390 3.284 

months 17.5024 11 1.5911 4.1129 0.0018 2.21E 
Stenosemella ventricosa stations 1.6670 2 0.8335 0.3757 0.6897 3.284 

months 45.0651 11 4.0968 3.2984 0.0070 2.21E 
Tininnopsis ventricosa stations 1.0618 2 0.5309 0.3601 0.7003 3.28i,  

months 9.0817 11 0.8256 0.4877 0.8926 2.21E 
Tininnopsis minuta stations 0.2524 2 0.1262 0.0753 0.9277 3.282  

months 40.2175 11 3.6561 5.7070 0.0002 2.21E 
Tininnopsis gracilis stations 0.3861 2 0.1931 0.1423 0.8679 3.281 

months 14.6722 11 1.3338 1.0498 0.4374 2.21E 
Tininnopsis directa stations 0.7046 2 0.3523 0.4796 0.6233 3.281 

months 12.1846 11 1.1077 2.0832 0.0644 2.21E 
Stenosemella nucula stations 1.1543 2 0.5771 0.5838 0.5634 3.281  

months 16.4271 11 1.4934 2.0656 0.0666 2.21E 
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CHAPTER 7 

SPATIAL AND TEMPORAL VARIATIONS OF 
MICROZOOPLANKTON IN THE ARABIAN 

SEA ALONG COASTAL AND CENTRAL 
AREAS (64°E) 



7.1 Numerical abundance  

Abundance of microzooplankton varied considerably in the Arabian 

Sea both seasonally and spatially. The predominant forms were 

heterotrophic dinoflagellates and ciliates. Sarcodines with preservable hard 

part (for example, Foraminifera, Radiolaria, Acantharia) were present in low 

numbers. 

In the central and eastern Arabian Sea (both coastal and open waters 

taken together), the average cell concentration (see Table 7.1) in upper 0-

200m column was the highest during intermonsoon (April-May, 144000 x 10 3 

 + 42282 x 103  m-2) followed by summer (June-August, 41155 x 10 3  + 34272 

x 103  rn-2) and winter (December-February, 30354 x 10 3  ± 13791 x 10 3  M-

2). Average abundance (per litre) in the upper 200m was 654+ 113 in 

intermonsoon, 227+ 520 in summer and 124+ 130 in winter. 

During intermonsoon, the microzooplankton abundance along the 

coast was lower than the oceanic waters by ca. 43%. Average abundance in 

the coastal waters was between 467+191 1 1  when it was 840+ 394 r' in the 

open ocean regions. North-south variation was not significant during this 

particular season. About 60% of the microzooplankton was found in the 

upper 100m. The maxima of microzooplankton assemblage were generally at 

depths between 50 and 100m generally coinciding with subsurface 

chlorophyll maxima (SCM). 
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During winter, higher abundance were recorded from the open waters 

(avg. 156 ± 181 1 -1 ) than in the coast (avg. 91+ 79 1" 1 ). Consequently, column 

values in oceanic waters were 1.75 times higher than in the coast. In 

addition, microzooplankton abundances both in the coastal and offshore 

regions during this season showed decrease with increasing depth. 

Subsurface peaks of microzooplankton were generally not discernible. 

During summer 1995, mostly coastal stations were sampled. However, 

among the stations ;ampled along 64 °E, station at 11 °N with less production 

had a peak below subsurface (ca. 50m). This subsurface peak was an 

exception to the normally decreasing microzooplankton abundance with 

depth. About 85% of the microzooplankton population were in the upper 

100m during this season. As noted earlier, unlike the other two seasons, the 

coastal track had higher population of microzooplankton (avg. 333 ± 917 1 -1 ) 

compared to the ones along 64°E (120 ± 123 1" 1 ). 

On the whole, microzooplankton abundance along the coast in upper 

200m during intermonsoon, winter and summer season varied from 69500 to 

122000 x 10 3  m-2 , 8888 to 26847 x 103  m-2  and 8918 to 132588 x 10 3  m-2 . In 

oceanic areas, respective ranges were 156500 to 188000 x 10 3  rn2, 32935 to 

56250 x 103  m-2  and 20700 to 50100 x 10 3  m-2 . Along the coast, only winter 

season had higher values in the north (Table 7.1). 

7.2 Groupwise abundance of microzooplankton  

Groupwise abundance of all the dominant forms was also recorded. 

During intermonsoon, micrometazoans were not counted. But cells were 

classified into tintinnids and "other protozoans" (i.e. aloricate ciliates, 
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dinoflagellates and sarcodines). It is to be noted that in the present study 

seasonal comparison among aloricate ciliates, heterotrophic dinoflagellates, 

micrometazoan and sarcodines was made only between the winter and 

summer seasons unlike tintinnids and total microzooplankton in three 

different seasons. In the 0-200m column, the tintinnids ranged from 37500 to 

47000 x 103  m-2  during intermonsoon, 1838 to 5935 x 103  m-2  in winter and 

1284 to 10440 x 103  m-2  along the coastal track. These were 19500 to 54500 

x 103  m2, 6833 to 14485 x 10 3  m2  and 282 t) 3986 x 10 3  m-2  along 64°E. 

Along the coast, higher column values were in the north during winter but it 

was so in the oceanic region during summer (Table 7.2). Averages for the 

respective seasons were 34167+14442 x 10 3  m2, 7273+ 4192 x 103  m2  and 

2677+ 2882 x 103  m-2  (both coastal and open waters combined). 

Aloricate ciliates, during winter and summer, had abundances ranging 

from 1921 to 4500 x 10 3 
 
rn-2  and 1557 to 3673 x 103  m-2  respectively along 

the coast. Their corresponding counts in the oceanic region were 6919 to 

18710 x 103  m2  and 563 to 8871 x 10 3  rn2  (Table 7.3). During both winter 

and summer seasons, peaks were recorded in the coastal track. Seasonal 

averages during winter was higher (7342+5489 x 10 3  m2 ) than that of the 

summer (3249+2439 x 10 3  m2). 

In the case of heterotrophic dinoflagellates, seasonal average for 

summer was more (26545+31150 x 10 3  m-2) than that for winter (9634+3852 

x 103  m-2). In the coastal track, they were in the range of 4109 to 10500 x 10 3 

 m2  in winter and 2602 to 111520 x 10 3  m2  in summer. Column ranges in the 

oceanic waters for the respective seasons were 7296 to 16185 x 10 3  m2  and 

3554 to 28519 x 10 3  m2  (Table 7.4). As in aloricate ciliates, their coastal 
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peaks during both the seasons were in the south in the coast. Such peaks 

were more in north of 15°N along 64°E (ie. in oceanic waters). 

Compared to these major forms, sarcodines were the least abundant. 

As with heterotrophic dinoflagellates, their abundance was higher during 

summer (2464+1323 x 10 3  m-2) than during winter (982+594 x 10 3  m-2). 

Column values for coastal region were between 306 to 1700 x 10 3  m-2  and 

1290 to 2457 x 103  m-2  and in oceanic region between 360 to 1429 x 10 3  m-2 

 and 200 to 4389 x 103  r11-2  respectively during winter and summer (Tai)le 

7.5). 

Micrometazoans had higher population in the south in oceanic areas 

during both winter and summer. Southern coastal stations had higher 

abundances than the northern ones. Their population in summer was more 

(6220+3317 x 10 3  rn-2) than that in winter (5123+2261 x 10 3  m2). Coastal 

values were in the range from 712 to 8496 x 103  m-2  (winter) and 1860 to 

11779 x 103  m-2  (summer). Respective seasonal ranges for the oceanic 

region were 5364 to 6510 x 10 3  m2  and 3796 to 10262 x 10 3  m-2  (Table 7.6). 

Abundance of "other protozoans", was the highest in intermonsoon 

(109833 ± 48684 x 10 3  rri2) followed by summer (32258 ± 30729 x 10 3  m2) 

and winter (17958 ± 8925 x 10 3  m-2 , Table 7.7). Maximum integrated column 

values were recorded during intermonsoon, winter and summer seasons 

were at 21 °N 64°E, 11 °N 64°E and at 10°N 75°E and the minimum were at 

22°N 67°E, 19°N 70°E and 15°N 64°E (Table 7.7). Abundances of this group 

indicated higher concentrations in the oceanic area during intermonsoon and 

winter. Only summer season had higher population in the coastal waters 

(Table 7.8). Similarly, except during intermonsoon, higher counts were 
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recorded generally in the south (Table 7.9). Variability between the coastal 

and oceanic regions indicated higher abundance in the southern coastal 

stations whereas, in oceanic stations, they were more in the north. 

Seasonal variability was observed for all the groups of 

microzooplankton. Overall, the highest tintinnid population was during 

intermonsoon and the least was in winter. Heterotrophic dinoflagellates, 

sarcodines and micrometazoans had higher abundance during summer. 

Aloricate ciliates t ad higher abundance than tintinnid ciliates during winter 

and summer. Seasonal variations in abundance between winter and summer 

was the least among micrometazoans (18%) compared to variations in other 

groups (56 to 64%) of the total microzooplankton. 

Inter-annual variability was recorded among all identified groups of 

microzooplankton at the open ocean station, at 15 °N 64°E sampled during 

the summer 1995 and 1996 and at 21 °N 64°E sampled during winter 1995 

and 1997 (Table 7.10). There was a five fold increase in microzooplankton 

population during summer 1996 compared to 1995. 

Aloricates, heterotrophic dinoflagellates and sarcodines had 

abundance during summer 1996 compared to summer 1995. Similarly at 

21 °N 64°E, there was a two fold increase in winter 1997 than that of winter 

1995. Unlike summer, all the microzooplankton groups had higher 

abundances in winter. A variation between winter 1995 and 1996 was lower 

for tintinnids (9%) and maximum for aloricates (66%). 

Seasonal variations for coastal versus offshore and north versus 

south in microzooplankton are presented in Table 7.8 and 7.9. Variations in 

average column abundance of ciliates and micrometazoans were large 
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between coastal and offshore regions during winter (Table 7.8). It was also 

quite large among sarcodines and heterotrophic dinoflagellates during 

summer (Table 7.9). Irrespective of the seasons, aloricates, sarcodines and 

micrometazoans were more abundant in oceanic waters. Higher numbers of 

tintinnids and heterotrophic dinoflagellates occurred in coastal region during 

summer and during winter in oceanic region. Tintinnids dominated coastal 

waters also during intermonsoon. 

Between north and south, the lowest variations were during 

intermonsoon compared with winter and summer (Table 7.9). Individual 

groups of microzooplankton displayed higher numbers in the southern region 

during winter. In summer however, only aloricate ciliates and sarcodines 

were more in the northern region. Within winter, a north vs south variation 

was lower among sarcodines and higher among aloricate ciliates. Similarly, 

in summer, minimum variation was in aloricate ciliates unlike in heterotrophic 

dinoflagellates. Variation between the seasons (winter and summer) was 

higher in sarcodines (41%) followed by micrometazoans (36%), aloricates 

and heterotrophic dinoflagellates (25%) and least in tintinnids (23%). 

Microzooplankton cell numbers in the 0-200m column during three 

seasons varied from 8-1044 (avg. 173 rl, winter), 300-1600 (avg 708 r 1 , 

intermonsoon) and 8-4997 1 -1  (avg. 191 r 1 , summer). Most of their maxima 

were recorded along 64°E during intermonsoon and winter season and, 

along the coast, during summer. 

In surface waters, microzooplankton abundance varied seasonally and 

their abundances ranged from 60-1044, 440-1260 and 70-4997 r' during 

winter, intermonsoon and summer respectively. In former two seasons, 
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higher values at surface were recorded along 64°E (particularly at 15°N) 

and, along the coast, during summer (between 10 °N and 12°N). Only 

sarcodines had maxima in surface water (mainly north of 19 °N) both during 

winter and during summer. Number of their cells recorded in summer were 

several folds higher than those during winter. Occasionally, tintinnids 

(summer) and sarcodines (winter and summer) were absent in the surface 

waters. While aloricates were more in the surface during winter, heterotrophic 

dinoflagellates were more so during summer. 

Percentage abundance of total microzooplankton in upper 100m 

ranged from 60-90 (avg. 85%), 48-69 (60%) and 60-98 (60%) respectively for 

winter, intermonsoon and summer. Abundance of individual groups of 

microzooplankton ranged from 62 to 90% in winter and 81 to 88% in summer. 

Heterotrophic dinoflagellates and sarcodines had similar abundance during 

winter as well as summer. Ciliate (tintinnids and aloricates) and 

micrometazoans had higher percentage assemblages in the upper 100m 

during summer. Abundances of tintinnids were more than those of aloricate 

in winter. Intermonsoon season had comparatively lower abundances of 

tintinnids in 0-100m than either winter or summer. 

Maximum percentage contribution of tintinnids, aloricates, 

heterotrophic dinoflagellates, sarcodines and micrometazoans to total 

microzooplankton in upper 100m was calculated for winter and summer 

seasons separately. Lower percentages were observed for sarcodines during 

both seasons. Ciliates contributed the most in winter and, heterotrophic 

dinoflagellates in summer. Between the seasons, aloricate ciliates, 

heterotrophic dinoflagellates and sarcodines contributed the most to the total 
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microzooplankton during summer, while it was tintinnids and 

micrometazoans during winter. 

Tintinnid contribution to the total microzooplankton during 

intermonsoon was more (avg. 28%, Fig 7.1) than of winter (avg. 23%, Fig. 

7.2) and summer (avg. 6%, Fig. 7.3). Generally, heterotrophic 

dinoflagellates, micrometazoans and sarcodines contributed more to the total 

in summer compared to winter. Overall, the contribution of ciliates (tintinnids 

and aloricates tot;ether) to the total microzooplankton was more in winter and 

of heterotrophic dinoflagellates in summer. At stations 13 °N 64°E (during 

summer 1996) and 15°N 64°E (during summer 1995), micrometazoans 

dominated forming 50 and 44% of the total microzooplankton community. 

Irrespective of the seasons, the aloricate contribution was more in the 

oceanic region, that of heterotrophic dinoflagellates and sarcodines in the 

coastal waters. 

Vertical distribution of total microzooplankton during intermonsoon 

suggested their maximum assemblage around 50m (11 °N and 15°N along 

64°E) or at 100m (19°N 64°E, Fig. 7.4). But, in winter 1995, 

microzooplankton tended to decrease with depth and subsurface peaks were 

generally not discernable. Maximum population of total microzooplankton 

during this season was observed at 40m at 11 °N 64°E (Fig. 7.5). During 

summer, subsurface maximum was recorded in 1995 at a southern oceanic 

station (11 °N 64°E) at 50m (Fig. 7.6). However, in summer 1996, 

microzooplankton decreased with dep.n at all stations (Fig. 7. 7). About 85% 

of the microzooplankton population during this season was in the upper 

100m. 
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Briefly, during the intermonsoon, tintinnid maxima below surface were 

recorded only in the south at 50m both at coastal (12 °N 74°E) as well as at 

oceanic (11 °N 64°E) stations. 

During winter, tintinnids were generally more at 50m both in the 

coastal and oceanic regions south of 19 °N, But in the north (at 21 °N) their 

concentration was more at 80m. Similarly, during summer, their abundances 

in the coastal stations were more in the deeper waters (120m) compared to 

20m at an oceanic station (for example along 15 °N latitude). 

Aloricate ciliates appeared to have been more abundant just below the 

surface (10m) at 10°N 75°E during intermonsoon but, this was at a depth of 

150m during summer. Such a distribution was also discernible for open 

ocean waters both during winter and summer. 

Heterotrophic dinoflagellates were more in the coastal stations at 

19°N and 15°N, during winter and during summer in 12 °N and 19°N. They 

generally had a maximum at about 50m. In the oceanic region, their peaks 

were observed -50m (11 °N) both during winter and summer. Subsurface 

maximum observed at 15°N 64°E during summer 1995 was shallow (20m) 

than that of summer 1996 which was considerably deeper (150m) . 

During winter and summer, sarcodine abundances were high along 

the southern coastal regions (10 and 15 °N) at - 40 to 50m depth while in the 

north (19°N), their peak was at a deeper depth (150m). Maxima were 

observed at oceanic stations 21 °N (120m), 19°N (50m) and 15°N (150m) 

during winter which was generally deeper than the summer maximum at 

11 °N (ca. 50m). 

109 



In the southern coastal region (10°N), micrometazoan maximum was 

at 50m in winter and at 20m in summer. In the north, their maximum in 

summer was at a shallower depth (40m at 15 °N) than during winter at 19°N 

(160m). In the open ocean, their maximum abundance was at 11 °N in winter 

and between 11 °N and 21 °N in summer around 40 and 50m. 

Day and night collections were made from 21 °N and 15°N along 64°E 

during winter 1995. Mid-day counts were comparatively higher than those at 

mid night at both the stations (Fig. 7.9). The 0-200m integrated ;olumn 

counts of microzooplankton ranged from 17100 x 10 3  to 27350 x 103 m-2  (avg. 

22075 x 103  + 4202 x 103 m-2) at 21 °N and from 26300 x10 3  to 56100 x 103  m-

2  (avg. 37259 x 10 3  ± 13361 x10 3 m2) at 15°N (Fig. 7.8). 

Sampling carried out only during day time (mid-day), at 21 °N for 13 

days (10th to 23rd February 1997) suggested ca. two times higher 

abundances (range: 23225 x 10 3  to 83375 x 103  m-2, avg.44856 x 10 3+ 

17306 x 103  m2) than those seen during February 1995. The standing stocks 

of microzooplankton generally showed increasing trend towards the end 

phase of the series (Fig. 7.10). 

Vertical distributions of microzooplankton abundance during winter 

1995 at 21 °N and 15°N are shown in Figure 7.9. Irrespective of the time of 

collection, most of the organisms were always found concentrated in surface 

(Om) waters and their numbers decreased rapidly with increasing depth. 

Vertical profiles during winter 1997 time series also did not show any 

discernible subsurface maximum (Fig. 7.10). 

During winter 1995, the average column counts (No. m 2) recorded at 

21 °N and 15°N along 64°E for each individual groups of microzooplankton 
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are presented in Table 7.7. Vertical profiles of individual groups of 

microzooplankton recorded during winter 1995 time series are presented in 

Figures 7.9 (at 21 °N and 15°N). It is clear from these profiles that ciliate 

during mid-day and mid-night tend to concentrate at lower depth (ca. 50 to 

100m). Additionally, sarcodines appears to migrate to deeper water after mid-

day and concentrate at approximately 50 to 150m depth in the night 

whereas, other groups (heterotrophic dinoflagellates and micrometazoans) 

showed highe! assemblage near surface water. 

During winter 1997, microzooplankton counts ranged from about 7200 

to 32000 x 104  m-2  in the upper 150m and their number showed an upward 

trend towards the last phase of sampling (Fig. 7.8). Distribution trend 

observed in each group of microzooplankton are presented in Figure 7.11. 

7.3 Microzooplankton composition:  

During the entire period of study, the protozoans dominated the 

microzooplankton community. Among them, ciliates and heterotrophic 

dinoflagellates were the most dominant forms. Tintinnid ciliates were 

represented by 40 genera (Table 7.11-7.15). Among the aloricate ciliates, 

genera Strombidium, Strombidinopsis, Labeo, Tontonia were identified and 

are grouped under 'oligotrichs'. Other aloricate taxa could not be precisely 

identified from preserved samples and therefore, they are considered 'other 

ciliates'. The community of heterotrophic dinoflagellates was predominated 

by Protoperidinium, Dinophysis Gymnodinium, Ceratium, Noctiluca and 

Silicoflagellates. Among these, individuals of Protoperidinium and 

Gymnodinium were dominant. Foraminifera, Radiolaria and Acantharia 
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represented Sarcodines. Latter two groups were generally more abundant 

than Foraminifera. The metazoan component of the microzooplankton 

comprised of copepod nauplii and a few small appendicularians. Among the 

metazoa, copepod eggs, nauplii and early copepodid stages were major 

components of the microzooplankton. Others were invertebrates' eggs and 

larval stages of appendicularians, chaetognaths and young medusae were 

present in small numbers. 

Tintinnids  

Of a total of 22 tintinnid genera recorded during intermonsoon, 14 

genera occurred along the coast and 20 in the oceanic waters (Table 7.11). 

Twelve genera were common for both coastal and oceanic waters, however 

only two genera, Tintinnopsis and Eutintinnus, were observed at all the 

sampling stations. In the oceanic region, these two genera formed 2 to 6.9% 

and 1.6 to 3.7% of the total microzooplankton. In coastal waters, their 

contribution to the total was 9 to 13.5% and 4.9 to 3.4%. Contribution of 

individual tintinnid genera to the total microzooplankton varied from 0.4 to 

16.2% during this season. Dominant tintinnid genera like Climacocyclis, 

Codonellopsis, Eutintinnus, Leprotintinnus, Rhabdonella, Tintinnidium and 

Tintinnopsis were dominant at all the coastal stations. Species of 

Tintinnopsis, Eutintinnus and Helicostomella occurred at all the oceanic 

stations. The numbers of genera recorded at northern and southern coastal 

stations were relatively same. In open ocean the number of genera increased 

from north to south. 

As many as 30 tintinnid genera were present during winter 1995. 

Oceanic stations had higher diversity of tintinnids (26 genera) than the 
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coastal areas (20 genera, Table 	7.12). Dictyocysta, Eutintinnus, 

Proplectella and Salpingella were recorded from both the regions. 

Xystonellopsis was the predominant form at coastal stations and 

Codonellopsis, Amphorides, Dadayiella, Parundella, Protorhabdonella, 

Rhabdonella and Cymatocyclis were dominant in oceanic waters. 

Contribution of individual tintinnid genera to the total microzooplankton 

ranged from 0.2 to 6%. Eutintinnus occurred at most of the sampling stations 

during this period. 

During the time series measurements (at 15 °  and 21 °N along 64°E) in 

winter, composition of tintinnids did not vary with respect to time/station of 

collection. The number of genera recorded were 19 (at 21 °N) and 18 (15°N). 

Ten genera were common for both stations appeared throughout the winter 

(Table 7.12). Tintinnus and Epilocycloides were observed only at 15 °N and 

Dadayiella and, Undella at 21 °N. Amphorides, Dictyocysta, Eutintinnus, 

Parundella, Proplectella, Salpingella and Tintinnopsis appeared at both the 

stations. Dictyocysta, Eutintinnus, Proplectella and Salpingella were the most 

predominant forms. 

Thirty-six tintinnids species of 17 genera were identified during the 

time series studies of winter 1997 (Table 7.13). All these genera were also 

observed in winter 1995. But at 21 °N, only 15 genera were recorded. 

Epiplocycloides was observed only during winter 1997. Proplectella 

clapereidii dominated six out of nine sampled stations. Generally, higher 

numbei s of tintinnid species were recorded towards the last phase of 

sampling. Parundella lohmanni, Proplectella clapereidii and Dadayiella 

ganymendes were the most predominant forms and occurred throughout the 

113 



study period. They accounted for 0.4 - 1.07%, 0.4-4.9% and 0.36-3% of the 

microzooplankton community. Codonellopsis ecaudata, Dictyocysta elegans 

lepida, Epiplocycloides ralumensis and Rhabdonellopsis simplex occurred in 

more than 60% of the samples. 

Twenty two genera of tintinnids were present in summer. More genera 

were recorded in summer 1995 (20 genera, Table 7.14) than in summer 

1996 (8 genera, Table 7.15). Protorhabdonella, Tintinnopsis and Salpingella 

were observed at five of six stations sampled during summer 1995 and 

Eutintinnus at four of five open ocean stations sampled in summer 1996. 

Percentage contribution of individual tintinnid genera to the total 

microzooplankton was between 0.04 and 3.42% during summer 1995 and 

between 0.5 to 2% in summer 1996. 

Aloricates  

Groups other than oligotrichs (Strombidium, Strombilidium, Labeo and 

Tontonia) called 'other ciliates' occurred in substantial numbers throughout 

the study period. Of the total microzooplankton community, these other 

ciliates formed 7.69 to 34.38% in winter and 1 to 15% in summer . 

Corresponding seasonal values for the oligotrichs were 2% in winter and 5% 

in summer. Oligotrichs were recorded only at stations 11 °  to19°N along 64°E. 

Higher abundance of aloricate ciliates (70%) observed at 100-200m of 15 °N 

64°E during summer 1996 was due to the presence of this aloricate ciliates. 

During summer, Strombidium spp constituted 3.1-25.5% of total aloricate 

ciliates and higher percentage was in the south (10 °N 75°E and 15°N 64°E). 
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Heterotrophic dinoflagellates  

Among the heterotrophic dinoflagellates, the individuals of 

Protoperidinium and Gymnodinium were common. During winter 

Protoperidinium spp were the most dominant form followed by Gymnodinium 

spp and Ceratium spp. To the total microzooplankton the contribution of each 

of these three groups respectively was 12 to 36%, 1.3 to 12% and 1.2 to 7% 

in the oceanic region and from 3.1to11, 0.8 to 6.2 and 19 to 32% at coastal 

region. Species belonging to Noctiluai and silicoflagellates were generally 

rare (<5%) although blooms of Noctiluca are common in summer. During 

summer 1995, Gymnodinium dominated coastal stations. It formed 2.4 to 

81% (avg 42) of the total microzooplankton. Protoperidinium was the most 

abundant form of dinoflagellates followed by Gymnodinium and Ceratium in 

the oceanic stations during summer 1996. 

Sarcodines  

Acantharians were the dominant among sarcodines during summer 

and, radiolarians during winter. At times, only one group was dominant 

forming as much as 95-100% of the sarcodine community (eg. acantharians 

at station 11 °N and radiolarians St 15 °N along 64°E). 

Maximum contribution of acantharia to the total microzooplankton was 

only 10% during summer and was less (0.53%) during winter. Corresponding 

seasonal values for radiolarians were 9.5% and 3.5% and foraminiferans 

constituted 5% and 0.8%. Contribution in summer 1995 ranged from 0.8 to 

9.8%, 0.04 to 2.68% and 0.2 to 0.9% respectively. But, summer 1996 

corresponding ranges of contributions (%) were slightly more 0.5 to 7, 1 to 

9.5 and 2.1 to 5 respectively for these three groups. 
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Micrometazoans 

Among the micrometazoans, nauplii and early copepodite stages were 

dominant followed by invertebrate eggs, copepod and fish eggs. In coastal 

waters, nauplii (together with copepodid stages) formed 4-30% in summer 

and 8 to 23% in winter. In oceanic waters it was , 9 to19% and 7.5 to 31% in 

the respective seasons. Other groups contributed <5% except at 15 °N 64°E 

(summer 1995) where eggs of invertebrate and fishes formed as much as 

11% of the total microzooplankton. Generally, contribution of nauplii was 

more in northern areas. 

Large fluctuations in the abundances and the compositions of 

microzooplankton were noted during the period of investigations. Regression 

analyses were carried out on the data from the Arabian Sea in order to 

understand the relationship between microzooplankton, physical and 

biological parameters. 

Microzooplankton cell abundance generally decreased with increasing 

depth. They were mostly found concentrated in the upper 100m compared to 

100-200m depth except at a few stations in intermonsoon season. In the 

Arabian Sea the average salinity in upper 200m does not vary over seasons. 

Lower values, however recorded along the coastal region during southwest 

monsoon when the freshwater discharge was more A strong relationship 

between salinity and aloricate ciliates (P<0.001), heterotrophic dinoflagellates 

(P<0.01) and tintinnids (P<0.05) was observed. Temperature in the Arabian 

Sea changes significantly with depth and although microzooplankton was 

more in higher temperature of upper waters, it was not possible to correlate 

these. 
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Chlorophyll a abundance was closely linked to microzooplankton 

abundance particularly in summer and winter. However, microzooplankton 

variations were significantly related to bacteria (P<0.001) during 

intermonsoon. This indicates that microzooplankton may depend on both 

bacteria and phytoplankton depending on the seasons. 

The ratio of total microzooplankton abundance (cells I -1 ) to chlorophyll 

a (1.1g 1 -1 ) was in the range 0.18 x 10 2  - 3.5 x 10 5  (avg. 1.2 x 104). Suzuki and 

Taniguchi ;1998) calculated similar ratios for ciliates in the western Pacific 

and those value are comparable to those of the present work. Seasonally, 

wide fluctuations in this ratio were observed (Table 7.16). During 

intermonsoon, when the lowest values of chlorophyll a were recorded, the 

ratios ranged from 1.8 x 10 3  to 2.0 x 105  (avg. 3.5 x 104). They were in the 

range of 0.18 x 102  to 2.2 x 10 5  (avg. 1.5 x 104) during summer and 0.61x10 2 

 to 3.5 x 105(avg. 1.4 x 104) during winter. 

Ratios of different groups of microzooplankton viz. tintinnids, aloricate 

ciliates, dinoflagellates and sarcodines to chlorophyll a were also calculated 

(Table 7.16). It was observed that aloricate ciliates had maximum ratio (4.1 x 

103) followed by dinoflagellates (3.5 x 10 3), sarcodines (2.2 x 103), tintinnids 

(1.9 x 103) and micrometazoans (1.4 x 10 3 . High ratios of microzooplankton 

/individual microzooplankton to chlorophyll a May be taken as suggestion that 

there is less dependency of microzooplankton on chlorophyll a particularly a 

scenario during intermonsoon along 64 °E. 

Seasonal variation of Lhe depths of maximum occurrence for 

microzooplankton, chlorophyll a and bacteria at 11 ° , 15°, 19°  and 21 °N along 

64°E are shown in Figure 7.12. During intermonsoon, shallow MLDs were 
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recorded throughout the Arabian Sea. During summer and winter, they were 

deeper in south and north respectively. Irrespective of the seasons or MLDs, 

the microzooplankton maxima appeared mostly at -50m depth at 11 °N 

similar to maximum of chlorophyll a (in all the three seasons) and bacteria 

(winter and summer). Most of the these peaks were within the mixed layer 

depth in winter and summer season and below MLD during intermonsoon 

(Fig. 7.12). As the water column becomes stratified in intermonsoon, surface 

maxima north of 15°N shifted to deeper depths. For example, 

microzooplankton maxima shifted between 50m (at 15°N) and 150m (at 

21 °N, Fig. 7.12). 
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TOTAL MICROZOOPLANKTON (Organisms x 10 3  m-2) 

Stations SEASONS 
Intermonsoon Winter Summer 

21 °N 67°E 6;:i500 26847 ND 
19°N 70°E ND 8888 22345 
15°N 73°E ND 20250 8918 
12°N 74°E 122000 ND 46151 
10°N 75°E ND 26250 132588 
21 °N 64°E 188000 32935 50100 
19°N 64°E 161500 34153 31875 
17°N 64°E ND ND 34550 
15°N 64°E 156500 37259 30894 
13°N 64°E ND ND 20700 
11 °N 64°E 166500 56250 33433 

144000+42282 30354+13791 41155+34272 

Table 7.1: Integrated column values (0-200m) for microzooplankton in the central 
and eastern Arabian Sea (ND- No data) 

Table 7.2: Integrated column values (0-200m) for tintinnids in the central and eastern 
Arabian Sea (ND-No data) 

TINTINNID (Organisms (x 10 3) m4) 

Stations SEASONS 
Intermonsoon Winter Summer 

21 °N 67°E 37500 5935 ND 
19°N 70°E ND 1838 1979 
15°N 73°E ND 4230 1284 
12°N 74°E 47000 ND 1817 
10°N 75°E ND 52C0 10440 
21 °N 64°E 23000 6K3 3986 

'MN 

19°N 64°E 23500 12362 1887 
17°N 64°E ND ND 1632 
15°N 64°E 19500 7298 282 
13°N 64°E ND ND 2153 
11 °N 64°E 54500 14485 1314 
Average 34167 7273 2677 

Stdev 14442 4192 2882 
34167+14442 7273+4192 2677+2882 



Table 7.3: Integrated column values (0-200m) for aloricates in the central and 
eastern Arabian Sea (ND-No data) 

ALORICATES (Organisms x 10 3  r11 -2) 

Stations 
SEASONS 

 
Winter 	 Summer 

21 °N 67°E 2899 ND 

19°N 70°E 1921 1557 

15°N 73°E 4430 1774 

12°N 74°E ND 3673 

10°N 75°E 4500 2183 
21 °N 64°E 8112 5196 
19°N 64°E 6919 8871 
17°N 64°E ND 563 
15°N 64°E 11247 2357 
13°N 64°E ND 4530 
11 °N 64°E 18710 1786 

7342+5489 3249+2439 

Table 7.4: Integrated column values (0-200m) for heterotrophic 
dinoflagellates in the central and eastern Arabian Sea 
(Nd-No data) 

HET. DINOFLAGELLATES (Organisms x 10 3  ni2) 

Stations 
SEASONS  

Winter Summer 

21 °N 67°E 9153 ND 

19°N 70°E 4109 14976 

15°N 73°E 6030 2602 
12°N 74°E ND 26424 

10°N 75°E 10500 111520 

21 °N 64°E 11279 28519 

19°N 64°E 7296 12336 

17°N 64°E ND 20961 

15°N 64°E 12515 21088 

13°N 64°E ND 3554 

11 °N 64°E 16185 23473 
9634+3852 26545+31150 



Table 7.5: Integrated column values (0-200m) for sarcodines 
in the central and eastern Arabian Sea (ND-No data 

Organisms (x 10 3) m-2  

Stations SEASONS  
Winter Summer 

21 °N 67°E 372 ND 
19°N 70°E 306 1872 
15°N 73°E 1580 1399 
12°N 74°E ND 2457 
10°N 75°E 1700 1290 
21 °N 64°E 1346 4104 

19°N 64°E 1429 3465 
17)N 64°E ND 4389 
151N 64°E 761 2400 
13°N 64°E ND 200 
11 °N 64°E 360 3064 

982+592 2464+1323 

Table 7. 6: Integrated column values (0-200m) for micro-metazoans 
in the central and eastern Arabian Sea (ND- No data) 

Organisms (x 10 3) rri2  

Stations 
SEASONS 

 
Winter Summer 

21°N 67°E 8486 ND 

19°N 70°E 712 1962 

15°N 73°E 3980 1860 

12°N 74°E ND 11779 

10°N 75°E 4350 7155 

21 °N 64°E 5364 8296 

19°N 64°E 6147 5316 

17°N 64°E ND 7006 

15°N 64°E 5438 4767 

13°N 64°E ND 10262 

11 °N 64°E 6510 3796 
5123+2261 6220+3317 



Table 7.7: Integrated column values (0-200m) for other protozoans in the central 
and eastern Arabian Sea (ND-No data) 

OTHER PROTOZOANS (Organisms x 10 3  rn ) 

Stations SEASONS 
Inter Winter Summer 

21 °N 67°E 32000 12425 ND 
19°N 70°E ND 6337 18405 
15°N 73°E ND 12040 5774 
12°N 74°E 75000 ND 32555 
10°N 75°E ND 16700 114993 
21 °N 64°E 165000 20738 37819 
19°N 64°E 1380)0 15644 24673 
17°N 64°E NC ND 25913 
15°N 64°E 137000 24523 25845 
13°N 64°E ND ND 8285 
11 °N 64°E 112000 35255 28323 

109833+48689 17958+8925 32258+30729 



Table 7.8: Coastal (C) - offshore (0) variations of microzooplankton (x 10 3  m-2) 
during different seasons in the central and eastern Arabian Sea. 

Area 
Seasons 

Intermonsoon Winter Summer 

Total Microzooplankton 
C 95750 20589 52501 

168125 38706 33207 

Tintinnids C 42250 4308 3759 
0 30125 95880 1659 

Aloricates* 
C 

53500 
138000 

3444 2220 
10638 4030 

Het dinoflagellates* 
C 7455 39079 
0 11729 18296 

Sarcodines* 
C 996 1648 
0 1067 2895 

Micrometazoans* 
C ND 4389 5763 

5783 6299 

ND'= No data; *= Abundance of these groups were counted under 
one heading 'other protozoan' during intermonsoon season 

Table 7.9: North (N)-South (S) variations of microzooplankton (x 10 3  ni2) 
during different seasons in the central and eastern Arabian Sea 

Area 
Seasons 

Intermonsoon Winter Summer 

Total Microzooplankton 
N 143875 27627 29939 
S 144250 41250 58218 

Tintinnids 
N 25875 6485 1638 
S 50750 9869 3795 

Aloricates* 
N 

25875 

93500 

6244 3618 
S 11631 2842 

Het dinoflagellates* 
N 8818 16885 
S 13369 41550 

Sarcodines* 
N 1029 2906 
S 1056 1628 

Micrometazoans 
N ND 5079 4851  
S 5456 8298 

MY= No data; *= Abundance of these groups were counted under 
one heading 'other protozoan' during intermonsoon season 



Table 7.10: Interannual vanabitlity of microzooplankton (x 10 '  in') at 21 °N 
15°N along 64°E during winter and summer season (intergrated column val 

21°N 64°C 
`hinter 

1995 1997 
Tintinnids 6523 7158 
Aloncates 4094 12179 
Het dinoflagellates 6253 16465 
Sarcodines 994 1516 
Micrometazoans 3148 7535 
Total microzoopalnkto 21013 44855 

15°N 64°E 
Summer 

1995 1996 	_ 
Tintinn ds 311 256 
AloricaLes 1808 2913 
Het dinoflagellates 3466 38684 
Sarcodines 377 4420 
Micrometazoans 4827 4727 
Total microzoopalnkto 10788 51000 



Table 7.11: Spatial composition of tintinnid genera during intermonsoon 1994 in the central and 
eastern Arabian Sea ("+" denotes genus present and " 2  absent) 

OCEANIC COASTAL 
21 °N SAVE 19°N 64°E 15°N 64°E 11 °N 64 )̀E 22°N 67°E 12°N 74°E 

Amphorides - + + + + - 
Climacocyclis - - - - + + 
Codonella + - + - - - 
CodoneHopsis - - - + + + 
Coxliella - - - + - - 
Daturea - - - + - + 
Dictyocysta - - + - - - 
Eutintinnus + + + + + + 
FaveHa + - + - + - 
Helicostomella + ___ + + + - -  
leprotintinnus - - - + + + 
Metacydis - - + + - - 
Ormosella + - - - + - 
Parafavella - + + + - - 

Parafavella - - - - - - 

Panmdella - + + - - - 
Rhabdonella + - - - + + 
'Stenosemella + - + + - + 
Tintinnidium + - + + + + 
Tintinnopsis + + + + + + 
Tintinnus - - - - + - 
Undella + + - - - + 
Xystonellopsis - - - + - - 



Table 7.12: Compostition of tintinnids genera during winter1995 in the central and eastern Arabian Sea. 
("+"denotes present and "---" absent) 

Coastal 	1 Oceanic 
15°N 64°E Time series) 21 °N 64uE Time series) 

10°N 13°N 19°N 21 °N _[11 °N 15°N T1 [T2 	TT3 1T4 19°N 21 °N T1 1T2 1T3 [T4 
75°E 73°E 70°E 67°E 64°E 64°E 64°E 64°E 

Amphorids + + --- + + + _ + + + + + + + + + 
Ascampbeliella --- --- + + + --- + + — -- + — + + + --- 
Codonella --- --- --- --- -- — -- -- — — — + — — --- --- 
Codonellopsis --- --- + + + --- -- + — --- + + + + + + 
Cymatocyclis --- + + + + + --- + --- --- + + + + + + 
Dadayiella + + --- + + + + + + + + + + + + + 
Dictyocysta + + + + + + + + + + + + + + + + 
Epicranella --- --- + --- --- --- --- --- --- --- --- --- --- --- --- --- 
Epiplocyclis + + --- --- + --- + + + --- --- + --- + + + 
Eutintinnus + + + + + + , 	+ + + + + + + 
Favella --- — --- + --- --- --- _ . 	

--- 
--- --- + , --- --- --- --- 

Lohmaniella --- --- --- --- --- — — -- --- --- + -- --- --- --- 
Luminella --- --- --- --- -- --- --- -- — — --- — --- — --- 
Onnosella --- --- --- --- --- — — -- --- --- — + --- --- --- -- 
Parafavella --- --- + --- --- --- — -- — --- — --- — --- --- -- 
Proplectella + + + + + + + + + + + + + + + + 
Proplectellopsis --- --- --- --- --- --- --- --- --- --- --- + --- --- --- --- 
Rhabdonella + + --- + + --- + --- + + + + + + + + 
Salpingella + + + + + + + + + + + + + + + + 
Xystonellopsis + + + + + + + + + + --- --- + + + --- 
Protorhabdonella + + --- + + --- --- + + + --- + --- + 
Parundella + --- --- + + + + +   --- _ + + 
Tintinnus + --- --- --- --- --- --- + --- + + --- --- --- --- --- 
Tintinnopsis --- --- --- --- + + + + + + — + , + + + + 
Rhabdonellopsis --- --- --- + --- -- --- — — --- — — --- --- --- 
Xystonella --- + --- --- --- — -- -- — -- -- — -- --- --- --- 
Climacosphania --- --- — --- --- -- + -- — — -- --- + — — -- 
Epiplocycloides --- --- --- --- --- --- --- — + + --- --- — --- --- --- 
Undella --- --- --- --- --- --- --- --- --- --- --- --- --- --- + 
Unidentified 1 4- --- --- --- --- + + + + + --- --- --- --- + --- 



Table 7.13: S pecies compostion of tintinnids during winter 1997 time series at 21 °N 64°E 
in the Arabian sea ("+" denotes species present and "---" absent) 

FEBRUARY'1997 
Tintinnid species 10TH 12TH 13TH 14TH 15TH 16TH 19TH 22ND 23RD 

Ascampbeliella urecolata ---- ---- + ---- --- + ---- + - 	- 
Codonellopsis ecaudata + + ---- + + + + + ---- 
Cymatocyclis parva + + + ---- ---- + + ---- 
Cymatocyclis convalis -- ---- ---- ---- -- ---- ---- + ---- 
Dadayiella ganymendis + + + + + + + + + 4 
Dictyocysta elegans + + + + + ---- + + ---- 
Dictyocysta elegans lepida + + + + + ---- + + + 
Dictyocysta fur dlandicz -- ---- ---- --- ---- + ---- ---- --- 
Epiplocyclis uriclella + ---- ---- ---- -- + + ---- + 
Epiplocycloides ralumensis + + + + -- ---- + + + 
Eutintinnus apertus ____ ......... ---- ---- ..A...  ---- ---- + ---- 
Eutintinnus birictus lusus undae ---- + + + ____ ---- ---- + -__- 

Eutintinnus lusus undae --- ---- ---- ---- -- ---- + + ---- 
Favella sp. ---- ---- ---- -- ---- ---- ---- ---- 
Parundella lohmanii + + + + + + + + + 
Parundella sp ---- + ---- ----  + ---- ---- + ---- 
Proplectella aubacula ---- ---- ---- --- ---- + ---- ---- 
Proplectella claparedeii + + + + + + + + + 
Proplectella globosa ---- ---- + + — ---- ---- ---- --- 
Proplectella miriami ---- ---- ---- ---- --- ---- + ---- ---- 
Proplectella tenus ---- ---- ---- --- -- ---- ---- + ---- 
Protorhabdonella poculum ---- ---- ---- + --- ---- + ---- ---- 
Protorhabdonella simplex ---- + + + -- + +  + ----. 

---- R. spiralis --- ---- ------- -- + ---- ---- 
Rhabdonella cornucopia ---- ---- ---- ---- — ---- ---- ---- ---- 
Rhabdonella indica ---- ---- ---- ---- + ---- ---- ---- ---- 
Rhabdonella poculum + + + ---- + ---- ---- ---- + 
Salpingella accuminata ---- --- ---- ---- ---- ---- ---- + --- 
Sa1pingeila decurtata ---- + + ---- + ---- + ---- ---- 
Salpingella gracilis ---- ---- ---- + ---- + ---- ---- ---- 
Salpingella sp ---- + + ---- ---- + --- 
Tintinnopsis beroidea ---- ---- + ---- ---- ---- ---- ---- --- 
Tintinnopsis butchii ---- ---- ---- ---- ---- ---- + ---- -- 
Tintinnopsis schotii ---- ---- ---- + ---- ---- ---- ---- --- 
Tintinnopsis sp 1 ---- + ---- ---- + ---- ---- + --- 
Tintinnopsis sp2 + ---- ---- + ---- ---- ---- ---- 
Undella dialata ---- ---- + ---- + + + + --- 
Undella SD ---- + ---- ---- ---- ---- ---- ---- --- 
Xystonelloosis cram ---- + ---- ---- ---- ---- ---- ---- 



Table 7.14: Spatial compostion of tintinnid genera during summer1995 in the central and eastern 
Arabian Sea. ("+ " denotes genus present and "—" absent) 

OCEANIC COASTAL 

11 °N 64°E 15°N 64°E 10°N 75°E 12°N 74 °E 15°N 73°E 19°N 70°E 
Amphorides + + — -- — ÷ 

Ascampbelliella + — — -- + -- 
Codonellopsis -- — — + — --- 
Coxliella -- — — + — --- 
Dadayiella + — + + — --- 
Dictyocysta + — + + — -- 
Epiplocyclis + — + — — -- 
Epiplocycloides -- — + + — --- 
Eutintinnus + — — + + + 

Favella — — + + — --- 
Parundella — — + + — -- 
Proplectella — — + — — 

Protorhabdonella + — + + + + 

Ptychocyclis — — — — + -- 

Rhabdonella + — — + + + 

Salpinciella + — — + + 	_ + 

Tintinnopsis + + + + + — 

Tintinnus — — + + — — 

Undella — — + + — — 

Xystonellopsis + — — + — -- 

Table 7.15: Spatial compostion of tintinnid genera during summer1996 in the central and eastern , 
Arabian Sea. ("+ " denotes g enus p resent and "—" absent 

OCEANIC 
11 °N 64°E 15°N 64°E 17°N 64°E 19°N 64°E 21 °N 64°E 

Amphorids — + + -- + 

Codonellopsis + — — -- — 

Eutintinnus + + — + + 

Ormosella + — — --- -- 

Parafavella + — -- -- — 

Pawndella + — + --- + 

Strenstrupiella -- — — + + 

Tintinnopsis + + — --- + 
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Fig 7.1: Percentage contribution of tintinnids and other protozoan to the total 
microzooplankton community in the central and eastern Arabian Sea 
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Fig.7.2: Percentage contribution of individual groups to the total 
microzooplankton during winter in the central and eastern 
Arabian, Sea 
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Fig.7.3: Percentage contribution of individual groups to the total 
microzooplankton during summer in the central and eastern 
Arabian Sea (for legends see Figure 7.2) 
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Fig. 7.4: Vertical profiles of microzooplankton abundance during intermonsoon 1994 
in the central and eastern Arabian Sea. 
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summer 1995 in the central and eastern Arabian Sea. 
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summer 1996 in the central and eastern Arabian Sea. 
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Fig. 7.10: Vertical distribution of microzooplankton at 21°N during 
winter 1997 time series (February 10 to 23). 
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CHAPTER 8 

MICROZOOPLANKTON AND FOOD CHAIN 
DYNAMICS IN ZUARI ESTUARY AND IN THE 

ARABIAN SEA 



In order to understand the role of microzooplankton in the overall food 

web, all biological measurements (biomass and production) were converted 

to carbon for uniformity using appropriate carbon conversion 

factors/procedure detailed in chapter 3. This was done for sub-surface waters 

in the Zuari estuary and for the upper 120m in the Arabian Sea. From the 

converted carbon values it was seen that the microzooplankton have a 

pivotal role in the food web dynamics of the tropical estuarine and marine 

regimes, a fact hitherto poorly understood. 

8.1 Zuari estuary 

Seasonal averages of microzooplankton biomass and for other 

biological parameters from the estuary are shown in Table 8.1. 

Phytoplankton and bacterial production rates were higher in the 

postmonsoon season. Standing stocks of phytoplankton, bacteria, 

heterotrophic nanoflagellates (<201.1m) and mesozooplankton were in the 

range of 5.64 to 24.49, 2.85 to 3.74, 6.64 to 14.74 and 0.19 to 0.63 m mole 

C m-3  respectively. 

Average standing stock of microzooplankton recorded during the study 

period for the Zuari estuary was 15.25 m mole C m-3. Postmonsoon season 

had highest average carbon biomass (21.5 m mole C m -3) followed by 
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premonsoon (18.7 m mole C m -3) and the biomass was lowest in monsoon 

(5.5 m mole C m -3). 

Among the individual groups of microzooplankton ciliates had the 

highest carbon standing stocks followed by heterotrophic dinoflagellates, 

micrometazoans and sarcodines (Table 8.2). Within ciliates, average 

standing stock of aloricate ciliates was two fold higher than that of tintinnid 

ciliates. The carbon biomass of tintinnids and heterotrophic dinoflagellates 

increasec building up of biomass with the corresponding increase in salinity 

from monsoon to premonsoon in contrast to sarcodines. Maximum seasonal 

biomass of ciliates was during postmonsoon and minimum in monsoon. 

Heterotrophic dinoflagellates, micrometazoans had their maximum during 

premonsoon whereas biomass of sarcodines was very low (Table 8.2) 

Seasonal trend of microzooplankton standing stock varied 

synchronously with the standing stocks of phytoplankton and bacteria 

indicating that utilisation of these food sources by microzooplankton could be 

similar. In addition, regression analyses suggested strong relationship 

between microzooplankton and phytoplankton biomass (P<0.01) as well as 

with bacteria (P<0.02). This revealed that microzooplankton from the Zuari 

estuary may compose of herbivores and bacteriovore and mixotrophs. From 

regression analysis, it could be suggested that there is a direct cause-effect 

relationship due to the fact that an dominant group of ciliates are known to 

consume microflagellates in laboratory cultures (Rubin & Lee, 1976; Gold, 

1969) and algal cells are oftei; found within preserved ciliates (e.g. Burkill, 

1978, Smetacek, 1981). These suggest that a trophic relationship between 

nanoplankton as food and ciliates as predators is probably perennial in the 
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Zuari estuary. Also, microzooplankton showed significant relationship with 

the standing stock of bacteria, almost identical to the one with 

microzooplankton and phytoplankton which might suggest a close 

association between the forms as well. 

Spatial variation similarly, showed higher standing stocks of 

microzooplankton towards the mouth of the estuary where salinity was higher 

(Table 4.2). This indicated that standing stock of microzooplankton was 

dependent not only on the food availability (phytoplankton or bacteria) but 

also on the environmental variations. Results of regression analysis indicated 

that in the Zuari estuary, the microzooplankton were more closely related to 

the salinity changes (P<0.01). Detailed distribution of tintinnids taxa in the 

estuary indicated optimum salinity of 15 to 25 psu for them (Fig. 6.17). 

The primary production in the Zuari estuary vary considerably over the 

seasons (26.25, 54 and 60 m mole C m -3  d-1  in the monsoon, postmonsoon 

and premonsoon respectively (Devassy and Goes, 1989). The postmonsoon 

period immediately after the southwest monsoon season supports the 

highest production followed by premonsoon although the nitrate values are 

higher during monsoon (Table 4.5). The high turbidity associated with the 

monsoon season due to land run off is hindering primary production. Higher 

values of chlorophyll a were also observed during postmonsoon followed by 

premonsoon and monsoon seasons (Table 8.1). 

Bacterial biomass did not vary significantly over seasons (Table 8.1). 

However, the bacterial production rates were observeJ to be maximum 

during postmonsoon (Loka Bharathi, pers. comm.). The observations during 

postmonsoon tally very well with primary production and bacterial 
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abundances and standing stocks of microzooplankton. Low abundance of 

mesozooplankton during monsoon is because low salinity restricts the 

organisms, which might otherwise have an impact on microzooplankton 

through feeding. 

On a seasonal basis, large variations in both living (chlorophyll a, 

bacteria, nanoflagellates, microzooplankton and mesozooplankton) and 

nonliving component [particulate organic carbon minus living carbon 

components] of carbon biomass were observed. The latter component varied 

from 283.7-536.3 m mole C m -3. The microzooplankton carbon biomass 

accounted for 24-40% of living carbon component. Phytoplankton (ca.25- 

42%), heterotrophic nanoflagellates (12-38%), bacteria (6-13%) and 

zooplankton (1%) followed this. 

POC was higher during monsoon and postmonsoon seasons (Table 

8.1) and the microzooplankton contribution to POC varied seasonally 

between 1% (monsoon), 3.9% (postmonsoon) and 5.5% (premonsoon). 

Burlakowa and Eremeeva (1994) recorded similar ranges along northwestern 

part of the Indian Ocean and found to increase from monsoon to premonsoon 

as observed in the present study. 

Carbon requirement to sustain the observed standing stocks of 

bacteria, heterotrophic nanoflagellates, microzooplankton and 

mesozooplankton was calculated based on the assimilation efficiency. As the 

data on growth rates, grazing rates as well as assimilation efficiency (AE) for 

bath micro and mesozooplankton from the area of present study, are not 

available, the AE available in literature, for micro- (0.40; Fenchel, 1987), 

meso- (0.30; Ikeda and Motoda, 1978) zooplankton, bacteria (0.5; Cole et al., 

122 



1988) and heterotrphic nannoflagellates (0.43) were adopted to calculate the 

carbon requirement for these groups. The highest carbon requirements for 

bacteria, heterotrophic nanoflagellates and mesozooplankton were during 

premonsoon season. On the other hand, for microzooplankton higher 

requirement was in the postmonsoon (Table 8.3). 

Even if one assumes that all carbon of phytoplankton, bacteria and 

heterotrophic nanoflagellates is consumed by microzooplankton with a 

growtt efficiency of 40% (Fenchel, 1987), these living carbon appears to be 

insufficient to sustain such a high standing stock of microzooplankton 

particularly during postmonsoon and premonsoon seasons. This might seem 

to be somewhat absurd but points to the importance of microzooplankton in 

these environments and that further studies are required to either confirm 

further or contradict this. This most probably suggests that 

microzooplankton cannot depend on the living component alone as a food 

source. They must be switching over to the assimilable portion of the POC for 

meeting their growth and energy requirement. A large pool of POC seems to 

remain in the estuary even after furnishing the requirements of living 

component (Table 8.4) even if one assumes that about 30% of the 

particulate organic carbon is lost (Bhaskar et al., in press) either to the 

bottom or fluxed out of the estuary. 

Living carbon biomass along 64 °E and a coastal transect in the Arabian 

Sea 

In Table 8.5, the production rates of carbon (C) by phytoplankton and 

bacteria as well as standing stocks of carbon in phytoplankton, bacteria, 
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microzooplankton and mesozooplankton are given. During spring, the 

phytoplankton production was generally low in the 0-120m column. During winter 

and monsoon however, the phytoplankton production was quite high. 

Conversely, the bacterial production was higher during intermonsoon and lower 

during winter and summer. 

In terms of carbon biomass, the phytoplankton carbon during 

intermonsoon ranging from 33-69.2 m mole m -2  accounted for ca. 4-26% of the 

total living component of carbon. Living carbon component was calculated from 

chl a, bacteria nos, microzooplankton counts and mesozooplankton biomass. 

Bacterial C accounted for 2 to 5% of the total. Most notably, the 

microzooplankton C biomass accounted for 35 to 68% and that of 

mesozooplankton, from 19 to 35%. Along the coastal transect however, the 

phytoplankton and bacterial C together accounted for less than 12% of the total 

with microzooplankton carbon dominating (64 to 68%) which was followed by 

mesozooplankton carbon (20 to 27%). These carbon measurements are once 

again amazing, and like in the Zuari, against usual concepts and calls for further 

measurements. However, these carbon values are consistent with many 

measurements reported from UK, USA, Germany and Netherlands under the 

JGOFS during the same period (see discussion). Hence, at the moment it can 

only be speculated how this happens. 

Along 64°E, the POC ranged respectively from 939 to 3275 m mole m -2 , 

1258 to 2030 and from 850 to 1657 m mole during intermonsoon, winter and 

summer. Thus, the measured total living component was often less than 30% of 

the POC. 
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Although the phytoplankton and bacterial carbon varied seasonally, 

the contribution of the microzooplankton and mesozooplankton carbon to the 

living C biomass was always substantial (Table 8.5). It may be added here 

that the abundance of the unicellular protistans viz., thraustochytrid fungi was 

measured. Their carbon component was in the range similar to that of 

bacteria during intermonsoon and winter (Dr. Raghukumar, personal 

communication). 

The nutrient limitation as a possible reason for low primary production 

during intermonsoon is fairly well understood (Madhupratap et. a/ 1996a). In 

addition, the PP rates are much slower during Spring intermonsoon (Table 

8.6). In contrast, the bacterial abundance was more faster during this period. 

Considering the production potential of both phytoplankton, bacteria 

(and thraustochytrids) as well as the standing stocks of micro and 

mesozooplankton, it may not be easy to explain the unusually high 

requirement of carbon by latter. By adapting the assimilation efficiency the 

carbon requirement for microzooplankton, mesozooplankton as well as that 

of bacteria (Table 8.7) were worked out. The ranges are ca. from 4 to 43 m 

mole rn-2  for bacteria, 235 to 1248 for microzooplankton and from 106-600 m 

mole M-2  for mesozooplankton in the upper 100-120m. Seasonal differences 

in these carbon requirements are given in Table 8.7. 

The most surprising finding of our JGOFS Arabian Sea biology 

programme had been that of the pivotal role of microzooplankton in 

somewhat "top down" (predator controlled) type of food webs. Their 

staggering carbon biomass stuns us from plausible reasoning as to how the 

smaller standing stocks of both phyto and bacteria could really sustain 
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these carbon demands at consumer levels. However, it is to be noted that 

the living carbon component form bacteria, PP and other unicellular 

organisms such as thraustochytrids are not the only sources of C for 

microzooplankton. They can, for example, thrive well on marine snow 

(Alldredge et. al 1995), detritus, microscopic cadavers, zooplankton fecal 

material, submicron particles and on other repackaged (marine snow bound) 

organic material. During the productive winter and summer, we observed 

large amount of fecal penes being produced by salps. We have, for the first 

time, recorded the bloom proportions of Phaeocystis during summer 

monsoon (Madhupratap et. al, 2000). It is proven that during rapidly growing 

phase, many species of Phaeocystis copiously exude up to 50% of their 

photosynthate (Methot et. al 1987). This exudate roughly accounts for half 

of their carbon biomass. Similarly, exudates from other phytoplankton could 

be substantial. Moreover, the conversion of chlorophyll to carbon is probably 

an underestimation of phytoplankton carbon biomass as a consequence of its 

rapid decomposition in the tropics despite adequately executed precautions 

in sampling. Thus unlike in the Equatorial Pacific, sub-arctic North Pacific or 

in the North Atlantic, the microzooplankton in the Arabian Sea including its 

estuarine ecosystems may have nutritional dependence on non living 

carbon components to a large extent. Also, The POC measurements during 

various cruises do suggest high standing stocks of organic carbon in the 

Arabian Sea (Table 8.8). Substantial abundance of microzooplankton below 

the compensation depth makes one ponder aiid accept on a possibility of 

non living carbon components such as fecal pellets, Transparent Exopolymer 

Particles (TEP), mucus etc. supporting in a big way to sustain their biomass. 
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Additionally, in spite of generally higher nutrient levels during 

summer and winter seasons it is quite likely that the rapid grazing of 

phytoplankton (dominated by diatoms, Sawant and Madhupratap, 1996) in 

particular by microzooplankton and mesozooplankton may be responsible for 

the former's low biomass. Thus, the grazing pressure may be responsible in 

the estimation of low carbon biomass. Similarly, it is also possible to suggest 

such rapid grazing by microzooplankton controls heterotrophic producers as 

well (Ramaiah et al., 2000). 

Once we appreciate the dominance of microzooplankton in the 

Arabian Sea and the Zuari estuary, it is far easier to see why the 

mesozooplankton is free from constraints of food throughout the year despite 

the seasonal differences in autotrophic production. Of course, during low 

saline (summer monsoon) period the mesozooplankton as well as 

microzooplankton have low abundances in the estuaries. Most 

mesozooplankton feed size selectively as they cannot "mouth" large prey 

intact or nibble on it implying that almost all small sized herbivores such as 

protozoans or young specimens of other herbivores can be strained together 

with phytoplankton of the same size (Banse, 1994). It is with this capacity to 

"swallow" through an inefficient straining mechanism the community of 

omnivorous mesozooplankton in the Arabian Sea enjoys a life style free from 

food famine. 

8.2 Particulate Organic carbon. Nitrogen, C/N and f-ratio 

Particulate organic carbon (POC) and Nitrogen (PON) measurements 

were made for the upper 120m during spring, winter and summer season. 
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POC values during respective season at 11 °N 64°E for example had a range 

of 73-150, 140-290 and 80-195 mg M-3  while the PON was in the order of 7-

27, 12-24 and 5-15 mg m -3 . C/N ratios were generally between 7 and 12 up 

to 100m. POC accumulation was not found associated with chlorophyll 

maxima as reported by Jochem etal (1993). The increase in C/N ratios can 

be drastic (>15) because the doubling time of large algal cells can change 

nitrogen concentrations suddenly because natural blooms could be 

subjected to natural losses from sinking and zooplankton grazing. 

The winter time series experiment at 21 °N between February 10 & 

23, 1997 (Table 8.8) showed higher levels of POC and PON in the surface 

layers initially. But both decreased towards the end of the experiment. 

Accumulation of biomass increased slightly towards the end but C/N ratios 

remained fairly constant (between 5 and 10). The f-ratios were low except at 

a few depths. This was despite the availability of moderate concentration of 

nitrate (2-4 4M) in the upper layers implying that regenerated production may 

hold the key to the productivity of the Arabian Sea throughout the year. The 

micro and mesozooplankton almost year-round could augment primary 

productivity even in productive seasons like winter and summer though there 

metabolic by products. 

8.3 POC flux  

Eppley and Peterson (1979) suggested that ca. 10% of the total POC-

formed at the surface of the ocean sinks to the deep sea. Assuming a similar 

rate of flux in the Arabian Sea, the following calculation was made after 

accounting for its utilization in the upper 120m by bacteria, micro and 
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mesozooplankton. Assuming a water column utilization of about 10% with 

each 100m the POC reaching 1000m during different seasons is maximum in 

intermonsoon (26.5-73.3 m mole m -2 , Table 8.9). 

8.4 Role of microzooplankton in the Arabian Sea.  

The standing stock of microzooplankton carbon was much more than 

those from other living components measured in the present studies for the 

both Zuari or Arabian sea. The primary productivity on an average was 

254.5, 807 and 953 mg C m -2  d-1  in coastal waters and 165.5, 687.57 and 

1045.6 mg C m-2  d-1  in the open sea respectively during intermonsoon, winter 

and summer. The bacterial production measured for intermonsoon and 

summer was 7.6 and 8.4 mg C m -2  d' 1 . The standing stock of phytoplankton 

almost co-varied with primary productivity but the abundance of bacteria and 

microzooplankton seemed to be decoupled from primary production. 

Mesozooplankton biomass on the other hand was almost invariable in the 

upper layers irrespective of the seasons. Next to microzooplankton, 

mesozooplankton standing stocks were generally the highest. The 

abundances of both bacteria and microzooplankton were the highest during 

intermonsoon when primary productivity and chlorophyll a were the lowest. 

The fastest rates of bacterial growth was observed in the 

intermonsoon and it is presumed that these rates are a consequence of build 

up of POC and DOC produced during the active phytoplankton growth phase 

during summer and winter when nutrients are available in the surface waters. 

Microzooplankton is able thrive in the intermonsoon season probably 

actively grazing on bacteria. Of course, they do depend on phytoplankton 
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particularly during other seasons and thus forms an important intermediary 

in the energy transfer. In order to understand the microzooplankton biomass, 

the POC component also could be important. Calculations, show that a large 

amount of POC and DOC are available as non-living carbon components to 

sustain bacterial production and, directly or indirectly to the microzooplankton 

component. 

Thus in the Arabian Sea the microbial loop whereby filter/ suspension 

feeding mesozooplankton directly feeding on microzooplankton (or even 

bacteria) in lean phytoplankton seasons seems to be an answer to the 

invariance of the zooplankton biomass, now known as the zooplankton 

paradox of the Arabian Sea (Madhupratap et. al 1996a, b). 

General Summary  

Production rates (phytoplankton and bacteria) as well as the standing 

stocks of phytoplankton, bacteria and microzooplankton were found to be 

higher in the Zuari estuary than in the Arabian Sea. Biomass of most of living 

biological components showed a general increasing trend from estuary to 

offshore. For instance, microzooplankton biomass was several folds higher in 

the estuaries (15.24 m mole C m -3) than in the coastal (1.8 m mole C m -3 ) 

and open sea regions (1.0 m mole C m -3). It also showed significant seasonal 

variability with the highest being during intermonsoon followed by winter and 

summer monsoon in the Arabian Sea. On the other hand, the highest value 

was observed during postmonsoon followed by pre- and during monsoon in 

the Zuari estuary. 
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Mesozooplankton biomass was variable in the estuary depending on 

salinity rather than phytoplankton, bacteria or microzooplankton. But in the 

Arabian Sea in the coastal waters upwelling and primary productivity is 

important, in the south. In the north, winter convection leads to higher primary 

productivity both in the coast and in open waters. Microzooplankton probably 

plays a major role in all seasons, and particularly during intermonsoon 

Bacteria4Microzooplankton—)Mesozooplankton through the microbial loop 

during this season and nutrients (nitrate and siliacates)-->Phytoplankton4 

Microzooplankton4Mesozooplankton could be important links when euphotic 

zone has nutrients to support primary production. 
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Table 8.1: Variability in biological parameters in the Zuari estuary (m mole C m -3) 
are for the surface water. 

SEASONS 
Monsoon JPostmonsoon IPremonsoon 

Production (m mole C M-3  CO) 
Phytoplankton 26 54 60 
Bacteria 1.75 3.3 0.35 

Biomass( m mole C m 4) 

Chlorophyll a 5.64 22.57 24.49 
Bacteria 2.85 3.03 3.74 
Het.nanoflagellates (<20urn) 8.57 6.64 14.74 
Microzooplankton 5.5 21.5 18.7 
Zooplankton 0.19 0.56 0.63 
Particulate organic carbon 559 556 346 

Table 8.2: Standing stock of microzooplankton individuals during three season in 
the Zuari estuary 

SEASONS 
Monsoon Postmonsoon Premonsoon 

Tintinnids 2.53 3.28 4.33 
Aloricates 0.63 14.68 7.1 
Het. dinoflagellates 0.88 2.35 5.65 
Micrometazoans 1.41 1.17 1.66 
Sarcodines 0.09 0.01 0 
Total 5.54 21.49 18.74 



Table 8.3: Carbon requirements (calculated based on assimilation efficiency) of 

various biological components to sustain the observed statnding stock. 

m mole C rn -3  
SEASONS 

Monsoon Postmonsoon Premonsoon 

Bacteria 5.70 6.06 7.48 

Het nanoflagellates 21.43 16.60 36.85 

Microzooplankton 13.75 53.75 46.75 

Mesozooplankton 0.38 1.12 1.26 

Total 41.26 77.53 92.34 

Table 8.4: Various forms of carbon in Zuari estuary during different seasons 

m mole C m4  
SEASONS 

Monsoon Postmonsoon Premonsoon 

Total Particulate organic carbon 559 556 346 

Living carbon component 22.75 54.28 62.34 

Non living carbon component 536.25 501.72 283.66 

Carbon requirement 41.26 77.53 92.34 

POC available for export 461.85 422.87 219.06 



Table 8.5. Variability in biological parameters in the Northern Arabian Sea (m mol C) are for the surface to 120m depth, 
(m mol C ) are for the surface to 120m depth, except in mid ozooplankton it is 150m 

m mol C fil 2  d'1  
I ntermonsoon Winter season Summer season 

Along 64°E Along Coast Along 64°E Along Coast Along 64°E Along Coast 
11 °N 15°N 21 °N 10°N 21 °N 11 °N115°N 21 °N 10°N 21 °N 11 °N 	115°N 21 °N 10°N 21 °N 

Primary production (PP) 13.6 14 - 16.6 25.8 27.9 50.5 53.6 16.7 67.3 64.2 	149 28.9 147 36.6 

Bacterial production (BP) 11.6 6.73 5.2 	8.3 6.21 1.3 1.12 - 0.28 - -- 

BP/PP 0.85 0.48 - 0.50 0.24 0.02 0.01 - 0.01 - 

Biomass (m mole C m -2) 

Phytoplankton (C:Ch1=50) 38.3 69.2 33 	43.8 44.6 52.9 	111 79 40 143 183 	250 90 66.7 87.5 

Bacterial 10.8 8.79 13.6 	10.7 12.1 1.19 - 1.55 - 0.96 5.14 	5.15 13 7.09 5.11 

Bacterial/Phytoplankton 0.28 0.13 0.41 	0.24 0.27 0.01 - 0.02 - 0.01 0.03 	0.02 0.14 0.11 0.06 

Microzooplankton 113 93.9 4 . ' 	4,-.)6 323 106 	172 23 389 150 274 	109 35 277 60 

Mesozooplankton 38.3 93.3 187 	188 99.5 34.5 89.5 128 80.2 136 52.1 - 141 115 80.7 

Nodata 



Table 8.6: Growth rates of phytoplankton and bacteria during different seasons 

along 64°E in the Arabian Sea 

SEASONS Phytoplankton 
Bacteria (assimilation efficiency 

in parentheses) 

Intermonsoon 2.81-4.94 0.8-2.2 (0.5) 

Winter 1.47-2.22 3.7-8.6 (0.33) 

Summer 1.67-3.11 1.8-6.9 (0.4) 

Table 8.7: Carbon requirements (m mole m -2)  in the upper 120m) by bacteria, micro- and mesozooplankton 

in the Arabian Sea along 64°E calculated based on assimilation efficiency. 

SEASONS Bacteria 
Zooplankton Total carbon 

requirements 

Non-living fraction of 

POC Micro Meso 

Intermonsoon 17.58-27.2 235-1248 127-617 380-1892 206-3010 

Winter 3.93-5.12 350-568 114-422 473-995 883-1798 

Summer 16.96-42.9 273-685 172-465 462-1193 570-1392 



Table 8.8: f-ratios during winter'97 time series experiment at 21 °N (POC and PON-Particulate organic carbon and Nitrogen; 

f-ratio= NO3  assimilation/NO3  assimillation + NH 4  assimilation 

DEPTH mg m-3  (10th February'99) mg m-3  (15th February'99) mg m-3  (22nd February'99) 

(m) POC PON C/N ratio f-ratio POC PON C/N ratio f-ratio POC PON C/N ratio f-ratio 

0 154.65 27.45 5.63 0.15 304.1 45.27 6.72 0.17 86.46 12.06 7.17 0.02 

10 106.85 19 5.62 0.04 152.4 19.29 7.9 0.05 80.55 10.47 7.69 0.03 

20 62.6 10.45 5.99 0.08 164.19 18.75 8.76 0.33 68.55 8.63 7.94 0.04 

40 61.1 9.81 6.23 0.4 118.81 12.36 9.61 0.2 77.08 9.72 7.93 0.11 

60 55.71 7.63 7.3 0.19 127.1 20.03 6.35 0.2 66.64 7.77 8.58 0.2 



Table 8.9: Calculated fluxes of particulate organic carbon at 1000m 

Total Heterotrophic POC available 
SEASONS POC reaching 1000m 

POC utilisation for export 

Intermonsoon 939-3275 206-3010 265-733 26.5-73.3 

Winter 1258-2030 883-1798 232-403 23.2-40.3 

Summer 850-1657 570-1392 265-280 26.5-28.0 



CHAPTER 9 

DISCUSSION 



9.1 Zuari estuary 

9.1.1 Variations of physicochemical parameters  

Estuaries are known for abrupt and dynamic changes in their physical, 

chemical and biological characteristics. The Zuari estuary, which is 

connected to the Arabian Sea at Goa, is one of the most important estuarine 

systems because of its extent and a wide mouth (5.5kms). The Zuari together 

with the Mandovi estuary form the life line of Goa. These estuaries are 

important in the day to day life, which includes agriculture, industry and 

fisheries. The Zuari, like any other estuary in India is monsoon driven. The 

monsoon cycle is a major factor, which influences the hydrographic features. 

Based on this, the year can be divided into 3 seasons; viz. monsoon (June to 

September), postmonsoon (October to January) and premonsoon (February 

to May). Rainfall during monsoon brings about wide fluctuations in salinity. 

Salinity increases in the mouth regions with the onset of the postmonsoon 

season (October — January). This may be so with any other estuary of the 

south west coast of India. Here we have shown that changes in salinity may 

be the prime factor, which control the distributions of estuarine fauna and 

flora. 

During the study, water temperature showed some fluctuation spatially 

over the seasons (Fig. 4.1). The annual range in temperature variation for the 

three stations during the period of study was about 8 °C. However, higher 

values in general were recorded in premonsoon and the lower ones in 

monsoon (Table 4.1). de Souza (1983) observed that variation of water 

132 



temperature was consistent with that of atmospheric temperature. This 

indicated that in the Zuari estuary water temperature is controlled mainly by 

climatological conditions. However, Dehadrai (1970a.b) observed slightly 

lower range in temperature (24.0 to 32.4 °C). Seasonal picture in general 

showed relatively higher abundance of microzooplankton during dry seasons 

(post- and premonsoon). Although both temperature and microplankton co-

varied (p<0.05) in the final analysis, temperature did not seem to be directly 

responsible for changes in microzooplankton abL ndance. Food supply and 

predators, apart from salinity were primarily responsible for changes in 

abundance. 

Salinity variation in tropical estuaries is considerable and this generally 

controls the species composition and succession of planktonic organisms 

(Madhupratap and Haridas, 1975). Salinity is also an important physical 

parameter that controls osmoregulation and thereby regulates the density 

structure. It also regulates the circulation and mixing pattern within the 

estuary. 

Salinity fluctuations observed during this study ranged from 1-32 psu 

(Fig. 4.2), well in agreement with those reported earlier (0.12 to 36.26%o by 

Dehadrai,1970a.b; 10.6 to 35%o by Qasim and Sen Gupta ,1981). 

Generally, higher abundance of microzooplankton was associated with 

high salinity waters. Relationship between microzooplankton abundance and 

that of salinity was more closely related (p<0.01) than that of temperature. 

By comparing all the relationships described earlier it can be suggested that 

effect of salinity on microzooplankton distribution is much more than that of 

the temperature. 
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Oxygen is naturally important in the maintenance of life processes of 

all organisms. Further, oxygen distribution provides a good index of 

productivity and quality of the environment. The higher oxygen 

concentrations give an indication of higher photosynthetic efficiency and 

production by the phytoplankton. 

In the present study, oxygen concentration was found to vary from 

1.79 to 8.36 ml rl. Devassy (1983) recorded almost similar variation in 

oxygen in this estuary (1.96 to 6.28 ml I -1 ). de Souza (1983) reported values 

ranging from 1.15 to 5.99 ml I -1 . In the Vellar estuary, Sundararaj anG 

Krishnamurthy (1975) recorded the variation in oxygen concentration ranging 

from 2.93 to 6.3 ml r'. Silas and Pillai (1975) also observed almost similar 

range from Cochin backwater (3.5 to 6.2 ml r 1 ). Higher oxygen 

concentrations during monsoon and the lowest during postmonsoon were 

also observed by Haridas et al. (1973). A recent study from Bahuda estuary 

(Mishra and Panigrahy, 1999) also showed the lowest population of 

microzooplankton (tintinnids) during low saline period as was also seen in 

the present study. 

de Souza (1983) reported that the entire Zuari estuary is 

undersaturated with respect to dissolved oxygen. He suggested that this may 

be due either to reduced photosynthetic activity due to the high turbidity of 

water or to greater removal of oxygeii by biological and chemical oxidation. 

Study carried out by Devassy and Goes (1989) at the mouth of the estuary, 

Dona Paula bay, indicated that this estuary remains free from eutrophication 

owing to rapid turn over of nutrients by the very active biologically 

communities. 
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Variations in pH between the stations were not much. However, 

seasonally higher values were recorded in premonsoon. This is comparable 

to the observations of de Souza (1983). The highest values observed during 

premonsoon might have been caused by the removal of carbon dioxide. This 

could be because of high photosynthetic activity during this season and 

secondly because of lower solubility of this gas due to elevated temperatures 

during premonsoon. The lower pH observed during monsoon may be due to 

i) higher solubility of carbon dioxide at lower salinity and lower temperature, 

ii) low photosynthetic activity caused by cloudy weather and highly turbid 

waters and iii) heavy precipitation and river runoff carrying large fresh to the 

estuary. 

The most abundant form of nitrogen in seawater is molecular nitrogen 

apart from inorganic and organic compounds in which the nitrogen occurs. 

Seawater also contains low concentration of dissolved and particulate 

organic nitrogen compounds associated with marine organisms and the 

products of their metabolism and decay. One of the principal inorganic forms 

of nitrogen is the nitrate (NO3-N). The chief source of nitrate in estuary is 

from land drainage mainly through river water that carries products of rock 

weathering and the decaying organic material, together with industrial and 

domestic wastes. The peak that occurred during the monsoon season (June-

July) could be due to addition of land runoff by numerous streams or it may 

be due to the intrusion of nutrient rich subsurface seawater into the estuary. 

The maximum nitrate concentration observed during study period 

(14.6 NM) is higher than the ones observed by Devassy (1983) in the lower 

reaches during monsoon (8 pM). Sankaranarayan and Qasim (1969) at times 
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observed NO3-N as high as 25-35 pg at r' in the Cochin backwater during 

monsoon. Seasonal distribution of nutrients in the Zuari estuary seems to be 

different from that of Cochin backwater (Bhattathiri et al., 1976). Qasim and 

Sen Gupta (1981) also reported such inverse relationship with NO3-N and 

salinity in the Zuari estuary. 

9.1.2 Variations of biological parameters  

Although primary production (PP) was not measured during this study 

data from a few earlier reports from this study E. rea are given to augment the 

results. Primary production was observed to vary from 249 mg C af 2 

 (Bhattathiri et al. 1976) to 430 mg C n12  d-1  (Devassy, 1983). Devassy (1989) 

found surface production to range from 79 to 134 mg C 11 1  and the 

column production, from 100 to 270 mg C m -2  d-1  during post and 

premonsoon season in the Zuari estuary. Comparatively, higher production of 

515 mg C m-2  d-1  reported by Qasim et al. (1969) from Cochin backwater in 

monsoon. Phytoplankton biomass in terms of chlorophyll a in the present 

study was observed to be in the range of 0.2 to 12.8 mg re. Highest 

chlorophyll a values were recorded during post and premonsoon at all the 

three station particularly during April-May. Devassy and Goes (1989) also 

recorded a wide fluctuation (0.22 —3.7 mg m -3) from November to April and a 

sharp decline in the monsoon months. In general, they found surface 

chlorophyll a to range from 0.1 — 14.2 mg m -3 . Similarly, comparable values 

(0.56-11.86 mg m-3) were also recorded by Bhargava and Dwivedi (1974) in 

Mandovi-Zuari estuaries. This indicates a cyclic picture of phytcplankton 

biomass in this estuary with peaks during pre-monsoon although at times 

there may be a shift in peak values depending on monsoon cycles. 
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Considerable variation in phytoplankton cells abundance has been 

noticed ranging from 3600 to 387500 cells I"' (Bhattathiri et al., 1976) and 

10500 to 356000 r' (Devassy and Goes, 1988). These concentrations were 

considerably higher than those observed in the present study (400 to 62000 

cell r 1 ). Variability in availability of sufficient nutrients and numbers of grazers 

(both micro- and mesozooplankton) has a regulatory effect on density of 

phytoplankton cells. During post and premonsoon, the diatoms are the 

dominant forms of phytoplankton population (Devassy and Goes 1983). 

Since, phytoplankton during this period are of larger sizes, the usually 

predominant tintinnid ciliates may not be able to crop the prey efficiently. The 

tintinnid ciliates have been known to consume food of sizes as much as 45-

50% of the lorica oral diameter (Spiffier, 1973; Heinbokel, 1978b). 

The Zuari estuary sustains higher phytoplankton population during the 

pre-and postmonsoon seasons compared to Cochin backwaters, the latter 

being a highly polluted environment (Qasim and Madhupratap, 1979). In 

Cochin backwater, the phytoplankton numbers range from 22200 to 299700 

cells r' during monsoon season. Devassy and Bhargava (1978) reported 

phytoplankton cell numbers in the same range as observed in this study. It 

appears that salinity is important factor in the distribution and abundance of 

the phytoplankton in the Zuari estuary than nutrients since none of the 

nutrient concentration was below limiting levels at any time of the year. 

Zooplankton biomass (displacement volume) also showed seasonal 

fluctuations. it fluctuated from 0.03 ml M-3  during monsoon to 1.9 ml M-3  in 

premonsoon. These values were comparable to those reported earlier from 

this region (Padmavati and Goswami, 1996; Goswami and Singbal, 1974). 
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Devassy and Goes (1989) reported an annual average biomass of 0.06 mi 

-3 rn , quite closer to the biomass recorded in the present study (0.089 ml m -3 ). 

Similarly, monsoon season had comparatively lower biomass than that of 

premonsoon and postmonsoon seasons (Goswami and Selvakumar, 1977; 

Selvakumar et al., 1980; Qasim and Sen Gupta, 1981, Padmavati and 

Goswami, 1996). Salinity of water column may be a primary factor for lower 

zooplankton biomass during monsoon than the other parameters like ambient 

temperature, oxygm concentration and pH of the water body as pointed out 

by Padmavati and Goswami (1996). They found that copepods dominate the 

zooplankton community forming as much as 66.2% of the total counts 

followed by decapod larvae (17.2%). Carnivorous forms like Hydromedusae, 

Siphonophora, Ctenophora and Chaetognatha usually occurred in the 

estuary during saline period (Padmavati and Goswami' 1996). Studies 

carried out elsewhere indicated that ciliates may be important in the diet of 

the gelatinous zooplankton, especially larval and post-larval stages of 

ctenophore Mnemiopsis leidyi (Stoecker et al., 1987c) and for the medusae 

of Aurelia aurita (Stoecker et al., 1987a). Similarly, the tintinnid Stenosemella 

ventricosa is also known to be one of the most important food items of the 

first feeding stages of chaetognaths- Sagitta elegans and S. setosa 

(Graziano, 1989). Ctenophores (Pleuroglobossa) and chaetognaths (Sagitta 

bedotiand and S. inflata) are abundant in the Zuari and may consume 

ciliates. 

There are no adequate published data on bacteria from Zuari estuary 

for comparison. Heterotrophic bacteria, for example, are known to be a major 

component of biomass in planktonic systems and are able to consume a 
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large part of the primary production (Cole et al., 1988). In brief, bacterial 

abundance during present investigation varied seasonally with an increasing 

trend from monsoon to premonsoon (Table 8.1). Higher bacterial counts 

during premonsoon must have been supported by the higher DOC (dissolved 

organic carbon) recorded during the present study which increased from 

monsoon (52 m mole m-3) to postmonsoon (93 m mole m -3) to premonsoon 

(79 m mole m -3). However, it is not clear, as to why the bacterial counts 

during postmonsoon season were lower than that of the premonsoon, even 

though higher values of DOC were recorded ill postmonsoon. Ramaiah et al. 

(1995) reported total viable counts of 0.16 to 7.0 x 10 6  m1-1  for coastal waters 

of Bombay and an order of magnitude higher in coastal waters of Goa. 

Similarly, Devascy and Goes (1989) found bacterial viable counts in the 

range of 203 to 405 x 10' r'. These counts are lower than those reported by 

Ramaiah and Chandramohan (1992) from Dona-Paula Bay. 

Heterotrophic nanoflagellate (HNAN) abundance is another hitherto 

not studied parameter from this estuary. From the literature survey, one 

understands that these heterotrophic nanoflagellates play a very important 

role in linking bacteria to higher trophic level. HNAN have been identified as 

the main bacterial consumers in a large variety of freshwater to marine 

systems (Sanders et al., 1992). By consuming bacterial production and 

controlling bacterial abundance, HNAN occupy a key role within microbial 

food webs and have presumably strong impacts on structure and function of 

bacterial communities and on energy fluxes. Some of the tintinnid ciliates like 

FayeIla. Sp., Tintinnopsis lobiancoi, T. kofoidi are known to ingest 

photosynthetic flagellates ( Stoecker et al., 1981). 
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Numerical abundance of HNAN ranged between 0.29 and 10.5 x 10' 

r 1  in the Zuari estuary. Stoecker et al. (1994b) found HNAN to range from 

0.3-0.7 x 10 7  cell r' for open waters. Higher abundances of HNAN were 

recorded at Z1, the station close to the mouth of the estuary. Its seasonal 

peak depicted higher numbers during premonsoon season (Fig. 5.5), 

indicating salinity might be playing regulatory role in their distribution. 

Regression analysis also showed a significant relation (P<0.05) with salinity. 

Seasonally, peaks coincided very well with that of bacterial abuncance 

indicating a close coupling between HNAN and bacterioplankton which may 

influence all microbially mediated fluxes. Therefore, knowledge of the 

mechanisms that regulate the abundance of HNAN is also important for 

understanding the population dynamics of bacterioplankton and in 

understanding of the microbial food web. The most probable regulation 

factors of HNAN are food resources, predation by other phagotrophs and 

temperature. Salinity also seems to have a major controlling role in the 

abundance of HNAN in the estuaries. 

9.1.3 Microzooplankton community characteristics of Zuari estuary 

Microzooplankton are primarily protozoans and micrometazoans. They 

are 'microfiltering' organisms; have high metabolic and recycling rates of 

organic material and, replace the majority of mesozooplankton as 

consumers of particulate matter smaller than 204m (Capriulo and Carpenter, 

1980; Porter et al., 1985). In addition, they also compete with many pelagic 

larvae. 

Along the west coast of India, the work related to autotrophic 

nanoplankton is that of Vijayaraghavan et al. (1975). Autotrophic 
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nanoflagellate plankton accounted for as much as 66.40% of the observed 

primary productivity. Subrahmanyam and Sharma (1965) highlighted the 

importance of this plankton as food for fish larvae. Taxonomic studies on 

these organisms are available from the south west coast of India (Sidney, 

1970). Hansen, (1991) observed that phototrophic nanoflagellates partially 

regulate the abundance of HNAN. 

Ciliated protozoans are undoubtedly an important trophic link between 

detritus, bacteria, picoplankton and nanoplankton and higher trophic levels 

(eg. Beers and Stewart, 1978). Ciliates can increase the efficiency of energy 

transfer in the food web by feeding on particles not effectively grazed by 

larger zooplankton and subsequently serving as a ready prey for larger 

zooplankton (Rassoulzadegan and Etienne, 1981; Beaver and Crisman, 

1982). 

Microzooplankton has long been thought to be a supplemental food 

when copepods were feeding on low quality detrital food particles or when 

phytoplankton were scarce (Heinle et al., 1977). In laboratory experiments, 

addition of ciliates to the diet of the copepod, Acartia tonsa enhances the egg 

production (Stoecker and Egloff, 1987). This suggests that microzooplankton 

potentially are an important part of the diet of copepods even when 

phytoplankton are plentiful. If so, in an environment like Zuari estuary where 

in copepods belonging to Family Acartidae form the bulk of the copepod 

population (Padmavati and Goswami, 1996), ciliates- the dominant group of 

microzooplankton may be playing a very significant role in sustaining 

copepod population. Additionally, higher abundance of zooplankton 
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(copepods in particular) in post and premonsoon seasons may also depend 

on microzooplankton population rather than phytoplankton alone. 

Comparisons with other studies on microzooplankton numbers and 

biomass could be made to put present estimates in context, but it should be 

recognized that the enumeration methods used in various studies are not 

necessarily directly comparable. The accuracy and precision of estimates of 

numbers and biomass of microzooplankton in preserved samples would 

depend on the fixatives used (e.g Leake y et al., 1994; Stoecker et al., 

1994b), choice of conversion factors and the method of enumeration and 

sizing (e.g. filtered vs settled samples, light vs epifluorescence microscopy). 

With these caveats in mind, the numbers and biomass of microzooplankton 

in the Zuari estuary (and also in the Arabian Sea) are compared to those 

reported from other areas. Abundance of microzooplankton in the present 

study may be considered as minimal estimates as fractionated (20-200 ilm) 

microzooplankton samples were used for the present study. There are 

several reports which say that adequately preserved whole water samples 

must be used for microzooplankton studies even for the analyses of tintinnids 

population dynamics. It should be noted that the dominance by smaller sized 

protozoans, mainly aloricate ciliates is not unique to the Zuari estuary. This 

has been reported for several other regions, e.g. in the Pacific (Beers and 

Stewart, 1969; Beers et al., 1975; Takahashi and Hoskins, 1978), 

Mediterranean (Margalef, 1975; Rassoulzadegan and Gostan, 1976) and the 

Baltic (Smetacek, 1981). Nonetheless, from the tropics, there very few 

studies to compare. 
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The numerical abundance of microzoopiankton varied significantly 

both spatially and temporarily in the Zuari estuary. Stations closer to the 

mouth of the estuary (station Z1 and Z2) had higher abundance and 

composition than that of upstream station (Z3). There could be several 

possible reasons for lower number of microzooplankton in the upstream 

station. Some of them could be low salinity, shallow depths and high turbidity. 

Freshwater input from land brings considerable amounts of terrigenous 

material into the estuary (Anon, 1979). Land based mining activities in the 

upstream region of this estuary is also responsible for the input of land 

materials into the estuary. These are known to add quite a lot of sediment 

everyday (Anon, 1979). Dutta et al.(1954) and Baidya (1984) reported from 

Hoogly estuary, that the turbidity of water plays an important role in the 

distribution of zooplankton. Similar to their observations, turbidity may affect 

distribution of microzooplankton particularly in the upper reaches of Zuari 

estuary. Water temperature and availability of food also can be counted to 

play an important role in the growth of any organism. However, temperature 

may not be the cause for lower abundance in the upper reaches as it varied 

similarly at all three stations during the present study. Spatial distribution of 

microzooplankton covaried with the salinity distribution. Annual average 

salinity observed during study period at station Z2 was slightly higher than 

that of the Z1 station. Microzooplankton abundance also showed their 

maximum at Z2 station indicating a close coupling between these two 

parameters, as also seen at Z1. In addition as already pointed out earlier, 

regression analysis also indicated a highly significant relationship between 

microzooplankton and salinity. 
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Detailed studies carried out on the tintinnid ciliates suggested higher 

population towards the mouth (Z1 and Z2 station) and least in the upstream 

station (Z3) (Table 6.1). Seasonally, number of tintinnid species increased 

from monsoon (23) and postmonsoon (38) to premonsoon (43). The most 

likely influencing parameters are salinity and food (both phytoplankton 

biomass and bacteria). The total number of tintinnid species recorded during 

the present study were (53) belonging to 10 genera (Table 6.2). The species 

of the genus Tintinnopsis were the most important, as also reported by 

Godhantaraman (1994); Mishra and Panigrahy (1999); Damodara and 

Krishnamurthy (1985) from the east coast. The species composition in the 

Pichavaram mangroves, Vellar estuary or the adjacent coastal sea along the 

east coast had higher number of species than the ones seen in the present 

study. For example up to 70 species were recorded by Subbaraju (1968); 45 

species by Bhaskaran (1984); 130 species by Krishnaswamy (1953). 

However, lower number of species than the present study have also been 

recorded. For example, 23 species of tintinnids from Bahuda estuary of 

Orissa coast were recorded by Mishra and Panigrahy, (1999). 

Being the first microzooplankton study from the Zuari estuary, the 

observed species, indices, diversity, richness and eveness are to be taken 

as the baseline information. 

The number of tintinnids during the present study varied from 600-

75760 r 1 . This range is higher than that reported from the east coast, where 

cell numbers ranged from 0.6 to 165 r 1  (Mishra and Panigrahy, 1999). 

Studies carried out elsewhere showed abundances ranging from 8.3 x 10 2  to 

1.6 x 104 1 -1  in Tamar estuary, UK (Dale and Burkill , 1982); 0 to 1.5 x 10 4  for 
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Pullavazhi estuary, Tamil Nadu (Srinivasan et al., 1988) and 0.2 to 2.5 x 10 

2  from a Gulf of Maine estuary, USA (Revelante and Gilmartin, 1987). 

Twenty tintinnid species (euryhaline) occurred at all three stations, 

which suggested their ability to tolerate wide range of salinity. Four species, 

Tintonnopsis beroidea, Codonellopsis omithoceros, T. amphora, T, 

mortensenii and T. nucula, occurred only near the mouth station (Z1) where 

salinity was generally high. Similarly, T. sacculus and Stenosemella sp 

appeared only at Z2 station. Six species, Eutintinnus apertus, T. Lohmanni, 

T. stigosa, T. contracta, T. Lobiancoi and T. meutert were restricted to 

upstream station (Z3). This spatial pattern of species distribution appears to 

be largely due to variations that salinity can exert. In general, optimum 

salinity for the tintinnid community ranged from 15-25 psu (Fig. 6.16). Annual 

average salinity close to this value was observed at stations Z1 and Z2 

except in monsoon. This may be one of the possible reasons for higher 

concentration of tintinnid species mostly at these two stations. Additionally, 

the interaction between food availability, growth and reproductive rates also 

appears to be important parameters for their distribution. it has been shown 

that the actual community growth rates are influenced by food availability and 

quality as Verity (1986a) found increasing tintinnid population with increases 

in nanoplankton biomass. 

Owing probably to higher reproductive capacity in higher salinities and 

in the midst of suitable food, number of swarming species were relatively 

more near the mouth compared to the upstream. 

The abundance of HNAN were in agreement with the maximum 

number of swarms. Among the swarming species only few species 
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Tintinnidium incertum and Stenosemella venthcosa (at station Z1); 

Tintinnopsis uruguensis and Tintinnidium incertum (at station Z2) and 

Tintinnopsis uruguensis (at station Z3) had swarms of cell concentration 

>1000 cells 1 -1 . During the present study, maximum cell abundance of 67,200 

cells I -1  was recorded for Stenosemella venthcosa at Z1 station in November 

despite lower salinity. However, these abundances are lower than that of the 

maximum (12.86 x10 6  cells 1-1 ) reported by Krishnamurthy and Damodara 

Naidu (1977) for Favella 

Although the Zuari estuary is very dynamic and experiences diel 

changes due to tidal influence, it remains well mixed for most part of the year 

except during monsoon season (Das et al., 1972; Qasim and SenGupta, 

1981). The microzooplankton abundance during 'stratified' period (monsoon) 

was lower by 3-4 times than during post-and premonsoon (mixed) period. 

This trend of microzooplankton is comparable to data of other biological 

parameters from this estuary which also showed lower abundance under 

stratified conditions. 

In the Zuari estuary, the ciliated protozoans (aloricates and tintinnids) 

made a larger mean contribution to the microzooplankton population (61-

73%) as compared with 12-52% from Northern Adriatic and 18-32% from off 

Southern California (Beers and Stewart, 1967; 1970). Thus, their ecological 

importance may be greater in tropical areas. 

Heterotrophic dinoflagellate abundance ranged from 0 to 50312 cells r 

1 . When present, they formed about as 9-24% of the total microzooplankton. 

Higher concentration of heterotrophic dinoflagellates was observed in the 

present study compared to studies carried out in the north Atlantic (Verity et 
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al., 1993a, Burkill etal., 1993b). Their abundance has often been associated 

with diatom blooms (Smetacek, 1981; Hansen 1991; Lessard, 1991). Large 

heterotrophic dinoflagellates are able to compete with copepod for diatom as 

food (Hansen, 1992), but in their absence, it is possible that copepods 

grazing could have a greater impact on the phytoplankton community than 

the microzooplankton. During the present study, heterotrophic dinoflagellate 

abundance was higher in premonsoon and the lowest in monsoon. Similar 

seasonal picture was also observed in zooplankton biomass (Padmavati and 

Goswami, 1996). Under such a situation, impact of heterotrophic 

dinoflagellates on phytoplankton biomass will be more than that of copepods 

(Hansen 1992). Additionally, although copepods dominate total zooplankton 

in the present study area (Padmavati and Goswami, 1996) their importance 

as grazers may be smaller when heterotrophic dinoflagellates (>20 gm) 

dominate. 

Monthly data on microzooplankton abundance showed that it lagged 

the phytoplankton biomass by about one to two months. In brief, the present 

data suggest a temporal pattern of changes in the structure of 

microzooplankton stock. Of significance, and perhaps of greater ecological 

importance, is the period of maximum microzooplankton biomass which is 

also the period when many species of a larval fish appear in the Zuari 

estuary (Padmavati and Goswami, 1996). Microzooplankton have been found 

in the gut content of larval fish, implicating their importance as prey for 

feeding larvae. Higher microzooplankton population during high saline period 

may induce higher population of fish eggs and larval forms during post — an 

premonsoon seasons. 



Copepod nauplii and copepodites are frequent food for fish larvae 

(Detwyler and Houde, 1970; Govoni et al., 1983, Turner, 1984; Watson and 

Davis, 1989). As with zooplankton, the microcrustaceans had seasonal 

peaks in premonsoon season and, spatially, at Z1 station when average 

salinity and temperature were comparatively higher than that of other 

seasons/stations. Copepod nauplii and copepodites were the most dominant 

forms of micrometazoans. They formed as much as 8-17% of the total 

microzooplankton and were about 270 c l  in premonsoon. Additionally, some 

of the above mentioned studies also reveal that as the larvae grow, their food 

preference changes progressively to larger prey. Some of them switch over 

to the tintinnids, dominant forms of microzooplankton in the Zuari estuary, 

and for example, the plankton feeding fish Brevootia patrons feeds on 

FayeIla sp and Tintinnopsis sp (Govoni et al., 1983; Stoecker and Govoni, 

1984), Clupea harengus on Tintinnopsis beroides, Stenosemella ventricosa 

(Lebour, 1920,1924); and Macruronus novaezelandiae on Dictyocysta 

fenestrate, Codonella elongata. Tintinnids at times are known to form as 

much as 75% of the diet of the fish Rhombosolea tapirina when its size is ca. 

3-3.9 mm. In the Zuari, larvae of fishes like Ambassis, Therapon, grey 

mullets and scieanids may consume a large percentage of microzooplankton. 

9.1.4 Trophodynamic role of microzooplankton  

In order to visualise the role played by micro- and mesozooplankton 

in the food chain of the Zuari estuary, seasonal diagrams describing carbon 

flow through the major components of food web during different seasons 

were made (Fig. 9.1, monsoon; Fig. 9.2, postmonsoon and Fig. 9.3, 
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premonsoon). As mentioned earlier, data on phytoplankton production were 

obtained from literature (Devassy and Goes, 1989, Fig. 9.4) and bacterial 

production (BP) rates from Lokabharathi (pers. communication). Monthly 

measurements were put together to obtain respective seasonal values of 

various biological parameters [primary production (PP), bacterial production 

(BP), microzooplankton (MZP) and heterotrophic nannoflagellates (HNAN)]. 

Zooplankton biomass was separated into three categories viz. (a) herbivore 

(b) carnivore and (c) omnivore biomass. This was done basec, on their 

percentage composition observed by Padmavati and Goswami (1996) from 

Zuari. Herbivorous zooplankton (HZ) are not really strict phytoplankton 

feeding but could be considered mixed feeding as they graze on 

phytoplankton as well as microzooplankton. Carnivorous zooplankton (CZ), 

thus also includes types preying both on herbivorous and microzooplankton 

(Uye et al., 1998) as depicted in Figure 9.1, 9.2, 9.3. Conversion of numbers 

of individuals or concentrations to biomass to production is detailed in 

Chapter 3. The seasonal microzooplankton production rates were 4.17, 7.85 

and 4.19 m mole C m -3  d-1  during monsoon, postmonsoon and premonsoon. 

Net  zooplankton production in the respective seasons was 0.045, 0.141 and 

0.3 m mole C M-3  d-1 . To determine the potential carbon flow from prey to 

predators, the amount of carbon required by the consumers to support their 

estimated production rates was also calculated. In these calculations, gross 

growth efficiency of 0.3 for metazoans (Ikeda and Motoda, 1978), 0.4 for 

protozoan microzooplankton (Fenchel, 1987) and 0.5 for bacteria were used 

(Cole et al. 1988). As no data were collected on the fishery aspects during 

this study, tertiary production was estimated as a) 1% of the PP and b) 10% 
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of the secondary production by following Cushing (1975). The average of 

these two values was used to calculate potential tertiary production (Fig. 9.1-

9.3). Higher tertiary production appears to be during postmonsoon (0.7 m 

mole C nf3d-1 ) followed by premonsoon (0.53 m mole C rn -3d -1 ) and least 

during monsoon (0.35 mmole C rri 3d-1 ). HNAN and bacterial production were 

respectively higher during premonsoon and postmonsoon. Heterotrophic 

bacteria utilize and grow on various kinds of organic matter in marine 

ecosystem. Dissolved organic carbon (DOC) during the present study varied 

seasonally, with higher DOC in postmonsoon (93 mmole m-3) followed by 

premonsoon (79 mmole m -3) and monsoon (52 m mole m -3). Bacterioplankton 

assimilates organic matter and transforms it to particulate organic matter 

(Hass and Webb, 1979; Azam et al., 1983, Bratbak, 1987) useful as food for 

microzooplankton community and for many larval stages of 

mesozooplankton. Hence, heterotrophic bacteria play important role in the 

energy flow and nutrient cycling in estuarine and marine ecosystems. 

If both microzooplankton and herbivorous net-zooplankton depend 

entirely on phytoplankton for food, their carbon requirements would be 10.5 

(during monsoon), 19.91 (during postmonsoon) and 11.08 m mole C rn -3  c1 -1 

 (during premonsoon season). These equaled to 40%, 33.6% and 20.61% of 

the primary production in respective seasons. In this case, remaining 60-80% 

PP is fairly sufficient to support bacterial production, which averages 20 to 

60% of the PP (Cole et al., 1988). A considerable amount of the carbon 

required by microzooplankton might be supplied via the microbial food chain, 

which is fueled by dissolved organic carbon pool in situ. Further, a significant 

part of the food of herbivorous zooplankton might be derived from 
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microzooplankton. The carbon requirements of carnivorous zooplankton 

were so large that the production of herbivore net-zooplankton alone was 

hardly adequate. To compensate this, they might also switch over to 

consume microzooplankton. Based on these the potential transfer efficiency 

between the trophic levels could be compared. The transfer efficiency from 

primary production to secondary production varied seasonally (avg. 12.44%). 

Higher efficiency was recorded during monsoon (15.99%) followed by 

postmonsoon (13.22%) and least n premonsoon (8.13%). These latter 

transfer efficiencies are closer to the ones reported by Cushing (1975). 

However, on the whole, the transfer efficiencies observed during different 

seasons are lower than the potential values derived from the results of 

laborator; rearing experiments using herbivorous copepods (ca. 30%, Ikeda 

and Motoda 1978) and that reported by Uye et al. (1998) which is ca. 28%). 

This indicates that, if prey populations were used completely by predator 

populations, their transfer efficiency would be close to 30%. The transfer 

efficiency found in the present study (12.7% from primary to secondary 

production and 11 % secondary to tertiary production) are lower, indicating 

that the production/growth efficiency process at higher level in the Zuari 

estuary is quite inefficient. The amount of dissolved organic carbon required 

for bacterial production was 13%, 11% and 1.3% of the primary production 

during monsoon, postmonsoon and premonsoon season. The transfer 

efficiency depicted from primary to tertiary production was as follows: 

monsoon (0.43%), postmonsoon (0.71%) and premonsoon (2.8%) season. 

Uye et a/., (1998) recorded transfer efficiency of 8% from secondary to 
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tertiary production, which is much higher than that of the present study (avg. 

1.3%). 

The annual average production rate of benthic animals was estimated 

as 0.45 m mole C m Z  ds 1  from the data of Ansari (1988). The food to support 

the benthos is derived from phytoplankton, bacteria and detritus as well as 

from feces from zooplankton and fish. Bhaskar et al. (in press) found that 

approximately 30% of the primary production sink down in the Zuari. If so, the 

primary production alone reported for this estuary is sufficient enough to 

support the observed benthic production. 

From the fisheries point of view, it is desirable for any marine 

ecosystem to have high primary production and high transfer efficiency. 

Seasonally, transfer efficiencies in the Zuari estuarine ecosystem are 

generally lower. Thus, the potential fishery estimations based on 

conventional methods would be proven inaccurate, in Zuari estuary. This 

study is in a way help to resolve our understanding as to why the potential 

estimates, based on conventional methods, are not close to reality. 

Unfortunately, there are no reported potential fishery estimates for the entire 

of Zuari estuary. From the calculations during this study, the annual tertiary 

production seems to be about 180 m mole C M -3  y-1 . 

9.2 ARABIAN SEA 

9.2.1 Seasonal variabilities in physicochemical and biological  
characteristics of the coastal /open ocean Arabian Sea.  

The Arabian Sea is a unique geographic area of the world oceans with 

many intrinsically dynamic features. It is known for its high seasonality in 

primary productivity resulting from reversing monsoon-driven circulation 

152 



(Wyrtki, 1973; Krey and Babenerd, 1976; Qasim, 1982). Upwelling along its 

western boundary (Smith and Codispoti, 1980; Smith and Bottero, 1977) and 

to a lesser extent along the west coast of India (Banse, 1987) during summer 

(southwest) monsoon are the main causative factors for the high productivity. 

As such, the Arabian Sea provides a range of nutrient conditions to examine 

the relative importance of the classical and the microbial food webs. 

Results of present study showed considerable seasonal fluctuation in 

the primary productivity of the eastern and central Arabian Sea. The results 

showed that during intermonsoon period (April-May, transition period 

between winter and summer monsoons) the region becomes more or less 

oligotrophic. During winter (November-February), region north of 15°N 

becomes more productive due to winter cooling and convective mixing 

(Banse and McClain, 1986, Madhupratap et al., 1996a). During summer 

monsoon, primary productivity increases along the eastern Arabian Sea due 

to upwelling (References mentioned earlier, Owens et al., 1993). Recent 

observations have shown that during the northeast (NE) monsoon most part 

of the northern Arabian Sea is not unproductive as believed earlier. 

The cool dry wind intensifies evaporation leading to surface cooling 

during winter. During the present study, average wind speed during this 

period was -4 m s -1  (along 64°E). Air temperature dropped from 26.5 °C in 

the south to <24°C in the north. Similarly, sea-surface temperature dropped 

at a rate of 0.5 °C per degree latitude from 27.5 °C at 11 °N to 25°C at 16°N. 

The salinity structure also showed a deep isohaline layer in the north (100m 

thick with >36.4 psu) which became thinner towards south. As a result 

Arabian Sea surface waters experiences densification due to excess 
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evaporation over precipitation and heat loss exceeding radiative heat gain 

(Prasanna Kumar and Prasad, 1996; Madhupratap et al. 1996a). The 

consequence is the sinking and convective mixing resulting form the 

deepening of the mixed layer and an upward transport of nutrients into the 

surface layers from the base of the mixed layer (Prasanna Kumar and 

Prasad, 1996; Madhupratap et al. 1996a). 

As a result of winter mixing„ the nitrate of 2 I.LM isoline surfaced in the 

northern latitudes (Fig. 4.13) which led to higher biological production. For 

instance, PP during this period ranged from 447-807 mg C m ci -1  in the north 

and to about 335 mg C m-2  c1-1  at southern stations (11 °N 64°E, Table 5.3). 

This clearly showed the north-south variability in this season. Phytoplankton 

cells during this sampling period were the highest observed (1.7 to 170 x 

108  m-2). Zooplankton biomass in the upper layer was relatively higher (1.65 

g dry wt m2) during this period as compared to summer (1.55 g dry wt m -2) 

and intermonsoon (1.45 g dry wt m -2  ). Similarly, chlorophyll a exhibited a 

larger range in the north (17-34 mg m 2) and was lower in the south (10-13 

mg m2). However, bacterial densities were not related to such a high primary 

production and were the least during this season (avg. 14 x 10 12  cells m -2) 

as compared to intermonsoon (62 x 10 12  m2) and summer (25 x 10 12  m-2). 

Microzooplankton also, similar to bacteria, showed the lowest seasonal 

abundance during this period (Table 5.1). North-south variations showed that 

higher abundance was in southern region where phytoplankton biomass and 

production were the least during this period (Table 7.8). However, statistical 

analysis showed a better relationship between microzooplankton and 

chlorophyll a (P<0.001) than between microzooplankton and bacteria 
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(P<0.01). This probably also was an indication that observed phytoplankton 

standing stocks were fairly sufficient to sustain the observed 

microzooplankton standing stocks. 

During intermonsoon (April-May) the hydrography of the study area 

was distinctly different from winter and summer. This is because of the 

development of a typical tropical structure (US. Herbland and Voituriez, 

1979). There was an increase in sea surface temperature from south (28 °C) 

to north even though the air temperature remained more or less constant. 

Mixed layer remained much thinner (<30m) than that of winter (ca.100m). 

Salinity structure showed high saline water along the northern shelf (36.4 

psu) as compared to southern shelf (Fig. 4.8). But along the open ocean a 

general decreasing trend was observed in thermal structure from 21 °N to 

11 °N (Fig. 4.12) with a very well stratified surface layer. This acted as a 

barrier interrupting input of nutrients from subsurface into the surface layers. 

Surface waters were almost devoid of nitrate—nitrogen. 

Primary productivity averaged to 210 mg C m -2  d-1 , while chlorophyll a 

was about 11 mg m -2 . Phytoplankton cell numbers (0.4 to 1.2 x 108  m-2 ) were 

the lowest during spring intermonsoon. Seasonal average of zooplankton 

biomass in MLD was not very different (1.45 g dry weight m -2). One of the 

highlights of this work, as already shown in the results, is the information on 

higher biomass of bacteria and microzooplankton during the season. 

Bacterial population was the highest during this oligotrophic period. 

Comparable higher values were recorded in September (0.34 to 1.5 x 10 9 

 cells 1-1 ) of fall intermonsoon (Ramaiah, pers. comm). As suggested by 

Ducklow and Harris (1993), this higher abundance may be due to the decay 
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of the earlier phytoplankton blooms, during winter and summer increasing 

phytoplankton exudates (dissolved organic carbon, DOC) and particle 

breakdown at the end of these seasons. Uncoupling and a lack of covariance 

between bacterial and primary production over a time scale of about 1-2 

months was recorded by Kirchman et. al. (1995) from the equatorial Pacific. 

Following phytoplankton blooms, labile dissolved organic carbon (DOC) 

would be rapidly utilised by bacteria, while the slow-to-degrade DOC would 

sustain bacteria during oligotrophic condition. Bacterial production co-varied 

with their abundance. Interestingly, bacterial production was recorded to be 

more than that of the primary production in this session. Normally bacterial 

production is about 20% of the primary production, but values upto 80% of 

the primary production have been recorded in the equatorial Pacific by 

Kirchman et a/. (1995). 

Thus, when bacterial population was high, maximum population of 

microzooplankton also occurred during intermonsoon season when primary 

production and chlorophyll were low. Campbell et al. (1998) also observed 

that heterotrophic bacteria becomes a large percentage of the living biomass 

in the entire Arabian Sea basin during this period of the year. The increased 

importance of heterotrophic bacteria during this season was consistent with 

the observations of a large, slow-growing bacterial biomass and the 

suggestion for net heterotrophy of the system (Campbell et al., 1998). 

Statistical analysis also showed significant relation between 

microzooplankton and bacteria (P<0.05) suggesting a coupling between 

these two during the lean periods of phytoplankton productivity. Additionally, 

mesozooplankton biomass was fairly high during this season. Small or 
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negligible variations in zooplankton biomass in the mixed layer on an annual 

scale explain the Arabian Sea paradox and the applicability of the microbial 

loop (Madhupratap et al., 1996 a,b). 

Nevertheless, with the onset of the southwest monsoon, the Arabian 

Sea once again becomes productive at primary level. While summarizing the 

earlier information on II0E data it was mentioned by Krey (1973) that during 

March-October the shelf waters of Arabian Sea have primary productivity 

. ralues of about 500 mg C rn -2  d-1  whereas the range in the open ocean is 

from 150 to 500 mg C d' 1 . However, during November-April the primary 

productivity had more variability in the both shelf and offshore regions. The 

lower values (<100 mg C m-2  d-1 ) were obtained from large areas south of 

15°N described as "ocean desert". Unfortunately, earlier studies (e.g. 110E) 

did not distinguish the Arabian Sea productivity seasonally. It was broadly 

divided into southwest and northeast monsoon seasons without recognizing 

the spring (April-May) and fall (September-October) intermonsoon seasons. 

Kabanova, (1968) observed that primary production during southwest 

monsoon and northeast monsoon to be 1000 and 500 mg C rri 2 

 respectively over most of the Northern Arabian Sea. Olson et al. (1993) 

reported that during August 1987 (SW monsoon) primary productivity and 

chlorophyll a varied from 365 to 1130 mg C rif2  CI -1  and 13.1 to 32.5 mg re 

in the central Arabian Sea between 8 and 20 °N (Jochem et al., 1993). Open 

ocean of the Arabian Sea was believed to be low productive (Kabanova 

1968; Krey and Babenerd 1976; Banse 1987). However, high chlorophyll a 

(26-60 mg m-3 ) and primary productivity (710-1782 mg C m -2  d-1 ) observed 

from the central Arabian Sea (Table 5.3) during this study is contrary to the 
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conventional understanding of the Arabian Sea productivity. Phytoplankton 

cells concentrations were also more (0.3 to 10 x 10 8  rn-2) in the MLD. 

Similarly, the zooplankton biomass (1.55 g dry wt m" 2 ) in the MLD was also 

high. 

During this season, wind speeds in the Arabian Sea are generally high 

(on an average 15 m s-1 ) and this could result in large wind induced vertical 

and deepening of the mixed layer. The vertical mixing, inturn, could lead to 

an enrichment of nutrients in The upper layers from below the thermocline. 

However, higher wind speeds the north did not lead to a deep MLD as one 

would expect; instead, it shoaled northward. In contrast, under lighter wind 

conditions a shallower MLD was expected in the south, instead a deep MLD 

was observed. Hence, the observed meridional wind and MLD structure 

along 64°E do not support vertical mixing as a mechanism in supplying 

nutrients to the surface layers. However, the observed northward shoaling of 

the MLD and open ocean upwelling of nutrients into the photic zone could be 

explained by the indirect effect of winds. Bauer et al. (1991) showed that 

cyclonic wind stress curl (positive) occurring northwest of the Findlater Jet 

(axis approximately 16 °N at 64°E ) would induce a divergent Ekman transport 

in the upper ocean and drive open-ocean upwelling through upward Ekman 

pumping. During this period wind speed which is maximum around 16.5 — 

17°N, becomes lesser north and south. This would produce an anticyclonic 

wind stress curl in the north and cyclonic curl in the south of the jet axis. Our 

observations are consistent with the observations by Bauer et al. (1991). 

They related the higher pigment biomass and production off the Arabian 

coast (20-40 mg chlorophyll a m-2  and 950-1100 mg C m-2  d-1  between 14 °  
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and 17°N) to upward Ekman pumping driven by positive wind stress curl. 

The vertical structure of temperature (Fig. 4.7) and nitrate (Fig. 4.13) in our 

observations showed a shoaling north of 16 °N. This indicates that Ekman 

pumping may be an important mechanism in bringing nutrients to the upper 

layers in the north. Microzooplankton population during this period was more 

than that of winter season (avg. 191 cells p 1 ), but less compared to 

intermonsoon and was more closely associated with the phytoplankton 

biomass (P<0.001) than with bacteria (P<0.01) suggeiting a dependence on 

phytoplankton food than on bacteria, although a preferential feeding was not 

clear. 

Time series measurements during 1997 showed similar results as in 

1995. Towards the end of the time-series measurements, air temperature 

increased to an average value of 25°C with lighter winds of 2 m s -1  indicating 

warming and tapering of winter conditions. SST also reflected this which 

warmed up to 24.5°C. However, the thermal structure maintained deep MLD 

and high chlorophyll levels (50 mg rr1 2) showing that there is a phase lag 

between SST (which responds quickly to atmospheric warming) and shoaling 

of deeper thermocline. These events depicted important bearing on the 

ecology of organisms. Very low ratios of bacteria to PP were seen during 

both the winters of 1995 and 1997 (summer season 1995-96 as well). This 

showed that the formation of carbon biomass through phytoplankton is high 

during these two seasons. Similarly, during the 1995 winter 1997 

measurements, microzooplankton counts generally showed an increasirg 

trend towards the last phase of sampling in the north. Similar picture was 

also observed for bacterial standing stock and its production. Although 
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primary productivity during time-series in 1997 decreased from beginning 

February 10 to end February 22 (985 mg C m -2  d -1  to 845 mg C rr1 -2  d -1 ), 

statistical analysis depicted strong correlation of microzooplankton with 

phytoplankton (P<0.001, Fig. 6.25) than to bacteria (P<0.01). This may be a 

pointer to their primarily herbivorous feeding behavior, until they switch over 

to bacteria towards the end of the season when PP becomes low. Landry et 

al. (1998) observed that microzooplankton in the Arabian Sea takes up as 

much as 80% of the phytoplankton growth during this season. 

The new understandings from these observations are that, open 

ocean upwelling and lateral advection of nutrients lead to moderate to high 

biological productivity throughout the open waters during summer apart from 

coastal waters. In winter, northern areas of Arabians Sea sustain high 

primary production while during intermonsoon, the entire Arabian Sea 

experiences low primary productivity. 

A salient feature observed is the maintenance of high 

mesozooplankton biomass in the mixed layer of open ocean and coastal 

waters almost round the year. This paradox of the Arabian Sea 

mesozooplankton stable biomass is now a fairly well understood 

(Madhupratap et al., 1990; Madhupratap and Parulekar, 1993; Madhupratap 

et al., 1991; Madhupratap et al., 1992; Madhupratap et al. 1996a,b; Wishner 

et a/., 1998). The zooplankton paradox in the mixed layer between productive 

and less productive seasons may be explained as follows. The smaller 

herbivores appear to be facultative, able to feed on either phytoplankton or 

microzooplankton. There is considerable evidence that the herbivorous 

mesozooplankton (including larger forms like tunicates) feeds on very small 
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particles including bacteria (Sherr and Sherr, 1987; Sorokin, 1981). Thus, 

during winter as well as during the southwest monsoon period the major 

grazing by zooplankton would be on phytoplankton. Considering the available 

evidence, during the intermonsoon period (April-May) when primary 

production was less than half compared to other seasons, the feeding mode 

is mainly through the microbial loop (Azam et al. 1983; Madhupratap et al. 

1996b). 

As the winter and summer blooms become senescent, a large pool of 

dissolved organic carbon (DOC) is built up leading the increase of bacteria 

and microzooplankton. Bacterial numbers > 1x106  m1-1  from the Arabian Sea 

during fall intermonsoon following summer bloom (September) have been 

reported by Ducklow (1993), apart from the higher numbers mentioned 

earlier during April-May and September. Other than DOC derived from 

phytoplankton, metabolic byproducts of mesozooplankton would also support 

the bacterial population (Jumars et al., 1989). 

Seasonal pictures showed the highest values of microzooplankton in 

the intermonsoon (range: 110-1600 individuals 1 -1 , avg. 708 individuals I -1 ), 

followed by summer (range: 0-4997 ind. I . ', avg. 259 ind I -1 ) and the lowest in 

winter (range: 0-1155 ind r', avg. 173 1 -1 ). Bacteria population during 

intermonsoon was very high (0.96 x log (5 and a microbial loop during this 

season by actively feeding microzooplankton on bacteria is prevalent (Azam 

et al., 1983). Statistical analysis also showed strong significant relation 

between the microzooplankton and bacteria (P<0.01). During winter and 

summer, nutrients were available in the upper water column to sustain higher 

primary productivity. Phytoplankton biomass and productivity were 
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comparatively higher than that of the intermonsoon season and was closely 

related to the microzooplankton population (P<0.001) than to bacteria 

(P<0.01). Bacterial population during this two season was comparatively 

lower (approx. <0.5 x 109  r 1 ). This suggests that depending upon the 

available food concentration, microzooplankton can alter their feeding 

behavior (being bacterivore to herbivore and vice versa). Additionally, switch-

over from bacteriovory to herbivory shows their facultative capacity. 

9.2.2 Population structure of Microzooplankton in the Arabian Sea 

Numerically, protozoa dominated the microzooplankton community 

forming >75%. This is comparable to the results reported from Plymouth 

waters (Burkill et al., 1987) where protozoa contributed to >97% of the counts 

in the water column. ciliates and heterotrophic dinoflagellates dominated in 

the present study as reported elsewhere (Burkill et al., 1987). 

The microzooplankton was generally higher in the upper 50m; when 

water column was relatively well mixed (winter and summer season). Within 

this depth range, many localized, high values of PP, chlorophyll and 

bacterial cell numbers were observed. On the other hand, during 

intermonsoon when water column was stratified, microzooplankton peaks 

were recorded below 100m (particularly in the north). Statistical analysis 

supported our observation which showed strong level of significance between 

the microzooplankton and phytoplankton biomass in the mixed period 

(P<0.001) and with bacteria during stratified condition (P<0.05, Fig. 6.25). 

Taken together, the overall concentration of biomass in the surface waters 

and the strong relationship between consumers and potential prey within the 

euphotic zone suggest an alternation in food webs. 
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Higher abundance of bacteria during intermonsoon season and a 

possible net heterotrophy of the system during this period are comparable to 

the results from other studies from the Arabian Sea (Campbell et al., 1998); 

north Atlantic ocean (Buck et at., 1996) and Sargasso Sea (Fuhrman et al., 

1989). 

The higher population of microzooplankton, in coastal waters in the 

present study during summer monsoon might have resulted from the 

freshwater plumes as postulated by Parsons and Kessler (1986) due to river 

runoff. 

Among the individual groups of microzooplankton, tintinnids ciliates, 

heterotrophic dinoflagellates, micrometazoan and sarcodines showed 

significant correlation with chlorophyll a both during winter and summer 

seasons. This indicates that phytoplankton standing crop (Chl a) and/ or 

environmental conditions favorable to phytoplankton can play a significant 

role in the dominance of these components of microzooplankton. Suzuki and 

Taniguchi (1998) observed similar picture in heterotrophic aloricate ciliates in 

the western Pacific. However, in our study, aloricates were more closely 

related to the bacteria (P<0.05) rather than to chlorophyll a suggesting their 

bacterivorus feeding habit throughout the study. 

Contribution of aloricate ciliates to the total ciliate community was 

generally more in the open waters of the central Arabian Sea than in the 

Zuari estuary. This indicates that aloricate ciliates possess higher adaptability 

to oceanic environments compared to loricate ciliates. Genus Tintinnopsis 

was the most dominant form among the loricate ciliates in estuarine and 

coastal waters compared to oceanic ones because this genus requires fine 
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sand grains or mineral flakes for constructing loricae. However, abundance 

of these particles generally decreases as they move away from the shore. 

The ratio of ciliates (cells 1 -1 ) to chlorophyll a (mg m -3) was more than 

that of the ratio obtained in other groups of microzooplankton during summer 

and in winter season suggesting their significant variation with respect to 

each other. Ratio of aloricate ciliate to chlorophyll a recorded in the present 

study (4194) was much more than that from the western Pacific, 1700 

(Suzuki and Taniguchi, 1998). On the other hand, loricate ciliates to 

chlorophyll a ratio was lower in the present study (1960) than that observed 

by Suzuki and Taniguchi (1998). 

The layer of maximum microzooplankton assemblage occurred 

mostly above the chlorophyll maximum layer. However, this difference in 

depth was not clear when the maxima occurred at or near surface (Fig. 7.15) 

as observed by Suzuki and Taniguchi (1998). Microzooplankton studies 

carried out by Revelante and Gilmartin (1983) in Northern Adriatic also 

showed great variability in abundance between mixed and stratified periods 

as observed in this study. Abundance during 'stratified' condition 

(intermonsoon) was higher (56000 x 10 3  cells m-2) than during relatively 

'mixed' condition (winter and summer). 

One of the interesting findings of this study was in the important 

contribution made by heterotrophic dinoflagellates to the microzooplankton. 

For instance, they formed between 32 and 64% of the total microzooplankton 

standing stock during different seasons. Yet, until now the dominant 

taxonomic group of the microzooplankton has been considered to be ciliates 

(as also observed in the present study from Zuari estuary). Earlier work on 
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ciliates has shown that heterotrophic dinoflagellates form 40% to 70% of the 

total microzooplankton standing stock in northeastern Atlantic ocean. They 

have been recognized as an important microzooplankton group in coastal 

waters (Gaines and Elbrachter, 1987; Hansen, 1991) and subtropical waters 

(Lessard, 1991). In a 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. This suggests that our 

observations, in which heterotrophic dinoflagellates formed between 32 and 

64% lie midway between Lessard's data for warmer and colder waters. 

Similar ranges were also recorded by Burkill et al., (1993) 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. It is 

also clear that heterotrophic dinoflagellates should be included in any future 

studies on the microzooplankton from the tropics as well. 

Mean contribution to the microzooplankton made by ciliated 

protozoans in the present study (24-58%) was more than that from Northern 

Adriatic (12-52%, Revelante and Gilmartine, 1983) and off Southern 

California (18-32%, Beers and Stewart, 1967; 1970). This suggests that their 

ecological importance in the present study area is greater than that reported 

for temperate waters. 

A significant relationship between the phytoplankton biomass aid the 

microzooplankton during winter and summer and with bacteria during 

intermonsoon suggests strong alterations in prey/predator linkage. Similar 
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linkages observed with most individual groups of microzooplankton and with 

chlorophyll. These were statistically significant for aloricate (P<0.01); 

tintinnids (P<0.05) and for heterotrophic dinoflagellates (P<0.01). 

It was believed that mesozooplankton (copepods) are the principal 

herbivore in the present study area (Smith, 1982). According to Landry et a/. 

(1998) on an average, microzooplankton grazing in the central and western 

Arabian Sea accounts for 70% of the phytoplankton growth rate estimates for 

the southwest monsoon, 86% of the phytoplankton growth for the northeast 

monsoon and 78% overall. Dennett et al., (1999) speculated that 

microzooplankton biomass in the Arabian Sea constitutes a significant source 

of nutrition for mesozooplankton. Similar observations were also made in an 

experimental study on the fate of microzooplankton in pelagic food webs by 

Stoecker and Capuzzo (1990); Gifford and Dagg (1991). However, as there 

are no reports on grazing studies of microzooplankton from the eastern 

Arabian Sea, it is speculated that the natural microzooplankton community 

has a nutrition behavior similar to those pondered by Landry et al. (1998). 

In the present study, the entire heterotrophic group showed a 

significant depth effect (P<0.001 to P<0.01) and was significantly related to 

one another (particularly the individuals groups of microzooplankton). 

Tintinnid abundance was highest in intermonsoon (170 cells 1 -1 ) 

followed by winter (32 cells 1 -1 ) and summer (15 cells 1-1 ). However, the 

numbers of tintinnid genera were maximum in winter (30) compared to other 

two seasons (22 each). The number of genera recorded in the present study 

(40) were more than that of the Narragansett Bay (9 genera, Capriulo and 

Carpenter, 1983) and Long Island Sound (11 genera, New York Bight, Gold 
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and Morales, 1975). 	Thirteen genera: Amphonds, Codonellopsis, 

Dictyocysta, Eutintinnus, Favella, Ormose!!a, Parafavella. Parundella, 

Rhabdonella, Tintinnopsis, Tintinnus, Undella and Xystonellopsis were 

observed in all the three seasons. This suggests that these are capable to 

sustain their abundance under varying seasonal temperature and food 

availability. However, seasonal pattern was not significantly correlated with 

temperature in the present study. In Long Island Sound, Capriulo and 

Carpenter (1983) also did not find significant relation between temperature 

and tintinnids. But growth rates of tintinnids were found to be proportional to 

both temperature and food concentration in laboratory experiments (Stoecker 

et al., 1983; Verity, 1985) and in Narragansett Bay (Verity, 1986a). This could 

be suggesting that higher abundances during summer in nature is due to 

increased temperature and availability of food. It can be deduced from our 

data that in the Arabian Sea food availability rather than the temperature may 

be important in sustaining tintinnid population. 

The lowest numbers of tintinnid generic composition (8 genera) and 

abundance (11 cells I -1 ) were associated with a thick bloom of the marine 

Prymnesiophycean (phytoplankton), Phaeocystis globosa observed in the 

central Arabian Sea during the summer monsoon period (July-August, 1996, 

Madhupratap et al., 2000). Phaeocystis cells (7 1.1,m size) were mostly in 

colonial form, embedded in gelatinous matrices. Almost 90% of the 

phytoplankton population was composed of P. globosa in the bloom area (as 

high as 3750 x 10 6  cells m -2). It is known trom earlier works of Verity (1985) 

that microflagellate algae are a suitable food source for tintinnids. The size 

of the food particle ingested by tintinnids is less than 43% of the diameter of 
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the oral field (Heinbokel, 1978b), which is usually between 10 and 50 lArn. 

Phaeocystis cell size observed in the present study was very close to the 

size of the tintinnid prey. However, tintinnid population did not increase 

proportionately. This could be because of i) tintinnids may be feeding only on 

single cells of Phaeocystis and not colonies and ii) Phaeocystis is known to 

produce toxic substances that may deter herbivores. Tintinnids in the present 

study must have been inhibited or poisoned by Phaeocystis as reported by 

Verity and Stoecker (1982) during a bloom of asthodiscus luteus. 

Associations of heterotrophic dinoflagellates with the Phaeocystis 

globosa bloom during summer monsoon along 64°E suggest predator-prey 

relations (Lessard et at., 1996, Lessard and Foy, 1997). Similar observations 

were reported from central and western Arabian Sea (Garrison et al. 1998), 

and Ross Sea (Garrison et al. 1996, Lessard et al., 1996). There are reports 

which say that these heterotrophic organisms (non loricate ciliates) are able 

to consume prey, including diatoms, equal to or greater than their own body 

size (Smetacek, 1981; Gaines and Taylor, 1984, Jacobson and Anderson, 

1986; Hansen 1992). 

In upper 200 m water column, sarcodines cell concentrations as many 

as 90 r 1  were recorded during winter season. These are comparable values 

to that of Dennett et al. (1999) who observed a few to 100 cells r' in upper 

160 m in the Arabian Sea during northeast and spring intermonsoon. 

Abundance of other four groups of microzooplankton was several fold higher 

than the sarcodines. Stoecker et al. (1996) concluded that sarcodines were 

the most important protozoan contributors to particle flux during the JGOFS 

study in the equatorial Pacific ocean. 
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A common conceptualization of the trophic activities of 

microzooplankton in pelagic food web is that the food processed by these 

protozoans remains in surface waters for remineralization and recycling. In 

other words, they are not major contributors to sinking particle flux. In general 

most non-sarcodines (e.g. ciliates) are not large enough to sink rapidly and 

the minute fecal pellets produced by these organisms are presumed to have 

slow sinking speeds (Elbrachter, 1991). Present study as well works of 

Dennett et a/. (1999) and of Stoecker et al. (1996), show the potential 

contribution of sarcodines. 

In summary, microzooplankton of the Arabian Sea were dominated by 

heterotrophic dinoflagellates followed by ciliates. They had their maximum 

abundance in intermonsoon followed by summer and winter. They were 

correlated with both chlorophyll and bacteria, but the dependence on these 

as food seemed to vary with seasons. They were more concentrated in the 

upper layers during summer and winter and ratios indicated that they might 

consume significant portion of the primary production during these seasons. 

On the other hand, during times of low chlorophyll (intermonsoon) the 

dependency may ascend to bacteriovory. This also leads to another paradox 

of the Arabian Sea whereby mesozooplankton also become dependent on 

microzooplankton and the microbial loop in this season. The overall 

microzooplankton biomass is higher compared to other trophic components 

in all seasons; this may lead to situation of net heterotrophy in the Arabian 

Sea during intermonsoon. 

In the Arabian Sea, seasonal biomass of microzooplankton between 

20 and 2004m in size, in upper 200m, was in the range between 2.18 to 
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19.53[tg C I-1 (avg. 12 j.tg C 1 - '). But at times biomass as high as 36.10 [.tg C 

I-1  was also recorded during intermonsoon season. This values are 

comparable to those of Lancaster Sound (Paranjape, 1988), where 

microzooplankton (>35 and <200um) biomass varied from 1.334g C I -1  to 48.7 

C I -1 . The assumption of taking cell volume of tintinnids as 50% of lorica 

volume might have led to some overestimation (Gilron and Lynn, 1989). 

Quantitatively similar values of 1 and 15 ligC1 -1  reported from other oceanic 

waters (reviewed by Sorokin, 1981; Porter et al., 1985; Lynn and Montagnes, 

1991). 

In coastal waters off southern California, mean carbon biomass of 

tintinnids ranged from 0.27 to 1.35 1.1g (Beers and Stewart 1970). While in 

Solent estuary, the range was 0.69 to 3.21 .1.g/1 (Burkill 1982). However, this 

biomass values of tintinnids are lower than that of the Zuari estuary (avg. 32 

jAg C r 1 ). 

Biomass of ciliates and heterotrophic dinoflagellates observed in the 

upper 200m of central and eastern Arabian Sea are generally higher 

compared to estimates in other oceanic areas. Ciliate biomass in our study 

ranged from 0.3 to 10 jig C r' and from 0.43 to 29 l_tg C r 1  for heterotrophic 

dinoflagellates. Using quite different techniques (light microscopy with 

formaldehyde preserved settled samples), Beers et. al., (1982) estimates for 

ciliate biomass in the North Pacific Central Gyre are similar (ca 0.3 — 0.8 1.19 

C r 1 ). In more eutrophic areas, ciliate; biomass has been reported to be 

between 0.7-7.3 llog C r 1  on Georges Bank (Stoecker et al., 1989), ca 4 !_tg C 

1 -1  in the Nordic Seas (Putt, 1990), and <1 to 101..tgC r' in spring from 

temperate North Atlantic surface waters (Stoecker et al., 1994a). The ranges 
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of biomass of microzooplankton, (especially protozoan forms) reported by 

previous workers in different regions are summarized in Table 9.1. 

The major difference between open and coastal waters is that 

microzooplankton population generally decreased towards offshore. Ciliates 

dominate the coastal and estuarine waters and heterotrophic dinoflagellates 

in open waters. With in the ciliate community loricate dominated former 

region and aloricates the latter. They were more related to the temperature in 

coastal and oceanic waters. However, a comparison with the Zuari estuary 

shows that salinity has a major influence on microzooplankton distributions. 

Here also microzooplankton was a major component as may consume 

considerable portion of primary productivity. Bacteria and microzooplankton 

are invariably linked, the production of these and chlorophyll biomass 

ultimately relate mesozooplankton production and fisheries. 
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Table 9.1: Comparison of microzooplankton biomass (ug C I -1 ) from temperate, 

tropical and polar regions Mz =Microzoo lankton 

Beers and Stewart, 1970 Tintinnids 0.69-3.21 Southern California 

Revelante and Gilmartine, 1987 Tintinnids 0.4-33 Damariscotta estuary, USA 

Paranjape et al., 1985 Mzp 1.61-7.0 Nova Scotia! shelf 

Uye et al., 1998 Mzp 2.92-22.42 Dokai inlet, Japan 

Uye et al., 1996 Mzp 0.53-28.3 Dokai inlet, Japan 

Aizawa,1985 Mzp 0.31-1.29 Inland Sea SuoNad 

Aizawa, 1987 Mzp 0.81-26.4 Inland Sea Japan, Osaka Bay 

Dolan and Coates, 1990 Mzp 5.0-12.0 Chaesapeak Japan 

Revelante and Gilmartine, 1983 Mzp 3.0-16 Northern Adriatic Sea 

Paranjape'1988 Mzp 2.86-6.22 Landcaster Sound, Canada 

Garrison et al, 1984 Mzp 0.8-18.15 Antarctica 

Beers and Stewart 1971 Mzp 0.98 Eastern tropical Pacific 

Beers at a1,1982 Mzp 1.2-3.76 North Pacific central gyre 

Revelante et al, 1985 Mzp 3.29-9.88 N. Adriatic Sea 

Paranjape, 1985 Mzp 1.67 7.0 Nova Scotia 

Burkill et al, 1995 Mzp 0.2-54 Bellingshasen Sea 

Montagnes et al, 1998 ciliates <1-5.7 Gulf of Maine, USA 

Burkill,1982 ciliates <6.1 Southampton, U.K. 

Leakey et al., 1992 ciliates 1.4-219 Southampton, U.K. 

Taniguchi, 1984 ciliates 4.8-16 _ Bearing Sea (shelf) 

Dolan and Coates, 1990 ciliates 8.4-16 Chaesapeak Bay 

Smetacek, 1981 ciliates 1 to 56 Keil Bight 

Revelante and Gilmartine, 1987  ciliates 0.4 to 33 Damiscotta estuary 
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CHAPTER 10 

SUMMARY 



➢ In this thesis, the hydrography and biological characteristics with respect 

to microzooplankton in two different environments, viz. the Zuari estuary 

and the Arabian Sea are presented. This study on microzooplankton 

forms the first of its kind from the west coast of India and generally from 

the tropics. Microzooplankton consists of tintinnid ciliates, aloricate 

ciliates, heterotrophic dinoflagellates, micrometazoans and sarcodines. 

➢ From both these environments, microzooplankton genera (species) were 

identified and their abundances in relation with other parameters and 

ecology were studied. 

➢ An earnest attempt is also made to conclude on their role in carbon 

transfer from lower to higher trophic levels. While, honestly, this thesis, 

not is a finale, we think this is the first attempt to evaluate their role with 

regard to the processes (including hydrography and other biology) in 

estuaries as well as coastal and open waters. 

➢ The supporting measurements carried out thus include a wide variety of 

features viz. salinity, temperature, oxygen, pH, nutrient (nitrate), 

particulate organic carbon and nitrogen, dissolved organic carbon, 

phytoplankton production, biomass (chlorophyll a) and abundance, bacterial 

production, biomass and zooplankton biomass. However, for logistical 
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reasons, it was not possible to cover ail parameters at all stations 

seasonally. 

The Zuari estuary was found to be very different from the adjacent 

Arabian Sea. Although both the environments are influenced by the 

monsoons - both North East (winter) and South West (summer) 

monsoon. Salinity changes in the Zuari are extreme. It goes from almost 0 

psu to about 32 psu between summer and premonsoon. Thus, the 

seasons in the Zuari are differently defined from the Arabian Sea as 

monsoon, postmonsoon and premonsoon seasons. Other hydrographic 

characters like temperature do not vary much, although the pH and 

oxygen distributions might vary. The primary productivity in the Zuari, and 

estuaries as a whole along the west coast is low because of factors like 

turbidity and low light penetration during southwest monsoon. But data 

show that there are significant increases towards post and premonsoon 

seasons. 

The seasonality of the Arabian Sea could be defined under the influence 

of hydrographic conditions into southwest (summer, June-September), 

fall (October-November) northeast (winter, December-February) and 

spring intermonsoon season (March-May). In the Arabian Sea, there is no 

significant change in salinity although temperature changes significantly 

and influences the biology seasonally. For example, during winter, 

temperature is lower (ca. 24 °C) in the surface waters of the northern 

Arabian Sea due to winter cooling. In summer, there is coastal upwelling 

along the western-eastern boundaries reducing SSTs as well as bringing 
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nutrients into the euphotic zone. In addition to these, open ocean upwelling 

during summer monsoon leads to high primary production in the open 

water of the Arabian Sea. However, the fall and spring intermonsoon 

periods are less productive due to development of the highly stratified 

structure, which prevent entrainment nutrients to the surface. 

> Thus, the Arabian Sea is a unique geographical area known for its high 

seasonally oscillating biological primary productivity resulting from 

monsoon-driven circulation. Though sevaral studies on microzooplankton 

recently have come out from the Arabian Sea, most of these were 

restricted to the western areas. Seasonal studies on microzooplankton 

community along the eastern part of the Arabian Sea were nearly 

unexplored. From this point of view, the present work was undertaken to 

study spatial and seasonal variability from central and eastern regions 

and to understand the role played by these organisms in the food chain. 

> The physical features suggested large scale seasonal as well as spatial 

variations in the wind field-both direction and in speed. Surface winds 

during winter (December-March) were predominantly north/north 

easterlies with occasional north-westerlies. During intermonsoon (April-

May), winds were weak, and variable and generally westerlies towards 

the north and stronger. Strong westerlies predominated during southwest 

monsoon (July-August). 

> The mixed layer depth (MLD) varied significantly with seasons. During 

winter, MLD was deeper (120m) in the north and shallow in south (-60m). 
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Very shallow MLD were recorded (<30m) in intermonsoon without any 

north-south variability when temperature was generally high (>30 °C). But 

during southwest monsoon, MLDs were shallow in the north and deep in 

the south. Seasonal north-south variation in MLDs was due to effect of 

winter cooling and convective mixing in winter season and due to 

upwelling /divergence effect in southwest monsoon. 

> The surface waters during intermonsoon were devoid of nitrate. In winter, 

nitrate concentration of 2 p.M was available in the surface of no thern 

latitudes (north of 15°N) resulting from winter cooling and convective 

mixing. But in southwest monsoon patches of high nutrient was depicted 

in the north (about 16 °N) in open waters. However, along the southwest 

coast of the India signature of upwelling with high nutrients and 

productivity was observed. 

➢ In the Zuari, microzooplankton was the lowest during monsoon when 

salinity was generally low. Its abundances showed peaks during 

postmonsoon and premonsoon (particularly in the former season). 

Swarms of ciliates were common in latter two seasons. The seasonal 

average cell abundance of microzooplankton averaged 9070, 

36664 and 31597 r' during monsoon, postmonsoon and premonsoon 

respectively. During the entire study period, positive relationship was 

found between microzooplankton and phytoplankton (p<0.01), bacteria 

(p<0.05) as well as salinity (p<0.01). Fifty-three species were recognized 

among the tintinnids and identification of other groups was done at 

group/genera level. Apart from ciliates, heterotrophic dinoflagellates were 
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generally common. Number of swarming species did not vary between the 

seasons. Spatially their maximum abundance was recorded near the 

mouth of the estuary (station Z1). Diversity also showed a similar trend. 

... In order to understand the trophic role of microzooplankton in the food 

chain of the Zuari estuary, carbon requirements to sustain the observed 

standing stocks of bacteria, heterotrophic nanoflagellates, 

microzooplankton and mesozooplankton carbon requirements were 

calculated based on the assimilation efficiency. Highest carbon 

requirements for bacteria, heterotrophic and mesozooplankton was during 

premonsoon. On the other hand, for microzooplankton higher 

requirements were in the postmonsoon. 

> Microzooplankton abundance in the Arabian Sea was surprisingly higher 

during the period of less primary production viz. intermonsoon season. 

The average seasonal values for upper 200 m water column were 708 r 1  

(intermonsoon), 138 r 1  (winter) and 191 1 -1  (summer). Generally, higher 

microzooplankton were found concentrated in the coastal waters. 

The primary productivity in the Arabian Sea varies with season and also 

spatially while it was lowest throughout the Arabian Sea during the spring 

intermonsoon, it was generally higher particularly in the north of 15°N 

during winter due to cooling effects. In summer, southern coastal regions 

registered higher productivity due to coastal upwelling. However, 

productivity was also high south to north in the open ocean region 

probably because of open ocean upwelling or lateral advection of 

nutrients. 
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> The microzooplankton abundance also showed a lot of variability 

although it may be generally said that they were more abundant in the 

south. Depthwise also, microzooplankton did not seem to be completely 

associated with chlorophyll. During the intermonsoon when there was a 

pronounced SCM (Subsurface Chlorophyll maximum) they were higher in 

number at deeper depth particularly in the north. 

> A decoupling was observed betw.)en phytoplankton biomass and 

microzooplankton during intermonsoon, but was generally coupled with 

bacteria. But in other seasons microzooplankton was more correlated with 

phytoplankton. Thus, higher population of microzooplankton occurred 

during intermonsoon season when primary production was low, but 

bacterial population was high compared to other seasons. It would seem 

that the microzooplankton population increased through a microbial loop 

during this season by actively feeding on bacteria. 

In terms of microzooplankton abundance and also in their 

community composition, there were many differences between the 

estuaries and the open sea. Microzooplankton population generally 

decreased towards offshore. Ciliates dominated the coastal and estuarine 

waters while, heterotrophic dinoflagellates were more common in open 

waters. Contribution of aloricate ciliates to the total ciliate community was 

generally more in the open ocean waters of the central Arabian Sea than 

in the Zuari estuary. The genus Tintinnopsis was the most dominant form 

among the loricate ciliates in estuarine and coastal waters compared to 

oceanic areas where Eutintinnus was more common. Within the estuary, 
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salinity was the dominant controlling factor and microzooplankton 

abundances were generally coupled with phytoplankton. On the other 

hand, the changes with depth and stratification were significant in the 

Arabian Sea. In the Arabian Sea there seems to be seasonal switch 

over in microzooplankton prey relationships. During summer 

monsoon, it grazed more on phytoplankton and so was the case in 

the north during winter. But in the latter season in the south and 

intermonsoon period microzooplankton feeding was predominantly 

on bacteria. This facultative behavior is important in the carbon 

turnover in the Arabian Sea. Bacteria may play an important role in 

the estuaries as well, which warrants more detailed investigations. 

We are still pondering over the mysteries of our seas. Our west 

coast- including estuaries and coastal waters have a wealth in 

fisheries. We seem to be, yet uncertain, how the fishery works, nor 

we do seem to know about the behavior. It may not be unseemly to 

suggest that we need more coherent approaches on these studies 

and management. Nonetheless, the present study shows that 

microzooplankton carbon, hitherto an understudied faction, leads to 
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rapid turnovers and forms 'the link' between protozoa to higher 

metazoans in aquatic environments. 
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