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General Introduction 
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General Introduction 

Phytoplankton are single celled microscopic algae that make up the floating pastures of 

the aquatic system (phyton-plant; planktos-wandering). They provide the food base, 

which supports, either directly or indirectly, the entire animal population of the aquatic 

ecosystem and they also contribute significantly to climatic processes. Phytoplankton 

are represented by diverse algal groups with size ranging from 0.2 microns to several 

millimetres. They include diatoms, dinoflagellates, phytoflagellates, coccolithophorids, 

red algae, green algae and bluegreen algae (Cyanobacteria). In the coastal marine 

environment, diatoms dominate the phytoplankton community. 

Diatoms are one of the most beautiful organisms to look at under a microscope! They 

are unicellular and eukaryotic microorganisms that form an important component of the 

aquatic ecosystem. Diatoms are protists belonging to phylum Bacillariophyta and class 

Bacillariophyceae. Their cell walls are shaped like tiny glass pillboxes, with an amazing 

array of sizes, shapes and ornamentation. The rigid silicate frustule's encases the 

vegetative protoplast. There are two basic body shapes of diatoms based on symmetry, 

centric (round with radial symmetry, Order Centrales) and pennate (thin ellipse with 

bilateral symmetry, Order Pennales) (Fig. 1) and either may be found in the plankton or 

on the benthos. While the pennate diatoms are solitary cells (although often living in 

dense assemblages or even forming tubes together), the centric diatoms may be solitary 

or chain forming, linked by projections from their cell wall or membrane. These two 

major taxonomic divisions also reflect a major ecological difference (Round 1971). 

Centric diatoms are mainly holoplanktonic or meroplanktonic, with only a few genera 

that are associated with substrates throughout their life cycles. Araphidineae (pennate 

diatoms without a raphe system) and Monoraphidineae (pennate diatoms with one raphe 

system on one valve) are attached to sand grains, rocks and biological substrates, 
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Fig.l. Schematic diagrams of centric and pennate diatoms with main features (Hasle and 
Syvertsen 1997). 

whereas genera of the Biraphidineae (pennate diatoms with two raphe systems on both 

valves) are almost completely attached to mud with only a few planktonic species. They 

are the major primary producers (both pelagic and benthic environment) and are thought 

to be responsible for up to 25% of the world's net primary productivity (Jeffery and 

Hallegraeff 1990) whereas total phytoplankton account for up to 40% of the global 

primary production (Falkowski 1994). At least some can live heterotrophically in the 

dark, if supplied with a suitable source of carbon (Round et al. 1990). Dinoflagellates 

form the other important component of the marine and freshwater phytoplankton. 
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Dinoflagellates (dinos-whirling) are a remarkably diverse and complex group of 

unicellular flagellates. About half the species are photosynthetic; while others have 

heterotrophic nutrition. Some species have attracted attention because of their beautiful 

bioluminescent properties or their role in producing either toxic or non-toxic blooms 

(Hallegraeff, 1993). Till now, considerable amount of work on modern dinoflagellate 

cysts taxonomy (Matsuoka & Fukuyo 2000) and viable banks of cysts have been 

reported from marine sediments all over the world (Blanco 1990, Nehring 1996, 

Anderson 1997, Sonneman and Hill 1997, Godhe et al. 2000, Persson et al. 2000) 

Diatoms are ubiquitous in the aquatic habitats. They are abundant in the phytoplankton 

and phytobenthos of marine and freshwaters, whatever the latitude. Within aquatic 

habitat diatoms further extend their habitats from the pelagic to benthic environment and 

are also found to colonize various submerged living and nonliving surfaces. In the 

pelagic and benthic environment the growth and behaviour of the diatom community 

structure is controlled by various environmental conditions. 

Planktonic diatoms are invariably as dense as or denser than water; they also lack any 

form of propulsion. In non-turbulent water, they will usually sink quickly out of the 

photic zone and be deposited onto the sediment. Sinking rates are related to cell size and 

shape, colony size and physiological conditions. In general, sinking rates increase with 

cell and colony size and are greater in senescent populations. Diatom life cycle includes 

vegetative, sexual and resting stages. Normally, diatoms reproduce by vegetative 

division. Most diatoms undergo size reduction during vegetative division, and to restore 

maximum cell size they must occasionally interrupt vegetative growth with a sexual 

cycle, which restores maximum cell size. The restoration of cell size by sexual 

reproduction is a unique feature of diatoms (Drebes 1977). Centric and pennate diatoms 
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differ somewhat in the details of sexual reproduction, but in both groups, zygote 

formation is followed by the formation of an enlarged cell called an auxospore., which 

then develops into a vegetative cell whose dimensions are near the maximum size 

characteristics of the species. 

Many diatoms undergo dormancy by forming specialized resting stages. The formation 

of resting stages as survival alternatives in coastal diatoms is now a well-known 

phenomenon, although research in this area is sparse. There are two types of diatom 

resting stages, resting spores and resting cells. Resting spores are heavily silicified 

stages that are morphologically distinct from the vegetative cells, whereas resting cells 

are similar to the vegetative cells with altered physiological and cytoplasmic 

characteristics. Resting spore formation is more common in marine centric diatoms and 

is rare in pennates. But resting cell formation is observed more often in pennates and 

freshwater diatoms (Sick-Goad et al. 1986, Round et al. 1990). Among the resting 

spores three types of spores (Fig. 2) can be distinguished following Ross et al. 1979: 1. 

Exogenous — mature resting spore not enclosed by its parent frustule, 2. Semiendogenous 

— one valve of the mature spore enclosed within the parent cell and the other valve free, 

and 3. Endogenous — mature spore completely enclosed within the parent cell. A number 

of external factors have been found to induce spore formation or to exert effects upon 

spore development. These include the availability of various nutrients (N, P, Fe, Si), 

temperature, light, and pH. In almost every species, nitrogen deficiency appears to be an 

effective and usually, the most effective or even the sole inducer. Not all clones of spore 

forming species seem to be capable of spore formation (Hargraves and French 1983, 

Hargraves 1984) or perhaps different clones are induced to produce spores by different 
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Fig. 2. Formation of vegetative cells, resting cells and resting spores from a vegetative 
parent cell. Thalassiosira nordenskioeldii is an example of a species forming all three 
types of resting spores (Hasle and Syvertsen 1997). 

environmental condition. Further more, not all cells of a clone are necessarily able to 

form spores. Only cells of a restricted size range that have the potential to become 

gametangia and in some centric diatoms, only particular stages in the size reduction cycle 

can produce spores. Once formed, the resting stages behave as fine silt particles, often 

accumulating in high numbers on the sediment bottom. These resting stages can 

withstand periods of unfavourable conditions on annual and decadal scales to survive 

mass extinction and have been regarded as benthic. They are traditionally considered as 

overwintering forms, which could provide stocks for subsequent and seasonal blooms as 

well as for species dispersal (Lund 1954, French and Hargraves 1980, Garrision 1981, 

Hollibaugh et al. 1981). Wind velocity, currents and tides are the other important 
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physical forcings that resuspend the benthic phytoplankton along with sediments thereby 

influencing the phytoplankton community (de Jonge 1995, de Jonge and van Beusekom 

1995). In order to understand the bloom and the resting stage formation in diatoms in 

general, it is important to investigate the transitions between the planktonic and resting 

stages of the species, and the factors influencing these transitions. In situ evaluation of 

these factors will further enhance, understanding of their role in diatom life cycles like 

survival strategies, prediction of blooms and species succession. Phytoplankton 

community structure has an important role in determining the ecosystem functioning and 

trophic dynamics. Studies to this effect have already shown in other regions of the world 

and its importance (Chiba and Saino 2002, Nielsen and Hansen 1999, Devassy and Goes 

1988) 

In addition to free-floating mode of life, the diatoms are also known to colonize a variety 

of living and nonliving surfaces submerged in aquatic environments and these are mostly 

benthic diatoms. Benthic diatoms are much less understood ecologically as compared to 

planktonic diatoms. The benthos is more diverse than the plankton, both in terms of 

number of species and the life forms present (Round et al. 1990). Unfortunately, the 

benthic diatom communities and their environments are far more difficult to sample and 

quantify than those of the plankton, so ecologists have largely ignored them. 

There are various modes of attachments to the substrates but these fall in two categories: 

1. the adnate i.e. closely appressed to the substratum, as in Cocconeis, Amphora, 

Epithemia. and 2. the cells are pedunculate i.e attached to the substrata by stalks or pads 

e.g. Cymbella, Grammatophora, Licmophora, Achnanthes. The adnate forms are rarely 

colonial whereas the pedunculate often form colonies. The development of pedunculate 

forms on the surface transforms the structure of the community from two-dimensional to 



7 
three-dimensional. Within the microscopic forests produced, some species can be seen 

to be canopy formers, whereas others form the shrub and field layers (Round et al. 1990). 

These communities are probably the most complex in which the diatoms play a major 

role. 

The attached communities may be classified according to their substrata; thus epipelic, 

epipsammic, epilithic, epibiotic and fouling communities may be distinguished, growing 

on mud, sand grains, rocks, biological substrates (such as aquatic plants, molluscs, 

crustaceans, marine reptiles, marine mammals, marine birds) and the objects placed in 

the sea respectively. There are overlaps between these communities in the species they 

contain and, except for the epipsammon, all contain very similar life forms. Raphid 

diatoms, being abundant in most benthic habitats, are very often the early algal 

colonizers of natural and artificial substrata, where they adhere and produce copious 

quantities of adhesive mucilage during the construction of microfilms i.e. primary film. 

Microfilm formation is an important phenomenon occurring on surfaces immersed in the 

aquatic environment. The term microfilm, also referred to as biofilm, is highly variable 

in time and heterogenous in composition. Microfilm mainly comprises of adsorbed 

macromolecules, attached bacteria and diatoms, with all of these components enmeshed 

in a matrix of extracellular polymers. Microfilm formation on a marine substratum 

modifies its surface chemistry (Characklis and Cooksey 1983) and strongly influences 

the development of a macrofouling community. Earlier studies revealed that large 

numbers of diatoms are present in microfilms on wetted and illuminated surfaces but 

only few studies have focussed on the occurrence of diatoms in the microfilm and their 

role in subsequent colonization of macrofoulers in the marine environment (Rao 1990). 

In Indian waters, the work related to biofilm has been done by Daniel (1955), Mathew 

and Nair (1981), Karande (1987 & 1989), Kelkar (1989), Bhosle et al. (1990 a & b), 
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Bhosle (1993), Venugopalan et al. 1994, Pangu (1993), Redekar (1997), Smita et al. 

1997 and Smita and Anil 2000. 

Diatoms growing attached to surfaces of living organisms i.e. plants and animals are 

termed as epibiotic diatoms. A variety of organisms form hard substrata in the benthic 

marine environment. When free space is not available, one organism (epibiont) grows 

on the other (basibiont). This process is defined as epibiosis. Adaptation to epibiosis by 

basibionts arises from three ways: tolerance, avoidance and defence (Wahl 1989). Many 

sessile marine organisms such as sponges, corals, bryozoans, holothurians, ascidians and 

mobile organisms such as most of the crustaceans, sea weeds and turtles keep an 

essentially clean body surface in the face of competition for space by epibionts (Davis et 

al. 1989; Wahl 1989; Caine 1986, Clare et al. 1992). Horseshoe crab is also one such 

animal which acts as a moving substrata for simple to complex communities of small 

marine organisms like green algae, diatoms, coelenterates, mussels, oysters, barnacles, 

bryozoans etc. in a densely populated marine environment. Tachypleus gigas (Muller) is 

the most abundant horseshoe crab species available along the Orissa coast (India). 

Adults reach terminal anecdysis once sexually mature and live with their carapace for 4 

to 9 years. Mikkelsen (1988) reported that horseshoe crabs probably keep their surfaces 

clean from ectocommensals and epiphytes. He also reported that females carry less 

number of epibionts than males indicating a potential gender difference. Epibiont 

overgrowth is controlled by employing either one or a combination of ecological, 

physical and chemical defence mechanisms (Wahl et al. 1994). Studies unravelling the 

epibiotic chemical defence of marine organisms can provide insights into the 

development of novel, ecofriendly antifouling compounds and strategies. 



9 
Attachment of diatoms to toxic and non-toxic surfaces immersed in illuminated 

environments is invariably associated with the production of sticky exopolymers/mucus 

(Chamberlian 1976, Cooksey et al. 1984, Daniel et al. 1987, Hoagland et al. 1993). It 

has been shown that this polymer is synthesized in the Golgi apparatus, packaged into 

vesicles (Daniel et al.1980) and secreted from the plasma membrane at the raphe slit 

(Webster et al. 1985). Exuded polymers are assembled into a variety of structures such 

as trails (material left behind motility), sheaths (organic matrices tightly associated with 

the cell wall), capsules (organic matrices loosely attached with the cell walls), and stalks 

(permanent attachment structures) (Hoagland et al. 1993). Once attached, the cells 

divide rapidly giving rise to colonies that eventually coalesce to form a compact biofilm, 

which may achieve 500 µm thickness (Callow and Callow 2002). Previous studies have 

shown that the biofilm and exopolymers act as a source of positive or negative cues for 

larvae of fouling organisms and can thus play an important role in the macrofouling 

cycle. Understanding the role of the diatoms and their exopolymers in the settlement and 

metamorphosis of fouling invertebrate larvae will give new dimensions to biofouling 

studies. 

In this study on the ecology of diatoms, the following aspects have been addressed and 

are presented as 

➢ Diatoms in the pelagic and benthic environment 

➢ Diatoms in the microfilm 

➢ Diatoms in the epibiotic community 

➢ Influence of diatoms on cyprid metamorphosis of Balanus amphitrite 



Chapter 2 

Diatoms in the pelagic and benthic 
environment 
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2.1 INTRODUCTION 

Coastal regions are among the most productive ecosystems in the world, where the 

environment is characterized by dramatic temporal fluctuations. Accordingly, the life 

history of phytoplankton will reflect adaptations for survival by forming specialized 

resting stages in fluctuating environments. Resting stages are a common survival 

strategy in diatoms and dinoflagellates, which form important components of coastal 

regions. In this chapter, the term 'resting stages' includes diatom spores, diatom resting 

cells and dinoflagellate hypnozygotes or cysts. The formation of resting stages is now a 

well-accepted phenomenon. These resting stages are able to repopulate waters if 

resuspended and exposed to suitable light, temperature and nutrients (McQuoid et al. 

2002). Such a process is important in the life history of some diatoms and dinoflagellates 

(Smetacek 1985) and agrees with the concept of `benthic-pelagic coupling.' This 

concept refers to the linkages between benthic and pelagic environments, which play a 

major role (along with terrigenous input and upwelling) in determining the production 

and biological structure of aquatic systems (Sommer 1989, Valiela 1995). However, 

most studies on benthic-pelagic coupling have only focused on the biogeochemical 

cycling (the turnover of nutrients in the form of either living matter or its decomposed 

constituents) (reviewed by Graf 1992). Marcus and Boero (1998) suggested that the 

classical models of production and plankton community dynamics in coastal waters will 

be more complete if they incorporate life-cycle patterns of planktonic and benthic 

organisms. The inclusion of such biological information into an ecological context will 

enhance the understanding of ecological patterns of global importance. 

Until now, several experiments have been performed under laboratory conditions on 

cultured species and, also, in controlled experimental ecosystems to understand 

sporulation and germination processes in diatoms and dinoflagellates. The results from 
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these studies showed that nutrient depletion is the most important variable inducing 

sexuality and resting stage formation (Durbin 1978, Davis et al. 1980, Hollibaugh et al. 

1981, Anderson et al. 1985, Imai 1989, Kuwata and Takahashi 1990, Ellegaard et al. 

1998,) whereas light and temperature are the important triggers for germination 

(McQuoid and Hobson 1995). However, to some extent, temperature and light intensity 

also influence the rate of sporulation (Graf et al. 1983, Hoban et al. 1980, Bodungen et 

al. 1986, Pitcher 1986, Oku and Kamatani 1995) and can alter species composition and 

succession (McQuoid and Hobson 1995, Ishikawa and Taniguchi 1997). 

At present, there are few long-term in situ observations of diatom resting stage 

production and deposition in the marine environment. These observations are from bays, 

coastal waters, fjords, upwelling regions, Baltic and Mediterranean seas (Garrison 1981, 

Pitcher 1990, Imai et al. 1990, Heiskanen 1993, Ishikawa and Taniguchi 1996, Mc Quoid 

and Hobson 1996, Itakura et al. 1997, Montresor et al. 1998, Kremp and Heiskanen 

1999, Godhe et al. 2001). The number of resting stages deposited in the sediments have 

been compared to the number of planktonic diatoms found in the overlying waters and 

has contributed valuable information on the seasonal pattern of sporulation and 

germination of several diatom species. However, information to support such studies in 

tropical environments is limited. 

This study addressed the phytoplankton community structure, patterns of bloom 

variability, qualitative, quantitative and temporal variation of diatom benthic propagules 

and also focused on the influence of environmental factors on the dormancy and 

rejuvenation of the dominant phytoplankton group, i.e., diatoms in tropical waters 

influenced by a clearly demarcated monsoon season. 
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2.2 MATERIALS AND METHODS 

2.2.1. Description of the study area 

Monthly sampling of sediment and water for a period of 17 months was carried out from 

September 1999 to January 2001 in the Zuari estuary at a fixed location (Fig. 2.1). This 

estuary is located along the central west coast of India, Goa. The Zuari River originates 

in the Western Ghats and extends up to 70 km before meeting the Arabian Sea. The 

width and depth of the mouth is approximately 5.5 km and 5 - 6 m respectively. This 

area is strongly influenced by the southwest monsoon and the changes associated with its 

onset have marked effects on the phytoplankton community and food web (Devassy 

1983). During this period, a surplus amount of freshwater and land run-off from the 

Zuari River as well as precipitation (-275 cm) is added to the estuary resulting in marked 

changes in the physico-chemical nature of the water. Based on this, one year has been 

classified into three seasons, viz. monsoon season (June-September), followed by a 

recovery period during post-monsoon (October-January) and, thereafter, a stable pre-

monsoon period (February-May) when the estuary resembles a marine environment. 

Fig. 2.1. Geographic location of the study site Zuari estuary (Goa), 
located on the west coast of India. 
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2.2.2. Sampling strategy 

2.2.2a. Water sampling 

Water samples were collected from the surface (bucket) and 1 m above the bottom 

(Niskin sampler). Water temperature and Secchi disc depth were recorded at the 

sampling site. Salinity was analyzed following Mohr — Knudsen titration method 

(Strickland and Parsons, 1965). Dissolved oxygen (DO) and nutrients (NO3-N, NO2-N, 

PO4-P, and SiO2) were analyzed by following standard procedures (Parsons et al. 1984) 

and are expressed as m1L4  for DO and ,uM for nutrients. The oxygen saturation was 

calculated as per the formulations given by Benson and Crause (1988) using temperature, 

salinity and dissolved oxygen values. Chlorophyll a was determined by filtering 500 ml 

of the sub-sample through pre-ignited GF/C filter paper. Extraction of pigments was 

carried out for 24 hr in 90% acetone at 4 °C in the dark (UNESCO 1994). A known 

volume (1 L) of the water samples was fixed with 0.4% Lugol's iodine (Throndsen 1978) 

for the qualitative and quantitative enumeration of phytoplankton by sedimentation 

technique (Hasle 1978). The phytoplankton populations were enumerated in triplicates 

and are expressed in terms of cells L-1 . Phytoplankton populations were enumerated and 

identified to the lowest possible taxonomic level (normally species) based on the keys 

provided by Tomas (1997), Round et al. 1990, Desikachary (1987), Subrahmanyan 

(1946, 1959) and Heurck (1896). For further statistical analyses, phytoplankton species 

greater than 4% in abundance throughout the study period were used. 

2.2.2b Sediment sampling 

Sediment samples were collected using a gravity corer with an inner diameter of 4.8 cm. 

The top 1-2 cm depth of collected cores were sealed tightly and stored in the dark at 4 °C 

until further analyses. 
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2.2.2b.1. Enumeration of diatom propagules from the sediments 

From a technological viewpoint, finding diatom resting stages in sediments by normal 

microscopic observation is not easy because of the problem of cell aggregation and 

concealment by extraneous material. Enumeration of diatom cells from sediments was 

carried out by an extinction dilution method, (Most Probable Number method, MPN) 

(Imai et al. 1984, Yamochi 1989, Imai et al. 1990, Ishikawa and Tamaguchi 1994, 

Itakura et al. 1997), which allows estimation of resting stages through examination of 

germinated vegetative cells in culture. Currently, this is the only feasible method for the 

enumeration of relative abundance of diatom resting stages from sediments (Harris et al. 

1998). This method is best treated as a semi-quantitative method and is most useful for 

distinguishing relative rather than absolute abundance. But it is unclear as to what 

proportions of cells are resting stages and vegetative cells, thus giving a minimum 

estimate. The approach of the present study is similar to other studies conducted 

previously in marine coastal waters (Itakura et al. 1997, Hansen and Josefson 2001). 

A known weight (1 g) of wet sediment, in triplicates was suspended in 10 ml , of the f/2 

culture media (Guillard and Ryther 1962) at a concentration of 0.1 g wet wt m1 -1. Serial 

tenfold dilutions (10-2  - 1e) were made with the culture medium and then 1 ml aliquots 

of diluted samples were inoculated into five replicate petri-dishes (35 mm) and were 

incubated at a temperature of 20 ±1 °C with a 12 h light:12 h dark photo cycle. The 

appearance of vegetative cells of diatoms was examined microscopically (Light 

Microscope; Olympus BH2) after an incubation period of 6-8 days. Petridishes in which 

vegetative cells were identified were scored as positive for each species. The MPN for a 

series of five ten-fold dilutions of resting stage cells in the sediment sample (MPN g -1 

 wet sediment) was then calculated according to the statistical table (Throndsen 1978, 

Itoh and Imai 1987). This table covers a range of five dilution steps, and a set of three 
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dilutions have to be chosen out of the five cultured petridishes to get the MPN. The 

relative diatom cell density cm -3  wet sediment was obtained by multiplying the MPN 

value with the apparent specific gravity of wet sediment (Imai and Itakura 1999). The 

diatoms were identified based on the keys provided, as mentioned earlier. For further 

statistical analyses, diatom species greater than 4% in abundance throughout the study 

period were used. 

2.2.2b.2. Enumeration of dinoflagellate cysts from sediments 

The samples collected for the enumeration of diatom propagules from sediments were 

also analyzed for dinoflagellate cysts. The enumeration of dinoflagellate cysts was 

carried out using the techniques described by Matsuoka et al. (1989) and Matsuoka and 

Fukuyo (2000) with some modifications (excluding the steps of alkali and acetolysis 

(Matsuoka et al. 1999)). A known weight (2-3 g) of wet sediment was repeatedly 

washed with distilled water to remove salts followed by acid treatment i.e. 10% 

hydrochloric acid (HC1) and 25-35% hydrofluoric acid (HF) to dissolve calcareous 

(calcareous nanoplankton, molluscs, foraminifera and others) and silicate (sand/mud 

particles, diatom frustules, silicoflagellates and others), materials. Each chemically 

treated sample was washed with distilled water to remove acid and then placed in a 100 

ml beaker with distilled water to make slurry. The slurry was sonicated for 30 s in an 

ultrasonicator (B. Braun Labsonic). Later, the slurry was sieved through a tier of two 

different meshes (i.e. 125 and 20 um). The residue, which accumulated on the 20,um 

mesh was then suspended in a known volume of distilled water and kept in a vial. 

Observations were carried out for 0.5-1.0 ml aliquot of the refined sample under a Light 

Microscope (Olympus BH2) equipped with a digital camera (Kodak DC 290) at 100 and 

400 times magnification. The cyst populations were enumerated in triplicates and is 

expressed as number of cysts g 1  wet weight of sediment. 
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2.2.3 Meteorology 

Data regarding meteorological parameters like solar radiation (mw cm 2), wind speed (m 

sec-1), wind direction (degrees), air temperature CC), relative humidity (%) and 

atmospheric pressure (m bar) have been collected from the Marine Instrumentation and 

Computer Division, NIO, Goa. The rainfall (mm), day length (h: from sunrise to sunset) 

and sunshine hours (the time of brightness [solar radiation > 1 mw cm 2] available in a 

day length) data were obtained from the Indian Meteorological Department, Panaji, Goa. 

For interpretation, average values of 7 consecutive days, prior to and inclusive of the 

sampling day, have been used. 

2.2.4 Data analyses 

Multivariate analyses is the best tool to reveal the complex interactions between the 

community structure changes and biotic/abiotic factors, when using data obtained during 

different periods, thus displaying temporal variability (Field et al. 1982, Ludwig and 

Reynolds 1988). 

2.2.4a. Environmental data 

In order to evaluate the climate variability, monthly data of various environmental 

parameters (as listed in Table 2.1) were subjected to Principal Component Analysis 

(PCA). This analysis was done using the software Statistica release 5.0 by Statsoft after 

normalisation of raw data. 

2.2.4b. Phytoplankton data analyses 

Univariate measures included calculation of Shannon — Wiener diversity index (H') 

using log (x+1) transformed data, species richness (d = log2S, where S is the number of 

taxa) and evenness (J' = H'/H' max) (Pielou 1969). 
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Table 2.1. List of environmental parameters 
monitored with abbreviations. 

S. No. Parameters 
Surface layer 

Abbreviation 

 

1 Temperature 	ST 
2 	Salinity 	 SS 
3 Dissolved oxygen 	SDO 
4 Nitrate 	 SNO3  

5 Nitrite 	 SNO2  

6 Phosphate 	 SPO4  

7 	Silicate 	 SSi 
Bottom layer 

8 Temperature 	BT 

9 Salinity 	 BS 
10 Dissolved oxygen 	BDO 
11 Nitrate 	 BNO3  

12 Nitrite 	 BNO2  

13 Phosphate 	 BP 04 

14 Silicate 	 BSi  
Others 

15 Secchi disc depth 	SD 
16 Wind speed 	WS 

17 Wind direction 	WD 

18 Day length 	 DL 
19 Sunshine hours 	SH 
20 Solar radiation 	SR 
21 Rainfall 	 RF 
22 Atmospheric pressure 	PR 
23 Relative humidity 	RH 
24 Air temperature 	AT  

A two-way analysis of variance (ANOVA), with equal replications, was performed on 

the fourth root (W) transformed abundance data of total phytoplankton, diatoms and 

dinoflagellates to evaluate the significance of temporal variation (Sokal and Rohlf 1981). 

The diversity, evenness and richness values of the phytoplankton, diatoms and 

dinoflagellates were also subjected to two-way ANOVA with equal replications to 

evaluate the temporal variations. 
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2.2.4c. Diatom propagule data analyses 

One-way analysis of variance (ANOVA), with equal replications, was performed on the 

fourth root (W) transformed relative abundance data of total diatoms and dominant 

species (Skeletonema costatum, Fragilariopsis oceanica, Thalassiosira subtilis, 

Thalassiosira sp. 1, Thalassiosira sp. Z and Chaetoceros curvisetus) to evaluate the 

significance of temporal variation (Sokal and Rohlf 1981). 

2.2.4d. Dinoflagellate cyst data analyses 

One-way analysis of variance (ANOVA), with equal replications, was also performed 

on the fourth root (W) transformed abundance data of total dinoflagellate cysts to 

evaluate the significance of temporal variation (Sokal and Rohlf 1981). 

2.2.4e. Clustering and ordination analyses 

The fourth root (W) transformed abundance data of water column phytoplankton and 

diatom propagules and dinoflagellate cysts from sediments were converted into a lower 

triangular similarity matrix using Bray-Curtis coefficients (Bray and Curtis 1957). These 

similarity matrices were then subjected to clustering and ordination techniques. 

Clustering was performed using the group average method (Pielou 1984). Ordination 

was done by Non-Metric Multidimensional Scaling (NMDS) (Kruskal and Wish 1978). 

There are advantages in applying more than one method, since each is based on different 

assumptions and may give different insights (Gray et al. 1988). In case of cluster 

analyses, a) the individual, once placed in a group, loses its identity, b) the sequence of 

individuals is arbitrary and c) only the inter-group relationships are shown. In view of 

these disadvantages, it is advisable to employ an additional method of presentation to 

show individual relationships such as NMDS ordination. Clustering and ordination 
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(NMDS) analyses were carried out using the software PRIMER version 5. These 

analyses were performed to evaluate temporal variation and species relationships. 

2.2.4f. Spearman's Rank correlation test 

Spearman's rank correlation test was performed to evaluate the relationship between the 

phytoplankton groups/dominant species and various observed environmental 

components, as mentioned in Table 2.1, which may be responsible for regulating their 

population. This test was also performed for sediment and planktonic forms. These tests 

were carried out using the software Statistica release 5.0 by Statsoft, after transformation 

of raw data. 

2.3 RESULTS 

2.3.1 Hydrographic conditions 

Seasonal variation in the surface and near bottom seawater temperature is shown in Fig. 

2.2a. Surface and bottom seawater temperature ranged from a maximum of 33 °C (June 

2000) and 31 °C (March 2000) to a minimum of 28 °C (October 2000) and 22 °C 

(October 2000) respectively. Thermal stratification, as judged by the difference in 

surface and bottom temperatures, developed from June 2000 to September 2000; the 

water was vertically mixed during the rest of the months. Salinity ranged between a high 

of 36 psu in March 2000 and a low of 18 psu in June 2000. Low salinity in the surface 

layer was due to freshwater influx from the Zuari River during the monsoon period. 

During this period, salinity stratification was also observed and existed till early post-

monsoon season (Fig. 2.2b). The DO concentration ranged from 5.6 ml L -1  (July 2000) - 

3 ml L-1  (September 1999) in surface and 4.35 ml L -1  (March 2000) - 2.2 ml L I  (August 

2000) in bottom waters (Fig. 2.2c). The DO concentration, in bottom waters, was lower 

than in surface waters but the maximum difference was observed during the monsoon 
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Fig. 2.2. Temporal variations in water parameters a. Temperature, b. Salinity, c. 
Dissolved oxygen and d. Secchi disc depth. (Note: Shaded region represents 
monsoon season). 
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season. Nutrient concentrations showed a definite seasonal trend over the sampling 

period. The maximum concentration of these nutrients was found during the early phase 

of the monsoon, which is due to land run-off and precipitation (Naqvi et al. 2000). A 

second peak of nitrate and nitrite was observed during both years (2000 and 2001) during 

November-December and, thus, was not a mere coincidence. In addition, surface and 

bottom waters exhibited high levels of nitrate (-7,um) during April 2000. Nair (1980) 

reported two peaks of zooplankton production, one in November and the other in 

March/April. Higher zooplankton population results in ammonia-rich fecal matter and 

this might undergo nitrification in the presence of excess oxygen, leading to high 

nitrates. Similar observations from the study area have reported that these high 

concentrations were of local origin (Qasim and SenGupta 1981). The temporal variation 

in the nutrient concentration of the surface and bottom waters almost followed a similar 

pattern (Figs 2.3a, b, c and d). Maximum turbidity of water was observed during the 

monsoon season except during July 2000 and during the end of the post-monsoon (Fig. 

2.2d) period. Secchi disc depth showed an increasing trend up to February 2000 (196 

cms) except in December 1999 (45 cms), which was then followed by a decline till June 

2000 (87 cms). 

2.3.2 Meteorological conditions 

Temporal variation in wind speed is shown in Fig. 2.4a. Maximum wind speed was 

observed during the onset of monsoon in April and June 2000 and during the late 

monsoon period (September 2000). Wind speed showed a small increase during 

November in both the years. Monthly profiles of wind direction are shown in Fig. 2.4b. 

The temporal variation in the duration of day length, sunshine hours and solar radiation 

showed a definite seasonal trend (Fig. 2.4c and d). Low sunshine hours and solar 

radiation were observed during June 2000 and increased thereafter to a maximum of 10.5 
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Fig. 2.3. Temporal variations in nutrient concentrations. a. Nitrate (NO3- 
N), b. Nitrite (NO2-N), c. Phosphate (PO 4-P) and d. Silicate (Si). 

h in April 2000 (Figs. 2.4c and d). Maximum rainfall was observed during June (38 mm) 

and decreased thereafter. However, there was a slight increase during October 2000 
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period but traces/no rainfall during non-monsoon periods (Fig. 2.4e). The temporal 

variation in air temperature, relative humidity and atmospheric pressure are shown in 

Figs. 2.4 f-h. 

3.6 — 

Fig. 2.4. Temporal variations in meteorological parameters. a. wind speed, b. wind direction, 
c. day length and sunshine hours, d. Solar radiation, e. Rainfall, f. Air temperature, g. Relative 
humidity and h. Atmospheric pressure. 
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Analysis of the present data set was further simplified by application of principal 

component analyses (PCA) in order to reduce dimensionality (Blanco et al. 1998). A 

correlation matrix was calculated using the environmental variables listed in Table 2.1. 

Six components were extracted with eigenvalues greater than 1, explaining 83.21% of 

total variance (Table 2.2a). 

Table 2.2. Eigenvalues (a) and factor loadings (b) of environmental variables 
on six principal components extracted. 

a. Eigenvalues 
Eigenvalues % Total 

Variance 
Cumulative 
Eigenvalue 

Cumulative 

(To) 
1 8.86 36.93 8.86 36.93 
2 3.68 15.34 12.55 52.27 
3 2.78 11.58 15.33 63.85 
4 1.89 7.88 17.22 71.74 
5 1.54 6.42 18.76 78.16 
6 1.21 5.05 19.97 83.21 

b. Factor loadings 

S. No. Variables Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 

1 ST -0.04 0.02 0.85 0.31 0.07 0.18 

2 SS -0.40 -0.79 0.29 0.14 -0.02 -0.11 
3 SDO 0.24 0.08 -0.27 0.58 -0.35 0.46 

4 SD -0.25 0.17 0.16 0.64 -0.31 0.14 

5 SNO3 0.59 -0.06 -0.02 0.01 0.75 0.09 

6 SNO2 0.83 0.31 0.05 0.01 0.37 0.06 

7 SPO4 0.15 0.18 0.03 0.12 0.59 -0.31 

8 SSI 0.52 0.69 -0.20 0.08 0.17 -0.05 

9 BT 0.07 -0.40 0.87 -0.08 0.06 0.06 
10 BS -0.11 -0.28 0.18 0.01 0.04 0.86 
11 BDO 0.01 -0.85 0.27 0.00 -0.04 0.14 

12 BNO3 0.37 -0.02 -0.08 -0.05 0.87 0.12 

13 BNO2 0.82 0.32 0.07 0.07 0.38 0.07 

14 BPO4 0.51 -0.12 -0.64 0.08 0.24 -0.03 

15 BSI 0.06 0.41 -0.16 0.18 0.65 -0.26 
16 WS 0.06 0.11 0.41 -0.15 0.63 0.25 
17 WD 0.10 0.47 -0.68 0.2 -0.01 0.15 
18 DL 0.18 0.62 0.03 0.59 0.35 -0.02 

19 SH -0.44 -0.72 0.04 -0.34 -0.08 0.33 

20 SR -0.89 -0.26 0.11 0.10 -0.05 0.12 
21 RF 0.80 0.43 0.10 0.12 0.29 0.05 
22 AT -0.87 0.04 0.20 -0.07 -0.03 0.17 
23 RH 0.18 0.79 0.16 0.31 0.14 -0.22 
24 PR -0.11 -0.06 0.04 -0.87 -0.25 0.16 

Expl.Variance 5.18 4.52 2.98 2.36 3.38 1.55 
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The first principal component (PC1) explaining about 36.93% of variance is related to 

inputs of inorganic nutrients by river run-off and precipitation during the monsoon 

period. This is indicated by loadings, which were negative for solar radiation and air 

temperature and positive for inorganic nutrients and rainfall with slight decrease in 

surface salinity values (Table 2.2b and Fig. 2.5). The second principal component (PC2, 

explaining 15.34% of variance) is mainly associated with a single species diatom bloom 

(S. costatum) in low saline surface waters as indicated by negative values for surface 

salinity, bottom dissolved oxygen (BDO), sunshine hours (SH) and positive for silicate 

(Si) and day length. The third and fifth principal component (PC3 and PC5 explaining 

11.58 % and 6.42 % variance respectively) reveals the seasonality and recycling of 

phosphate and nitrate respectively. The fourth principal component (PC4) explaining 

about 7.88 % is related to surface mixing during monsoon. This is indicated by positive 

loadings for surface dissolved oxygen. 
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Factor 1 

2.3.3 Phytoplankton community 

From the present study, 136 (83, 44 and 9 species corresponds to diatoms, dinoflagellates 

and others respectively) phytoplankton species have been recorded (Table 2.3). 

Altogether 120 species in surface (77 diatoms, 34 dinoflagellates and 9 others) and 117 



Table 2.3. List of phytoplankton species recorded from Zuari estuary 

a. Diatoms 
S. No. Taxon Abbrev. Presence 

S 	B 
CENTRICS 

1 Asteromphalus sp. Ast.sp P P 
2 Bacteriastrum delicatulum Cleve Bac.del 
3 Bacteriastrum fusu,s Bac.fus 
4 Bacteriastrum hyalinum Lauder Bac.hya P P 
5 Bacteriastrum varians Bac.var P P 
6 Biddulphia rhombus (Ehrenberg) W. SM. Odt.rho P P 
7 Cerataulina bicornis Cer.bic P P 
8 Chaetoceros curvisetus Cleve Cha.cur P P 
9 Chaetoceros diversus Cleve Cha.div P P 
10 Chaetoceros laciniosus Schiltt Cha.lac 
11 Chaetoceros lorenzianus Grunow Cha.lor P P 
12 Chaetoceros socialis Lauder Cha.soc P P 
13 Chaetoceros tenuissimus Meunier Cha.tes P P 
14 Climacodium frauenfeldianum Grunow Cli.fra P P 
15 Corethron criophilum Castracane Cor.cri P P 
16 Coscinodiscus marginatus Ehrenberg Cos.mar P P 
17 Coscinodiscus radiatus Cos.rad P P 
18 Coscinodiscus sp. Cos.sp P P 
19 Ditylum brightwellii (West)Grunow Dit.bri P P 
20 Eucampia zodiacus Ehrenberg Euc.zoo P P 
21 Guinardia flaccida (Castracare) H. Peragallo Gui.fla P P 
22 Guinardia striata Hasle com. nov Gui.str P P 
23 Helicotheca tamesis (Shrubsole) Ricard Ste.tha P P 
24 Hemiaulus sinensis Greville Hem. sin P P 
25 Hemidiscus sp. Hem.sp P P 
26 Lauderia annulata Cleve Lau.bor P P 
27 Leptocylindrus danicus Cleve Lep.dan P P 
28 Melosira nummuloides C.A. Agardh Mel.num P P 
29 Odontella regia Odt.reg P P 
30 Odontella sinensis (Greville)Grunow Odt . sin P P 
31 Paralia sulcata (Ehrenberg) Cleve Mel.sul P P 
32 Planktoniella sol (Wallich) Schutt Pln. sol P P 
33 Proboscia alata (Brightwell)Sundstrom Rhi.ala P P 
34 Rhizosolenia imbricata Brightwell Rhi. imb 
35 Rhizosolenia styliformis Brightwell Rhi.sty 
36 Schroederella shcroderi (Bergon) Pavillard Sch.sch P P 
37 Skeletonema costatum Greville (Cleve) Ske.cos P P 
38 Thalassiosira subtilis (Ostenfeld) Gran Tha.sub P P 
39 Thalassiosira eccentrica (Ehrenberg) Cleve Tha.exc P P 
40 Thalassiosira sp. 1 Tha. spl 
41 Thalassiosira sp. 2 Tha.sp2 P P 
42 Thalassiosira  sp. 3  Tha.sp3 P P 

Continued.... 
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S. No. Taxon Abbrev. Presence 
S 	B 

PENNATES 
43 Achnanthes longipes Agardh Ach.lon P P 
44 Achnanthes subsessilis Kutzing Ach.sub P P 
45 Amphiprora gigantica Amp.gig P P 
46 Amphora coffeaeformis (Ag.) Kiitzing Amp.cof P 
47 Amphora rostrata Amp.ros P 
48 Amphora sp. Amp.Sp P P 
49 Asterionellopsis glacialis (Castracane) Round Ast .j ap P P 
50 Cocconeis scutellum Ehrenberg Coc.scu P P 
51 Cylindrotheca closterium (Ehrenberg) Smith Nit.clos P P 
52 Cymbella gastroides Kiitz Cym.gas P P 
53 Diploneis sp. Dip.sp 
54 Fragilariopsis oceanica (Cleve) Hasle Fra.oce P P 
55 Grammatophora marina (Lyngbye) Kiitzing Gra.mar 
56 Haslea sp. Has. sp P P 
57 Licmophora juergensii Agardh Lic.j eu P P 
58 Licmophora paradoxa Lic.par 
59 Lioloma sp. Lio.sp 
60 Navicula transitans var. derasa f. delicatula Heimdal Nay. del P P 
61 Navicula subinflata Grun Nay.sub P P 
62 Navicula sp. 1 Nay.spl 
63 Navicula sp. 2 Nay.sp2 P P 
64 Navicula sp. 3 Nay.sp3 
65 Navicula sp. 4 Nay.sp4 P P 
66 Nitzschia angularis Nit.ang P P 
67 Nitzschia bilobata Nit.bil P P 
68 Nitzschia longissima Ralfs in Pritchard. Nit.lon P P 
69 Nitzschia panduriformis Gregory Nit.pan P P 
70 Nitzschia sigma (Kutzing)Wm.smith Nit.sig P P 
71 Pleurosigma angulatum Sensu W. Smith Ple.ang P P 
72 Pleurosigma elongatum WM Smith P le. elo P P 
73 Pseudo-nitzschia seriata (Cleve) H. Pergallo Nit.ser P P 
74 Pseudo-nitzschia sp. 1 Pnit.spl P P 
75 Pseudo-nitzschia sp. 2 Pnit.sp2 P P 
76 Surirella ovata Sur.ova P P 
77 Surirella sp. Sur.sp P P 
78 Synedra gallioni (Bory) Ehrenberg Syn.gal P P 
79 Synedra affinis Kiitzing Syn.aff P P 
80 Synedra sp. Syn.sp P P 
81 Thalassionema frauenfeldii (Grunow) Hallegraeff Thx.fre P P 
82 Thalassionema nitzschioides (Grunow) Thn.nit P P 
83 Thalassiothrix longissima Cleve and Grunow Thx.lon P P 

Continued.... 
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b. Dinoflagellates 
S. No Taxon Abbrev. Presence 

S B 
84 	Alexandrium minutum Halim 1960 Ale.min P 
85 	Alexandrium sp. Ale.sp 
86 	Amphisolenia sp. Apl.sp P P 
87 	Ceratium declinatum (Karsten) Jorgensen Cer.del P P 
88 	Ceratium furca (Ehrenberg) Claparede & Lachmann Cer.fur P P 
89 	Ceratium fusus (Ehrenberg) Duj ardin Cer.fus P P 
90 	Ceratium kofoidii Jorgensen Cer.kof 
91 	Ceratium lineatum (Ehrenberg) Cleve Cer.lin P P 
92 	Ceratium macroceros (Ehrenberg) Vanhoffen Cer.mac P P 
93 	Cochlodinium polykrikoides Margelef Coc.pol P P 
94 	Dinophysis caudata Saville-Kent Din.cau P P 
95 	Dinophysis sp. Din.sp P P 
96 	Gonyaulax sp. Gon.sp 
97 	Gymnodinium breve Davis Gym.bre 
98 	Gymnodinium catenatum Graham Gym.cat P P 
99 	Noctiluca scintillans (Macartney) Kofoid & Swezy Noc.mil  P P 
100 	Nonthecate dinoflagellate Non.din P P 
101 	Oxytoxum scolopax Stein Oxy.sco P P 
102 	Peridiniopsis assymetrica Mangin Per.ass 
103 	Peridiniopsis globulum Stein Per.glo 
104 	Peridiniopsis steinii Jorgensen Per.ste P P 
105 	Peridiniopsis sp. 1 Per.spl P P 
106 	Peridiniopsis sp. 2 Per.sp2 P P 
107 	Peridiniopsis sp. 3 Per.sp3 P P 
108 	Peridiniopsis sp. 4 Per.sp4 
109 	Peridiniopsis sp. 5 Per.sp5 
110 	Peridiniopsis sp. 6 Per.sp6 
111 	Peridiniopsis sp. 7 Per.sp7 
112 	Peridiniopsis sp. 8 Per.sp8 
113 	Phalacroma sp. Pha.sp 
114 	Prorocentrum gracile Schdtt Pro.gra P P 
115 	Prorocentrum micans Ehrenberg Pro.mic P 
116 	Prorocentrum sp. 1 Pro .sp1 P P 
117 	Prorocentrum sp. 2 Pro.sp2 P P 
118 	Protoperidinium bicornis Ppe.bre 
119 	Protoperidinium conicum (Gran) Balech Ppe.con P P 
120 	Protoperidinium elegans (Cleve) Balech Ppe.ele 
121 	Protoperidinium pentagonum (Gran) Balech Ppe.pen P P 
122 	Protoperidinium sp. 1 Ppe.spl P P 
123 	Protoperidinium sp. 2 Ppe.sp2 P 
124 	Protoperidinium sp. 3 Ppe.sp3 
125 	Protoperidinium sp. 4 Ppe.sp4 
126 	Scrippsiella trochoidea (Stein) Loeblich Ppe.tro 
127 	Scrippsiella  sp.  Scr.sp P P 

Continued.... 



C
hl

or
op

hy
ll

  a
 (m

g  

• Surface; <> Bottom 

0 

io7  

1. 06  

105  

104  

1 03  

1 02  

Ph
yt

op
la

nk
to

n  
ab

un
da

nc
e  

(c
el

ls
  1

,-'
)  

29 

c. Others 
S. No. Taxon Abbrev. Presence 

S 	B 
128 Trichodesmium Tric P P 
129 Oscillatoria Osci 
130 Chlorogloea Chloro P P 
131 Dictyocha fibula Ehrenberg Dic.fib P P 
132 Chromophyta Chrom P P 
133 Chlorophyta Chloro P 
134 Chaoflagellate Chaof P P 
135 Phaeocystis globosa Scherffel Pha.glo P P 
136 Unidentified sp. Ul 

species in bottom (77 diatoms, 34 dinoflagellates and 6 others) waters have been 

recorded (Table 2.3). Phytoplankton densities ranged from 9 X 10 2  — 9.9 X 105  cells 1_,-1 

 and 2.4 X 103  — 1.8 X 105  cells L" 1  in surface and bottom waters respectively (Fig. 2.6b). 

SONDJ FMAMJuJyAgS ON DJ 
99 	00 	 01 

Months 
Fig. 2.6. Temporal variations in a. Chlorophyll a concentrations and b. 
Phytoplankton abundance 
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Two-way ANOVA, with equal replications, revealed that phytoplankton abundance 

showed significant variation between the water depths and sampling months (p < 0.001) 

(Table 2.4a). Temporal variation in chlorophyll a concentration, for surface and bottom 

waters, is shown in Fig. 2.6a. Except during southwest monsoon, chlorophyll a showed 

little variability. During the monsoon, the chlorophyll levels were very high and the 

maximum values were found in July 2000. 

Table 2.4. Two-way analysis of variance (ANOVA) to evaluate the temporal variation of the 
abundance and univariate measures of phytoplankton, diatoms and dinoflagellates. (Note: * * * * = 
p < 0.001, *** = p < 0.005, ** = p < 0.025, * = p < 0.05, ns = Not significant) 
a. Phytoplankton 

Abundance 	 Diversity (H') 	Evenness (J') 	Species Richness (D)  
Source of variation 	df 	SS MS 	Fs 	SS MS 	Fs 	SS MS 	Fs 	SS MS 	Fs  
Water column 	 1 	82 81.6 56.1**** 	1.5 	1.5 13.6**** 	0.02 	0.02 6.3** 	1.5 1.5 22.7**** 
Months 	 15 2462 164 112.9**** 80.0 	5.4 49.9**** 	4.20 	0.30 72.7**** 52.0 3.5 533***• 
Water column X Months 	15 	582 38.8 26.7**** 	9.0 	0.6 5A**** 0.60 	0.0410.1**** 	5.0 0.3 5.1**** 
Within subgroup error 	64 	93 .1.5 	 7.0 	0.1 	 0.20 	0.00 	 4.0 0.1 

Total 	 95 3219 	 97.0 	 5.00 	 63.0 

b. Diatoms 

Abundance 	 Diversity (H') 	Evenness (J') 	Species Richness (D)  
Source of variation 	df 	SS MS 	Fs 	SS MS 	Fs 	SS MS 	Fs 	SS MS 	Fs  
Water column 	 1 	88 87.4 20.0**** 	1.2 	1.2 11.8***• 	0.0 	0.00 0.74ns 	1.7 1.7 31.0**** 
Months 	 15 2437 162.5 37.1**** 	66.0 	4.4 45.3**** 	4.0 	0.30 65.8**** 31.0 2.1 39.0**** 
Water column X Months 	15 	574 38.3 8.7**** 	9.0 	0.6 5.8**** 	0.7 	0.05 12.0**** 	2.0 0.2 2.9*** 
Within subgroup error 	64 	280 4.4 	 6.0 	0.1 	 0.3 	0.00 	 3.0 0.1 
Total 	 95 3379 	 82.0 	 5.0 	 39.0 

c. Dinoflagellates 

Abundance 	 Diversity (H') 	 Evenness (J') 	Species Richness (D)  

Source of variation 	df 	SS MS 	Fs 	SS MS 	Fs 	SS MS 	Fs 	SS MS 	Fs 
Water column 	 1 	10 9.5 4.7* 	0.1 	0.1 0.4 ns 	0.02 	0.02 0.2 ns 	0.0 0.00 0.2 ns 
Months 	 15 1063 70.8 34.9**** 	52.1 	3.5 12.4**** 	8.90 	0.60 7.0*** 	7.7 0.50 18.6**** 
Water column X Months 	15 	102 6.8 34***• 	5.8 	0.4 1.4 ns 	1.00 	0.06 0.8 ns 	1.8 0.10 4.4**** 
Within subgroup error 	64 	130 2.0 	 17.9 	0.3 	 5.40 	0.08 	 1.8 0.03 
Total 	 95 1304 	 75.9 	 15.30 	 11.3 

Among the phytoplankton, diatoms dominated by constituting an annual percentage of 

85% and 92% in surface and bottom waters respectively (Fig. 2.7). Maximum 

percentage of diatoms was observed during monsoon (96%), followed by post-monsoon 

(84%) and pre-monsoon (69%) for surface waters and, for bottom waters, post-monsoon 

(94%) - monsoon (92%) - pre-monsoon (86%) (Fig. 2.7). Altogether, 77 species in 

both, surface (40 centrics and 37 pennates) and bottom (39 centrics and 38 pennates) 

waters, have been recorded (Table 2.3). The diatom densities ranged from 8.8 X 10 2  - 
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Fig. 2.7. Phytoplankton composition in a. surface and b. bottom waters 

9.9 X 105  cells L4  in surface and 2.2 X 103  — 1.8 X 105  cells L-1  in bottom waters (Fig. 

2.8a). Two-way ANOVA, with equal replications, revealed that diatom abundance, 

diversity and species richness showed significant variation between the water depths and 

sampling months (p < 0.001) (Table 2.4b). In the present investigation, two peaks of 
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diatoms were observed as a recurrent feature of the annual diatom cycle. The first peak 

(spring bloom) was observed when there was a break in rainfall (July 2000) or after the 

end of southwest monsoon (November 1999 and October 2000) and the second peak 

(autumn bloom) was observed during pre-monsoon (March 2000) (Fig. 2.8a). The spring 

bloom was dominated by C. curvisetus, Leptocylindrus danicus, Licmophora juergensii, 

Navicula transitans var. derasa f. delicatula, S. costatum, F. oceanica, Thalassionema 

nitzschioides. In June and August 2000, a single species-bloom of S. costatum was 

observed with densities ranging up to 7 X 10 5  and 1 X 10 6  cells 1.,-1  respectively (Fig. 

2.8a). The autumn bloom was dominated by Chaetoceros spp. (C. curvisetus, C. 

lorenzianus, C. diversus), T. nitzschioides, Guinardia flaccida, Cylindrotheca closterium, 

Pleurosigma angulatum, N transitans var. derasa f. delicatula, S. costatum and 

Asterionellopsis glacialis. In November 2000, the diatom densities scaled down to 900 

cells L 1 (Fig. 2.8a). This may be due to a sudden increase in turbidity. In January 2001, 

a single species-bloom of Thalassiosira sp. was observed in surface (4 X 10 4) and 

bottom (2 X 104) waters (Fig. 2.8a). Maximum diatom abundance was observed in 

surface rather than bottom waters during July and August 2000 (Fig. 2.8a). The 

development of such differences was mainly influenced by the existence of two different 

water bodies, which is evident from salinity profiles. 

Dinoflagellates formed the next dominant group by constituting an annual percentage of 

10.7 and 7% in surface and bottom waters respectively (Fig. 2.7). Maximum percentage 

of dinoflagellates was observed during pre-monsoon (30.2%) followed by post-monsoon 

(8%) and monsoon (3.5%) in surface waters and pre-monsoon (13.3%), monsoon (8%) 

and post-monsoon (4%) in bottom waters (Fig. 2.7). Altogether, 34 species, in both, 

surface and bottom waters, have been recorded (Table 2.3). The dinoflagellate densities 

ranged up to 8.5 X 104  cells I: 1  in surface and up to 2.8 X 104  cells 1: 1  in bottom waters 
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(Fig. 2.8b). Blooms of Gymnodinium catenatum and Cochlodinium polykrikoides were 

observed when there was a monsoon break i.e. July 2000. 
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Fig. 2.8. Temporal variations in the abundance of a. Diatoms, b. Dinoflagellates and 
c. Other phytoplankton groups. (Note: Dotted line is shown only to compare between 
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Other forms such as silicoflagellates, blue green algae, prymnesiophytes, etc. constituted 

an annual percentage of only 4.2 % in surface and 1.2 % in bottom waters (Fig. 2.7), thus 

forming a minor component. They followed the order post-monsoon (8%), pre-monsoon 

(0.60%) and monsoon (0.3%) for surface waters and monsoon (2.1%), pre-monsoon 

(0.7%) and post-monsoon (0.1%) for bottom waters (Fig. 2.8c). 

2.3.3.1. Temporal variation 

Results of the univariate measures are shown in figure 2.9. The univariate measures 

showed a definite seasonal trend over the sampling period. 	The maximum 
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Fig. 2.9. Temporal variations in the univariate measures of a. Diatoms, b. Dinoflagellates and c. 
Total phytoplankton. (Note: Dotted line shown in Fig a. is only to differentiate between diatoms 
and dinoflagellates). 
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phytoplankton diversity, species count, evenness and species richness were observed 

during the monsoon break (July 2000), early post-monsoon and pre-monsoon (March 

2000) seasons in both, surface and bottom waters (Fig. 2.9). These univarite measures 

decreased drastically in the surface waters during monsoon (June and August 2000) due 

to the bloom of single species, S. costatum. Diatoms, constituting 85-90% of the total 

phytoplankton community, showed a similar trend (Fig. 2.9a) whereas dinoflagellates, 

constituting about 7-10% of the total phytoplankton community, exhibited a lower 

profile (Fig. 2.9b). Temporal variation in the univariate measures of total phytoplankton, 

diatom and dinoflagellates for surface and bottom water almost followed a similar 

pattern (Fig. 2.9). Two-way ANOVA, with equal replications, revealed that 

phytoplankton, diatom and dinoflagellate species count, diversity, evenness and species 

richness significantly varied with the sampling months (p < 0.001) (Table 2.4); whereas, 

with respect to water depths, only phytoplankton and diatoms (except diatom evenness) 

showed significant variation (Table 2.4c). 

Cluster analyses of the sampling months based on phytoplankton abundance (>4%) at 

40% similarity level revealed five and two groups at the surface and bottom waters 

respectively (Figs. 2.10a and b). At the surface, February 2000 and November 

1999,were separate units, which are characterized by low abundance. Cluster I comprised 

of two sampling months (September 1999 and November 2000). Clusters II and III each 

comprised of two subgroups. Subgroups IIA (June and August 2000) and IIB 

(September and October 2000) each comprised of two sampling months. Subgroup IIA 

was characterized by high abundance of S. costatum. Subgroups IIIA and IIIB each 

comprised of 4 sampling months. Subgroup IIIB was characterized by high abundance 

of mixed phytoplankton population (diatoms and dinoflagellates). At the bottom, cluster 

I comprised of two subgroups. Subgroups IA and IB each comprised of two sampling 
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Fig. 2.10. Cluster dendrogram of the sampling periods based on the abundance of phytoplankton 
from the a. surface and b. bottom water using the Bray-Curtis similarity coefficient and group 
average method. a'. and b'. Non-metric Multidimensional scaling (NMDS) ordination based on 
the Bray-Curtis similarity coefficient. 

months. Cluster II consisted of 3 subgroups. Subgroups IIA, B and C comprised of five, 

two and five months respectively. Subgroup IIC was characterized by high abundance of 

phytoplankton. The phytoplankton distribution portrayed a pattern similar to that of 

cluster analyses when subjected to 2D NMDS ordination (Figs. 2.10a' and b'). 

2.3.3.2. Species relationships 

Cluster analyses at 50 % similarity level divided 33 species (> 4%) into 8 clusters and 

four ungrouped individuals (Fig. 2.11a) at the surface. Clusters I, III, VI to VIII, each 

comprised of two species whereas clusters II, IV and V comprised of 10, 3 and 6 species 
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Fig. 2.11a. Cluster dendrogram of the phytoplankton species (>4%) from the surface water 
using Bray-Curtis similarity (%) and group average method. a'. Non-metric 
Multidimensional scaling (NMDS) ordination based on Bray-Curtis similarity (%) of the 
phytoplankton community. 

respectively. At the bottom, cluster analyses at 50 % similarity level divided 28 species 

(> 4%) into five groups (I to V) and 9 ungrouped individuals (Fig. 2.11b). Clusters Ito V 

consisted of 9, 3, 2, 3 and 2 species respectively. The phytoplankton distribution pattern 

as seen through 2D NMDS ordination is presented in Figs. 2.11 a' and b'. The stress 

values in these cases exceed 0.05; hence the positioning of the points in the NMDS and 

the cluster is likely to be different. To bring in a similarity the lines encircling the points 
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is adopted. Amongst these species, S. costatum, F. oceanica, T. nitzschioides, C. 

curvisetus and Thalassiosira sp. are bloom-forming species while the others contributed 

significantly to the phytoplankton community on a few occasions. Based on these 

criteria, the species formed groups in the cluster and ordination analyses. 
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Fig. 2.11b. Cluster dendrogram of the phytoplankton species (>4%) from the bottom water 
using Bray-Curtis similarity (%) and group average method. b'. Non-metric Multidimensional 
scaling (NMDS) ordination based on Bray-Curtis similarity (%) of the phytoplankton 
community. 
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2.3.3.3. Spearman's rank correlation coefficient test 

The results of these analyses are shown in table 2.5. The results revealed that 

phytoplankton and diatoms showed a significant relationship with surface salinity, day 

length, and rainfall (Table 2.5). In case of dinoflagellates, a significant relationship was 

observed with surface phosphate concentrations and atmospheric pressure. These results 

indicate that diatoms, which form the dominant group among the phytoplankton 

community, are governed by freshwater discharge during the monsoon. 

Table 2.5. Results of Spearman's Rank Correlation Coefficient between environmental 
variables and phytoplankton. Significance level >95% has been considered. 

Parameters Phytoplankton Diatoms Dinofiagellates 
Surface Bottom Surface Bottom Surface Bottom 

R p R p R p R p R p R p 
SS -0.611 0.012 -0.646 0.007 -0.490 0.054 
SPO4  0.545 0.029 
BDO -0.511 0.043 
LD -0.567 0.022 -0.626 0.009 -0.533 0.033 -0.629 0.009 
RF 0.590 0.016 0.553 0.026 
RH 0.626 0.009 0.609 0.012 0.582 0.018 0.606 0.013 
PR -0.570 0.021 -0.602 0.014 

2.3.4 Diatom propagules from the sediments 

Altogether 41 species (22 centrales and 19 pennales) belonging to 20 genera of 

germiable diatoms have been recorded from sediments (Table 2.6). Of the 41 species, 

resting stages for only 16 species belonging to 12 genera have been reported (Table 2.6). 

Among these, benthic propagules of S. costatum and F. oceanica were observed 

throughout the investigation period, thus forming a major group, by constituting an 

average (16 months) of 43 and 30 % respectively throughout the investigation period. 

Benthic propagules of T. subtilis, Thalassiosira sp.1, Thalassiosira sp. 2, and C. 

curvisetus are the next dominant groups comprising an average of >2% annually but their 

distribution was discontinuous. The rest of the thirty-five forms were considered minor 

components. 
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Table 2.6. List of viable diatom species recorded and their abbreviations. 
* indicate resting stages recorded for the respective species. 

S. No. Species 	 Abbreviations 
CENTRICS 

1 Biddulphia granulata 	 BG 
2 B. rhombus (Ehrenberg) Smith, W. 	 BRO 
3 	Chaetoceros calcitrans * 	 CCL 
4 Chaetoceros curvisetus Cleve * 	 CCR 
5 Chaetoceros lorenzianus Grunow * 	 CHL 
6 Coscinodiscus marginatus Ehrenberg 	 CM 
7 Coscinodiscus sp. 	 CSP 
8 Ditylum brightwellii (West) Grunow * 	 DB 
9 Helicotheca tamesis Shrubs 	 HT 
10 Leptocylindrus danicus Cleve * 	 LD 
11 Odontella aurita (Lyngbye) Agardh * 	 OA 
12 0. regia 	 ORE 
13 0. sinensis (Greville)Grunow 	 OS 
14 Melosira granulata * 	 MG 
15 M. nummuloides C.A. Agardh 	 MN 
16 Paralia sulcata (Ehrenberg) Cleve * 	 MS 
17 Rhizosolenia stolterfothii * 	 RS 
18 Skeletonema costatum Greville (Cleve) * 	 SC 
19 Thalassiosira subtilis (Ostenfeld) Gran * 	 TSUB 
20 Thalassiosira sp. 1* 	 TSP1 
21 Thalassiosira sp. 2* 	 TSP2 

PENNATES 
22 Amphora coffeaeformis (Ag.) Kiitzing* 	 ACF 
23 A. rostrata Wm. Smith 	 ART 
24 Amphora sp 	 ASP 
25 Asterionellopsis glacialis (Castracane)* 	 AG 
26 Cocconeis sp. 	 CSP 
27 Cylindrotheca closterium (Ehrenberg) Smith 	 CIC 
28 Fragilariopsis oceanica (Cleve) Hasle* 	 FO 
29 Meuniera membranacea (Cleve) P. C. Silva comb. nov 	MM 
30 Navicula crucicula (Wm. Smith) Donkin 	 NC 
31 N. transitrans var. derasa £ delicatula Heimdal 	 ND 
32 N. inflexa 	 NI 
33 N. subinflata Grunow 	 NS 
34 Navicula sp. 1 	 NS1 
35 Navicula sp. 2 	 NS2 
36 Nitzschia bilobata Wm. Smith 	 NIB 
37 N. panduriformis Gregory 	 NIP 
38 Pleurosigma angulatum Sensu W. Smith 	 PA 
39 Pseudo-nitzschia seriata (Cleve) H. Pergallo 	 MS 
40 Thalassionema nitzschioides (Grunow) Mereschkowsky 	TN 
41 Unidentified sp. 	 UI 

2.3.4.1. Temporal variation 

Diatom benthic propagules persisted in sediments round the year and their relative 

abundance ranged up to 10 4  cells cm -3  wet wt of sediment (Fig. 2.12). Among the 
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centrics, S. costatum and, among the pennates, F. oceanica were dominant. One-way 

ANOVA revealed that benthic propagules of total diatoms, S. costatum, F. oceanica, 7'. 

subtilis, T. sp. 1, T sp. 2 and C. curvisetus showed a significant temporal variation (p s 

0.001) (Tables 2.7 a-g). The two major forms bloomed during the monsoon in the water 

column but disappeared sporadically (Figs. 2.13 a and b) whereas the next major forms 

showed small peaks followed by decline on certain occasions (Figs. 2.13 c-f). 

Table 2.7. One-way analysis of variance (ANOVA) to evaluate the temporal 
variations of the relative abundance of total and dominant diatoms (***= p < 0.001). 

a. Total diatom viable cells b.  Skeletonema costatum 
Source of variation df SS MS fs SS MS fs 
Between Groups 
Within Groups 
Total 

15 
32 
47 

19.7 
1.3 

20.9 

1.31 
0.04 

31.8*** 35.9 
1.5 

37.4 

2.4 
0.05 

50.80*** 

c.  Fragilariopsis oceanica d. Thalassiosira subtilis 
Source of variation df SS MS fs SS MS fs 
Between Groups 
Within Groups 
Total 

15 
32 
47 

28.3 
4.7 
32.9 

1.9 
0.15 

12.8*** 59 
8.08 
67.1 

3.93 
0.25 

15.57*" 

e. Thalassiosira sp. 1 f.  Thalassiosira  sp. 2 
Source of variation df SS MS fs SS MS fs 
Between Groups 
Within Groups 
Total 

15 
32 
47 

45.8 
9.34 
55.1 

3.05 
0.29 

10.5*** 53 
4.9 
57.9 

3.53 
0.15 

23.09*** 

g. Chaetoceros curvisetus 
Source of variation df SS MS fs 
Between Groups 
Within Groups 
Total 

15 
32 
47 

30.6 
9.96 
40.6 

2.04 
0.31 

6.55*** 
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Fig. 2.13. Comparision between water column and viable diatoms. a) Skeletonema 
costatum, b) Fragilariopsis oceanica, c) Thalassiosira subtilis, d) Thalassiosira sp.1, 
e) Thalassiosira sp.2 and f) Chaetoceros curvisetus. 

Cluster analyses of the sampling months based on relative abundance of diatom benthic 

propagules at 50% similarity level revealed two groups with five ungrouped individual 
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sampling months (Fig. 2.14a). Clusters I and II comprised of 3 and 8 sampling months 

(March, June, July, August, September, October, November, December 2000) 

respectively, whereas, the other sampling months formed a separate unit. Cluster II 

represented the sampling periods that are characterized by high abundance of diatom 

benthic propagules. The diatom propagule distribution portrayed a pattern similar to that 

of cluster analyses when subjected to 2D NMDS ordinations (Fig. 2.14b). 
20 
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Fig. 2.14. a. Cluster dendrogram of the sampling periods based on the relative abundance of 
diatom benthic propagules from the sediments using the Bray-Curtis similarity coefficient 
and group average method. b. Non-metric Multidimensional scaling (NMDS) ordination 
based on the Bray-Curtis similarity coefficient. 
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2.3.4.2. Species relationships 

Cluster analyses of the diatom benthic propagules (>4% relative abundance data) at 50% 

dissimilarity level divided 11 species into 2 clusters with 3 ungrouped individuals (Fig. 

2.15a). Clusters I and II consisted of 3 (S. costatum, F. oceanica and T. subtilis) and 5 

(Thalassiosira sp. 1, Thalassiosira sp. 2, C. curvisetus, N. transitans var. derasa f. 

delicatula and N. panduriformis) species respectively. Among these, S. costatum and F. 

oceanica, which were most similar, (Fig. 2.15) constituted the dominant group, while the 

others formed the next major group. The two dominant forms, S. costatum and F. 

oceanica occurred throughout the investigation period and their relative abundance 
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Fig. 2.15. a. Cluster dendrogram of diatom benthic propagules from the sediments 
using Euclidean distance and group average method. _b. Non-metric 
Multidimensional scaling (NMDS) ordination based on Euclidean distance of the 
diatom community. 
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ranged upto 10 4  cells cm —3  wet wt of sediment. Clusters 	each comprised of a 

single species and formed the minor group (as they occurred once or twice in high or low 

numbers). The diatom distribution portrayed a pattern similar to that of cluster analyses 

when subjected to 2D NMDS ordinations (Fig. 2.15b). 

2.3.4.3. Relationship between dominant benthic and planktonic diatoms 

In order to evaluate whether there was any density-dependent relationship between 

planktonic cells and the number of benthic propagules from the sediment of the same 

species, Spearman's rank correlation test was performed for the dominant species groups 

SC, FO, TSUB, TSP1, TSP2 and CCR (Table 2.6). The results revealed that the benthic 

propagules and vegetative cells of S. costatum showed a linear relationship while the 

others did not show any type of relationship (Table 2.8). 

Table 2.8. Results of Spearman's rank—correlation test between planktonic cells and benthic 
propagules of diatoms. Significance level >95% as been considered. 

	

S. costatum 	F. oceanica 	T. subtilis 	T. sp. 1 	T. sp. 2 	C. curvisetus 

	

R p 	R p 	R p 	R p 	R p 	R p 

Surface 0.64 0.007 -0.07 0.81 0.45 0.083 -0.37 0.164 -0.28 0.289 -0.22 0.404 
Bottom 0.6 0.014 -0.08 0.78 0.51 0.04 0.01 0.966 0.01 0.982 -0.05 0.869 

2.3.4.4. Spearman's rank correlation coefficient test 

The results of this test are presented in Table 2.9. The abundance of planktonic cells and 

benthic propagules of S. costatum showed a significant negative correlation with surface 

salinity and nitrate and a positive relationship with rainfall. The relative abundance of F. 

oceanica showed a significant negative correlation with surface salinity and surface 

nitrate whereas planktonic cells showed a negative relationship between sunshine hours 

and atmospheric pressure and positive relationship with bottom phosphate, silicate, wind 

direction and relative humidity. The relative abundance of 7'. subtilis showed a 

significant negative correlation with solar radiation and air temperature (AT) whereas 

planktonic cells showed a positive relationship with wind velocity for surface population 
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and positive for bottom phosphate (BPO4). The relative abundance of Thalassiosira sp. 1 

showed a significant negative correlation with surface nutrients (SNO3, SNO2 and SPO4) 

and bottom nitrate (BNO3). The relative abundance of Thalassiosira sp. 2 showed a 

negative correlation with surface phosphate (SPO4) and bottom nitrate (BNO3). The 

relative abundance of C. curvisetus showed a significant positive correlation with 

temperature (surface and bottom), rainfall and a negative correlation with surface nitrite 

and bottom phosphate. 

Table 2.9. Results of Spearman's rank-correlation test between environmental variables and 
diatoms from sediment and water column. Significance level >95% as been considered. 
a. Sediment 
Parameters DBP 	S. costatum 	F. oceanica T. subtilis 	T. sp. 1 	T. sp. 2 	C.curvisetus  

R p 	R p 	R p 	R p 	R p 	R p 	R p  
S T 	 0.65 0.006 
S S 	-0.58 0.018 -0.57 0.023 -0.52 0.041 

NO3 	 -0.57 0.022 -0.62 0.011 	 -0.66 0.005 

S NO2 	 -0.54 0.033 	 -0.51 0.042 

S PO4 	 -0.50 0.048 -0.50 0.048 
B T 	 0.50 0.049 
B NO3 	 -0.54 0.029 	 -0.70 0.003 -0.49 0.052 

B PO4 	 -0.51 0.046 
SR 	 -0.57 0.02 
RF 	 0.51 0.045 	 0.52 0.041 
AT 	 -0.79 0.000 

B. Surface water 
Parameters S. costatum 	F. oceanica 	T. subtilis 	T. sp. 2 	C. curvisetus  

R p 	R p 	R p  
SS 	-0.69 0.003 
SD 0 	 0.8 0.000 	 0.53 0.035 
5NO3 	-0.52 0.039 
SSi 	 0.53 0.034 
WV 	 0.58 0.02 
WD 	 0.50 0.046 
SH 	 -0.67 0.004 
RF 	0.51 0.046 
RH 	 0.52 0.040 
PR 	 -0.61 0.013 

C. Bottom water 
Parameters S. costatum 	F. oceanica 	T. subtilis 

R p 	R p 	R p  

BDO 	 -0.54 0.030 
BPO4 	 0.61 0.012 0.50 0.050 

BSi 	 0.68 0.004 
WD 	 0.56 0.025 
SH 	 -0.67 0.004 
RF 	0.69 0.003 	 0.56 0.024 
RH 	 0.58 0.018 
PR 	 -0.54 0.029 
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2.3.5 Dinoflagellate cysts from the sediments 

Altogether 66 types of dinoflagellate cysts were recorded from the sediment (Table 

2.10). Of these, 34 species belonging to 15 genera were identified. Dinoflagellate cyst 

densities ranged from 1.5 X 10 2  — 5.7 X 102  cysts g-lwet wt sediment (Fig. 2.16). One-

way ANOVA, with equal replications, revealed that cyst densities showed significant 

temporal variation (p<0.001) (Table 2.11). 

Table 2.10. Checklist of dinoflagellate cysts from the sediments. 
S. No. Taxon  Abbrev. S. No. Taxon Abbrev. 

1 Alexandrium affine (Inoue & Fukuyo) Balech 1992 Ale.aff 34 Dinocyst 1 Dcyst 1 
2 Alexandrium minutum Halim 1960 Ale.min 35 Dinocyst 2 Dcyst 2 
3 Alexandrium sp. Ale. sp 36 Dinocyst 3 Dcyst 3 
4 Cochlodinium sp. Coc. sp 37 Dinocyst 4 Dcyst 4 
5 Diplopsalis lenticula Berg 1881 Dip.len 38 Dinocyst 5 Dcyst 5 
6 Gonyaulax grindleyi (Reinecke 1967) Gon.gri 39 Dinocyst 6 Dcyst 6 
7 Gonyaulax scrippsae Kofoid 1911 Gon.scr 40 Dinocyst 7 Dcyst 7 
8 Gonyaulax scrippsae Kofoid 1912 Gon.scr 41 Dinocyst 8 Dcyst 8 
9 Gonyaulax spiniferites (Claparede & Lachmann) Gon.spi 42 Dinocyst 9 Dcyst 9 
10 Gonyaulax spiniferites (Claparede & Lachmann) Gon.spi 43 Dinocyst 10 Dcyst 10 
11 Gonyaulax sp. 1 Gon spl 44 Dinocyst 11 Dcyst 11 
12 Gonyaulax sp. 2 Gon sp2 45 Dinocyst 12 Dcyst 12 
13 Gymnodinium catenatum Graham 1943 Gym. cat 46 Dinocyst 13 Dcyst 13 
14 Gyrodinium impudicum Gyr. imp 47 Dinocyst 14 Dcyst 14 
15 Lebouraia minuta Leb. min 48 Dinocyst 15 Dcyst 15 
16 Lingulodinium polyedrum (Stein) Dodge Lin. pol 49 Dinocyst 16 Dcyst 16 
17 Pheopolykrikos hartmannii (Zimmerman) Phe. har 50 Dinocyst 17 Dcyst 17 
18 Protoceratium reticulatum (Claparede & Lachmann) Prot. ret 51 Dinocyst 18 Dcyst 18 
19 Protoperidinium claudicans (Paulsen) Balech 1974 Prot. cla 52 Dinocyst 19 Dcyst 19 
20 Protoperidinium compressum (Nie) Balech Prot. com  53 Dinocyst 20 Dcyst 20 
21 Protoperidinium conicum (Gran) Balech 1974 Prot. con 54 Dinocyst 21 Dcyst 21 
22 Protoperidinium divaricatum Prot. div 55 Dinocyst 22 Dcyst 22 
23 Protoperidinium latissimum (Kofoid) Balech Prot. lat 56 Dinocyst 23 Dcyst 23 
24 Protoperidinium leonis (Pavillard) Balech 1974 Prot. leo 57 Dinocyst 24 Dcyst 24 
25 Protoperidinium oblongum (Aurivillius) Parke & Dodge Prot. obl 58 Dinocyst 25 Dcyst 25 
26 Protoperidinium pentagonum (Gran) Balech 1974 Prot. pen 59 Dinocyst 26 Dcyst 26 
27 Protoperidinium sp. Prot. sp 60 Dinocyst 27 Dcyst 27 
28 Pyrophacus steinii (Schiller) Pyr. ste 61 Dinocyst 28 Dcyst 28 
29 Scrippsiella trochoidea (Stein) LoeblichIll 1976 Scr. tro 62 Dinocyst 29 Dcyst 29 
30 Scrippsiella sp. 1 Scr. spl 63 Dinocyst 30 Dcyst 30 
31 Scrippsiella sp. 2 Scr. sp2 64 Dinocyst 31 Dcyst 31 
32 Scrippsiella sp. 3 Scr. sp3 65 Dinocyst 32 Dcyst 32 
33 Spiniferites mirabilis Spi. mir 66 Dinocyst 33 Dcyst 33 

Table 2.11. One-way analysis of variance (ANOVA) to evaluate the temporal 
variations of the dinoflagellate cysts abundance from the sediments (*** = p < 0.001). 

Source of variation df SS MS Fs 
Between groups 15 7.19 0.48 6.11*** 
Within groups 32 2.51 0.08 
Total 47 9.69 
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Fig. 2.16. Temporal variations in the abundance of dinoflagellate cysts from the sediments. 

2.3.5.1 Temporal variation 

Cluster analyses of the sampling months based on the dinoflagellate cysts abundance 

(>4%) at 50% similarity level revealed 2 groups and 3 ungrouped individual sampling 

months (Fig. 2.17a). June 2000, September 2000 and December 1999 which formed 

separate units, were represented by low density. Clusters I and II comprised of 4 

(November 1999, January, April and November 2000) and 9 (September — October 1999, 

February, March, July, August, October, December 2000 and January 2001) sampling 

months respectively. Cluster I represented the sampling periods that are characterized by 

moderate abundance of cysts whereas cluster II was characterized by high abundance. 
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Fig. 2.17a. Cluster dendrogram of the sampling periods based on the abundance of 
dianoflagellate cysts from the sediments using the Bray-Curtis similarity coefficient and group 
average method. a'. Non-metric Multidimensional scaling (NMDS) ordination based on the 
Bray-Curtis similarity coefficient of the dinoflagellate cyst community. 
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The cyst distribution portrayed a pattern similar to that of cluster analyses when 

subjected to 2D NMDS ordinations (Fig. 2.17a'). 

2.3.5.2 Species relationship 

Cluster analyses of the dinoflagellate cysts (>4% abundance data) at 50% similarity level 

divided 35 species into ten clusters with seven ungrouped individuals (Fig. 2.17b). 

Cluster I consisted of 8 species: Gonyaulax scrippsae, G. spiniferites, Scrippsiella 
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Fig. 2.17b. Cluster dendrogram of the dinoflagellate cysts from the sediments using the 
Bray-Curtis similarity coefficient and group average method. b'. Non-metric 
Multidimensional scaling (NMDS) ordination based on the Bray-Curtis similarity 
coefficient of the dinoflagellate cyst community. 
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trochoidea, Protoperidinium conicum, P. oblongum, P. leonis, P. pentagonum and 

Pyrophacus steinii, the dominant groups. These forms occurred frequently and their 

densities ranged up to 10 2  cysts per g wet wt of sediment while the rest of the species 

belonging to other clusters and ungrouped individuals formed the next minor group (as 

they occurred once or twice in high or low numbers). The dinoflagellate cyst distribution 

portrayed a pattern similar to that of cluster analyses when subjected to 2D NMDS 

ordinations (Fig. 2.17b'). 

2.4 DISCUSSION 

Zuari estuary is a dynamic aquatic ecosystem exhibiting a strong seasonal gradient, both 

in environmental variables and plankton assemblages, because of the tight physico-

chemical and biological coupling. Of these, physical variability, driven primarily by 

external forcing events like meteorology and climatology, is fundamental. Wind- and 

weather-driven events cause physical changes and disruptions. These events lead to 

variability in temperature, irradiance, precipitation, run-off, nutrient-loading etc. in 

coastal environments. Such changes are instrumental in the complete transformation of 

the phytoplankton community structure and production (Devassy and Goes 1988, 

Bhattathiri et al. 1976). Therefore, in this attempt, the focus was on the patterns of 

variability, which characterize the occurrence of phytoplankton species, community 

organization and the processes that influence diatom dormancy and rejuvenation in 

tropical waters, with a clearly demarcated monsoon season. 

Zuari estuary sustains diverse assemblage of phytoplankton species in the water column 

that differ seasonally. The phytoplankton community comprises of the following groups: 

diatoms, dinoflagellates, blue green algae, silicoflagellates and prymnesiophytes. The 

present investigation supported by earlier studies (Devassy 1983, Devassy and Goes 
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1988), reveals that diatoms followed by dinoflagellates dominate the phytoplankton 

community (Fig. 2.7) in both surface and bottom waters of this estuary. Diatoms 

comprised 85 and 92 % and dinoflagellates 11 and 7% of the total phytoplankton 

community in surface and bottom waters (Fig. 2.7) respectively. The phytoplankton 

abundance, diversity, evenness, and species richness showed significant variation 

between water depths and sampling months (Table 2.4). 

Of the 137 phytoplankton species recorded (Table 2.3), only 33 species in the surface 

and 28 species in the bottom contributed more than 4% to the total population (Fig. 

2.11a). Cluster analyses divided these species into various groups and subgroups at 50% 

similarity level depending upon their occurrence. Most of these forms are known to 

form blooms. However, there are considerable variations like timing, frequencies, 

intensity, trend, etc. in the bloom and occurrence pattern of individual blooms. At least 8 

distinct recognizable patterns of variability were observed during this investigation 

(Table 2.12). S. costatum and F. oceanica were the most dissimilar forms from surface 

and bottom waters. The blooming of S. costatum (1000 cells m1-1) and F. oceanica 

(-120 cells m1-1) is an annual phenomenon during monsoon along the west coast of India 

(Devassy 1983, Gopinathan 1974, Mitbavkar and Anil 2002, Personal observation). 

Even though the numbers of these species were high, the chlorophyll concentrations 

were low (Fig. 2.6a). Trends of disappearance are also known for S. costatum bloom 

elsewhere (Boalch 1987) and this was also observed in the Zuari estuary (Personal 

observation). Trends of decreasing abundance were also observed. An F. oceanica 

bloom, observed during early phase of the monsoon, decreased gradually from June to 

September 2000 in the bottom waters indicating a decreasing trend. Episodic bloom 

occurrences of indigenous species that normally do not bloom, or show only modest 

seasonal increases, are common. Many of the species responsible for the apparent global 
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increase in harmful algal blooms (HABs) are of this type (Smayda 1989, 1990). In the 

present study, blooms of harmful species such as C. polykrikoides (-60 cells m1-1) and G. 

catenatum (-22 cells m1-1) were observed in the water column (Fig. 2.7a) during 

monsoon, when there was a break in rainfall (July 2000). During this period, fish deaths 

were observed (Personal observation) and this went unnoticed, as the bloom existed for a 

very short period. A red tide caused by this species was also observed in the subsequent 

year during the early phase of post-monsoon (October 2001) with a cell density of — 

2000 cells m1-1 , and caused mass fish mortality. G. catenatum is known to cause 

paralytic shell fish poisoning (PSP) and its toxic effects have been reported from the 

Mangalore coast (Karunasagar et al. 1984, 1990). 

A single species-bloom of Thalassiosira sp. 1 (-30 cells m1 -1  at surface and —10 cells mr 

at bottom) was observed during December 2000 and January 2001 but not in December 

1999 and January 2000 responding to increased loading of nitrate concentration of local 

origin (Fig. 2.3a). Some species were present throughout the year, e.g. a diatom species, 

T. nitzschioides. On certain occasions, species like E. zodiacus, Coscinodiscus 

marginatus, G. flaccida, L. juergensii, and N. angularis were predominant in the 

community. Stochastic blooms caused by many taxa are a common phenomenon. Such 

blooms occurred twice in a year in this estuary, i.e., once during the monsoon break 

(-152 cells m1-1) or at the end of the monsoon period (-80 cells ml -1) and the next during 

the pre-monsoon period (-52 cells m1 1  at surface and —80 cells mr 1  at bottom). The 

blooms occurring during the monsoon can be the resultant effect of increased discharge 

of nutrients by land run-off and precipitation, i.e., 'bottom up' effect, whereas, the pre-

monsoon blooms can be related to decreased grazing pressure, i.e., 'top down' effect. 

During these periods, the chlorophyll a concentration also peaked (Fig. 2.6a). Most of 

the pennate diatoms like Navicula and Pleurosigma, which are primarily encountered in 
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sediments and tidal flats, were also found in the water column (-10 cells m1 -1) through 

resuspension (de Jonge and van Beusekom 1992, Tomas 1997), and it seems reasonable 

to assume that their primary production in the water column is as effective as on tidal 

flats (de Jonge and van Beusekom 1995). 

Whatever factors influence these different patterns, including recruitment from hidden 

flora or ballast water introductions of immigrant species, the ultimate fate of 

phytoplankton is death or the formation of resting stages as a survival alternative. The 

typical fate of these blooms is to settle (local or distant places) onto sediments in the 

form of live cells or resting stages (Smetacek 1980, 1985, Alldredge and Gotschalk 

1989, Kiorboe et al. 1994). Other than this, the phytoplankton cells reaching the sea 

floor have a variety of fates. They may be recycled by the benthic fauna, bacteria or 

chemical dissolution (Sancetta 1989, Smetacek 1999) or they may become buried in the 

stratigraphic record. For most cells, the end result is death. However, some cells survive 

up to many years as resting stages within the sediment (Lewis et al. 1999, McQuoid et al. 

2002). These resting stages act as a repository of genetic material, which are able to seed 

the surface waters for further primary production (Carrick et al. 1993) under suitable 

growth conditions. 

The ecological role of phytoplankton resting stages in sediments has been actively 

investigated, mainly in several harmful species (Fukuyo 1982, Imai and Itoh 1987, 

Ishikawa and Taniguchi 1994). In order to consider the role of dominant phytoplankton 

resting stages, it would be helpful to compare the ecological characteristics of 

phytoplankton resting stages between dominant groups. In the present study, the diatom 

benthic propagules dominated over the dinoflagellates by the order of 10-10 3  times, 

despite the fact that the maximum abundance of the planktonic cells in the water column 
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was of similar order. This may indicate different seeding strategies between diatoms and 

dinoflagellates. Itakura et al. (1997) also reported similar observations. Viewed from 

the evolutionary ecology of phytoplankton, diatoms are considered to be r-selected 

organisms (Kilham and Kilham 1980), which are characterized by their faster growth 

response and /or oppurtunistic appearance in highly turbulent enviromnents (Margalef 

1978, Kilham and Kilham 1980). On the other hand, dinoflagellates are considered to be 

k-selected organisms, specialists in resource-limited environments where there is intense 

interference from neighbors (Harper 1977). In the study of terrestrial plants, r-species 

are known to form larger numbers of small seeds, which have shorter periods of innate 

dormancy (Harper 1977). The population of benthic propagules, which seems to be 

controlled by the r-strategy, may serve as a continual source of vegetative cells in 

fluctuating coastal environments throughout the year. Although, these concepts are 

based on the relative evaluation of ecological characteristics, r- vs k selection, is a rather 

simplistic comparison between two groups or species; differences in the ecological 

characteristics (r- and k-selection) could be observed in the diatom groups (eg. 

planktonic and benthic) or even in one species (eg. winter and summer clone) (Fryxell 

1991 and 1994). Nevertheless, in general, improved knowledge of the different 

strategies of phytoplankton will help to understand the mechanisms of species succession 

in coastal environments. 

Smayda (2002) considered that diatoms and dinoflagellates have contrasting bloom 

behavior. Blooms (independent of species composition) of the most dominant group, 

diatoms, are annually recurrent, predictable, prolonged, of high species diversity and a 

species succession occurs (Guillard and Kilham 1977, Smayda 1980) as compared to 

dinoflagellate blooms. In the Zuari estuary, diatoms are not only dominant by numbers 

but also by high species count, richness and diversity as compared to dinoflagellates 
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(Fig. 2.9). Considering such a scenario, the present discussion is further focused on the 

pattern of diatom dormancy and rejuvenation in a monsoon influenced tropical 

environment. Among the population of diatom benthic propagules, Skeletonema, 

Fragilariopsis, Chaetoceros and Thalassiosira were dominant. Amongst these, benthic 

propagules of S. costatum and F. oceanica persisted .round the year in the sediments 

(Figs. 2.13 a and b) and were dominant, constituting 73% of the total benthic propagules. 

This reveals that S. costatum and F.oceanica are permanent residents of this region and 

their benthic propagules may function as short term resting stages between intermittent 

blooms. Of the 41 species (Table 2.6), benthic propagules for 6 species belonging to 4 

genera were dominant (Fig. 2.15, Cluster I and II) suggesting that only the pelagic forms 

contributed significantly to the pool of benthic propagules. The dominant species 

followed the order of S. costatum > F. oceanica > Thalassiosira spp. > C. curvisetus. 

Among the dominant species, only S. costatum showed a linear relationship (Table 2.8) 

between the benthic propagules and planktonic cells indicating that this species is 

particularly important for the coupling of pelagic and benthic ecosystems. 

Diatom community structure in the present study site is linked to various physico-

chemical (Table 2.5) and biological factors such as advection, mixing rates, light, 

salinity, turbulence, sedimentation, nutrient availability, grazing, etc. and the interaction 

between these factors. The influence of various factors on diatom dormancy, 

rejuvenation as well as the temporal distribution of diatom benthic propagules in a 

tropical estuary is discussed further based on a schematic pathway (Fig. 2.18). This 

schematic pathway describes the probable processes involved in diatom dormancy and 

rejuvenation, emphasizing on the events during monsoon. Only four species (S. 

costatum, F. oceanica, C. curvisetus, Thalassiosira sp. 1) are considered in the schematic 

pathway based on their abundance in the water column. In this schematic pathway, 
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regular letters and the continuous lines indicate data from this study, whereas italic 

letters and discontinuous lines indicate hypotheses supported with published data from 

this area. 

Fig. 2. 18. Schematic pathway explaining the process involved in diatom dormancy and 
rejuvenation in a tropical estuary. SC - Skeletonema costatum, FO - Fragilariopsis oceanica, 
Tspl - Thalassiosira sp.1, CC - Chaetoceros curvisetus, rs — Resting stages, # - Optimal 
conditions, - - Minimal conditions, + - Maximum conditions, psu - Salinity, °C — Water 
temperature, DO — Dissolved oxygen and NO 3  — Nitrate concentration, RW — River water, BP — 
Benthic propagules, PC - Pelagial cells, P - Production, R - Respiration 
Note: 1) Stratification observed during monsoon is marked with dotted region for surface 
waters. 2) Regular letters and continuous lines are supported with observed/processed data from 
this study, whereas italic letters and discontinuous lines are hypothesis supported with published 
data for this area. 

The classical scenario begins with the onset of the southwest monsoon, which causes a 

drastic change in the hydrodynamic characteristics. Such changes are instrumental in the 

complete transformation of the phytoplankton population size and structure (Devassy 

and Goes 1988). The coastal zone off western India experiences moderate upwelling 

during June-November (Banse 1959, 1968); the intrusion of this upwelled water is felt in 

the present study site. With the onset of the monsoon, the study site experiences a high 

1 freshwater influx (Shetye et al. 1995) at a flow rate of >10,000 ML day when most of 
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the annual precipitation occurs over the catchment area (Unnikrishnan et al. 1997). 

Hence, during this period, stratification develops (Fig. 2.2), with a warmer, lower salinity 

layer arising from large land run-off and local precipitation in the surface and the cold, 

saline, oxygen depleted upwelled water at the bottom (Naqvi et al. 2000). These 

processes have a pronounced influence on the native phytoplankton community in this 

estuary. The increased flow rate caused by riverine discharge can physically affect the 

phytoplankton community by either flushing the existing diatom cells (marine forms) 

from the surface waters (loss processes) or inoculating the accumulated seed stock from 

the bottom sediment along with nutrients (Fig. 2.3) into the water column (gain 

processes). In the present study, this phenomenon occurred twice during the monsoon 

i.e. once at the onset (June 2000) and the other at the restart of rainfall after a monsoon 

break (August 2000). 

Wind velocity, currents and tides are the other important physical factors that resuspend 

the microphytobenthos along with sediment, thereby influencing the phytoplankton 

community (de Jonge 1995, de Jonge and van Beusekom 1995). The maximum current 

speed in this estuary occurs during the monsoon whereas an average of —20 cm s -1  exists 

during the dry season (non-monsoon period) (Jayakumar et al. 1996). The microcosm 

experiment conducted by de Jonge and van den Bergs (1987) showed that, under natural 

conditions in shallow waters, clear resuspension of mud, sand and benthic diatoms starts 

at current velocities as low as ca. 10 cm s -1 . In the present study site, the current speed is 

greater during spring tide (Jayakumar et al. 1996) than the critical current speed (>20 cm 

- s 1), which is required to resuspend the bottom sediment (Bloesch, 1994). Beaulieu 

(2003), who conducted a laboratory flume study using S. costatum and Chaetoceros spp. 

suggested that the coupling of settled phytodetritus and other sticky organic flocs to the 

water column is enhanced by waves. Thus, it may be possible that the distribution of 
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resting stages is influenced by their frequent resuspension along with the sediment 

followed by sinking at the same or distant places. Such frequent resuspension of resting 

stages for a short time and subsequent resinking at the same or distant place could 

provide them with 'recharging' periods of brief photosynthesis without inducing 

germination (French and Hargraves 1980). Hence, the flow pattern in Zuari estuary 

plays a dual role in influencing the diatom community structure both, in the water 

column (growing stage) by affecting the residence time available for different species to 

grow, and on the seabed (benthic propagules) by frequent resuspension followed by 

transportation to distant places. 

The specific hydrodynamic conditions during the onset of monsoon and again at the 

restart of rainfall after an intermittent monsoon break affects the phytoplankton biomass 

not only through physical flushing but also by controlling the salinity and nutrient 

gradients to which the cells are exposed. It is evident from Fig. 2.2 that during the 

monsoon, salinity stratification occurs indicating the influence of freshwater discharge at 

the surface (lower salinity). The freshwater discharge resuspends and further carries the 

accumulated benthic diatom propagules that are present round the year (Fig 2.12) along 

with nutrients and other detrital particles from the bottom. At the same time, the 

nutrient-rich upwelled water at the bottom is also capable of resuspending the 

accumulated benthic propagules. This process occurred twice in the present 

investigation, once at the onset (June 2000) and the other after an intermittent monsoon 

break (August 2000). Once resuspended, the propagules will not be able to sink because 

of the stratification. Among the diatom propagules, opportunistic species like S. 

costatum at the surface and F. oceanica at the bottom, take advantage of the prevailing 

environmental conditions and bloom. In the present study, S. costatum bloomed in June 

2000 and August 2000 in less saline (Figs. 2.13a and 2.2b), nutrient-rich, turbid, surface 
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waters, whereas F. oceanica bloomed once (June 2000) in high saline, low oxygen and 

temperature, nutrient-rich bottom waters and continued to be present till the end of 

monsoon (Figs. 2.13b and 2.2). In case of S. costatum, the propagules once suspended at 

the surface will not sink to the bottom because of the stratification. As a result, the S. 

costatum propagules get ample opportunity to remain at the surface. During minimum 

rains, the resuspended S. costatum propagules are able to rejuvenate and proliferate even 

under turbulent flow conditions because of their faster growth rate (Table 2.4b). Fogg 

(1966) reported that S. costatum grows at the rate of —2 doublings day -1 . Thus, 

freshwater flow rate and upwelled water during monsoon play a crucial role in 

influencing the diatom population structure in surface and bottom waters respectively. 

During this period, sunshine hours ranged from 2 to 6 h (Fig. 2.4c), whereas salinity was 

18 and 30 psu in surface and bottom waters (Fig. 2.2b) respectively. This stratification is 

an ideal condition for blooming of the two species in nutrient-rich waters. The 

rejuvenation/proliferation process proceeds rapidly once the benthic propagules find 

themselves in a suitable environment. It has been reported that diatom germination is 

influenced by a combination of temperature and light (photoperiod and irradiance) 

similar to those in the environment during sporulation (Hollibaugh et al. 1981, Hobson 

1981, Eilertsen et al. 1995). Figs. 2.4 (c and d) and 2.18 (a and b) reveal that S. costatum 

and F. oceanica are capable of rejuvenating and proliferating even under minimum light 

conditions; these forms bloom in the water column due to their faster growth rate even 

when the photoperiod and irradiance are minimal. The opportunities for growth of other 

diatom species in the water column could be minimal because of the following reasons 

1) the conditions are not favorable 2) slower growth rate or 3) the blooming of S. 

costatum suppresses the growth of other diatoms (either by oxygen depletion [GEOHAB, 

2001] or by acting as a flocculating agent [Hansen et al. 1995]). 
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In case of S. costatum, the bloom observed in June declined by two-folds during the next 

month (July 2000) (Fig. 2.13a). This may be attributed to the following reasons 1) 

`bottom up' effect, 2) competition, and 3) cell-cell contact. Usually, a S. costatum bloom 

lasts for a few days to weeks. Figs. 2.2b and 2.3a revealed that a sudden rise in salinity, 

coupled with nitrate depletion, might be one of the possible reasons for the decline, 

revealing a 'bottom up' (limitation by resources) rather than 'top down' (predation 

control) effect as grazing pressure during this period was minimal. In addition, during 

this period (July 2000), the percentage of oxygen saturation exceeded 100% indicating 

that production is dominant over respiration (Fig. 2.19). 

120 — Over saturation (>100%) 
(Production> Respiration) 

Saturation (100%) 
(Production= Respiration) 

Under saturation (<100%) 
(Production< Respiration) 

40 	 I 	I 	I 	I 	I 	t 	I 	l 	I 	1 	111111 
SO ND J F MAMJuJyAgSON DJ 
99 	 00 	 01 

Months 
Fig. 2.19. Temporal variations in the oxygen saturation (%) from the water column 

Gran (1912) hypothesized that resting stage formation is believed to be initiated by poor 

growth conditions in the water column. Once formed, they sink to the sediment, where 

they remain as benthic stages. This hypothesis is by far the most widely used 

interpretation for the role of resting stages in marine environments (French and 

Hargraves 1980, Garrison 1981, Hollibaugh et al. 1981). Most authors have reported 

nitrogen depletion to be the most important environmental variable causing dormancy in 
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marine diatoms. In the present study, it was nitrate depletion in the water column that 

induced dormancy in S. costatum (Table 2.9a). The maximum number of resting stages 

may be formed during or just after a period of maximum vegetative cell division 

(Heaney et al. 1983, McQuoid and Hobson 1996, Zohary et al. 1998). Once formed, 

they sink out of the euphotic zone into the sediment (Fig. 2.12b), when the sea is calm 

and well mixed. Since the sinking rate for S. costatum is high (Von Bodungen et al. 

1981), during the bloom, large numbers of resting and senescent cells, in aggregates, 

sank to the bottom in a short span of time as the present study site is shallow (<10 m 

deep). This indicates that sedimentation of the bloom diatom (S. costatum) is one of the 

important loss processes from the surface waters. Smetacek (1985) reported that such a 

process (sedimentation) plays a crucial role in the survival strategy as it represents the 

transition from a surface growing stage to a benthic or deep-water resting stage in their 

life cycles. Once settled at the bottom, the diatom resting stages survive for a long time 

in the sediment (Lewis et al. 1999). Hansen and Josefson (2001) reported a new aspect 

of diatom longevity in sediments: that the diatom pool persists for several months even 

though benthic macrofauna, including deposit feeders, are abundant in the sediment. The 

settled benthic propagules would serve as the seeding units for the next bloom. 

Subsequent to the decline of the S. costatum bloom, a mixed bloom of diatoms and 

dinoflagellates was observed during July 2002 when there was a break in rainfall; 

nutrient-poor water was well mixed (Figs. 2.2 a, b, 2.3a) and the sea was calm. The 

mixed bloom consisted of slow-growing, large-sized diatoms (C. curvisetus, P. seriata, 

7'. nitzschioides, L. danicus) and dinoflagellates (C. polykrikoides and G. catenatum) 

with still slower growth rates. This type of succession follows the general succession 

pattern (Margalef 1958, Devassy and Goes 1988). These slow-growing, large-sized 

phytoplankton contribute much to the chlorophyll pool (Fig. 2.6a). Normally, such 
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blooms are observed during the end of the monsoon or at the beginning of the post-

monsoon season. It may be possible that the mixed blooms might have out-competed the 

S. costatum bloom. Garrison (1981) reported that certain species might drop out of 

competition by sporulation, if faced with a competitor that can take up a nutrient, such as 

nitrate, more efficiently at low concentrations. It has also been reported that exocrine 

substances released by species that come later in the sequence might mediate the 

replacement of species typical of the first stage, such as S. costatum (Pratt 1966). Uchida 

(2001) also suggested that inter- and intra-specific cell contact plays an important role in 

the life cycle of some dinoflagellate species. Hence, it may be possible that the mixed 

blooms might have affected the ecological behavior of S. costatum or the decline of the 

bloom might have induced the other species to flourish; however, this aspect requires a 

detailed investigation. Hence, it may be possible that the benthic propagules of S. 

costatum bloom first (June 2000) and the pelagial cells serve as seeding units for the 

second bloom (August 2000). This bloom further undergoes various loss processes like 

herbivore grazing (Fig. 2.19), sedimentation and resting stage formation due to nitrate 

depletion (Table 2.9). 

C. curvisetus, one of the dominant species in the mixed bloom, is favoured by high 

salinity and transparent conditions for growth (Fig. 2.13d). This species also bloomed in 

surface waters during the pre-monsoon period (March 2000, Fig. 2.13d), when the 

herbivore grazing pressure was minimum (Fig. 2.19). Thus, it may be possible that the 

induction of low saline waters by freshwater discharge either at the onset (June 2000) or 

restart of the monsoon after a break (August 2000) might have triggered them to undergo 

sporulation in the surface waters and be flushed out physically from the surface. The 

sinking pattern of the resting stages, if formed, is influenced by stratification. This 
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reveals that salinity plays an important role in controlling the surface diatom populations 

under estuarine conditions. 

These observations revealed for the first time that a bimodal oscillation trend (BOT) in 

the rainfall during the monsoon shifted the blooms from those of species adapted to low 

salinities to blooms adapted to high salinities and vice versa. Thus, the timing and 

magnitude of physical events like rainfall and land run-off during the monsoon is critical 

in the occurrence of phytoplankton blooms of different species. 

It is well known that phytoplankton blooms stimulate zooplankton production and 

indirectly the entire food chain (Devassy et al. 1979). Synchronization of larval release 

with phytoplankton blooms has been observed in some invertebrates like barnacles, 

bivalves and echinoderms (Starr et al. 1991). A separate investigation carried out on 

barnacle recruitment in the study site revealed that S. costatum blooms could provide 

positive cues to barnacles (Balanus amphitrite) to release their larvae. However, such 

impulsive release of larvae during the monsoon break could be a shortsighted luxury and 

lead to recruitment failure (Desai 2002). It was also observed that during the S. costatum 

bloom i.e. before and after the monsoon break i.e. June and August 2000, during which 

highest cell counts were recorded in the present investigation, production is lower than 

respiration (Fig. 2.19). It may be due to grazing pressure as these blooms stimulate 

secondary production or the microbial loop (bacterial respiration). Among the 

planktivorous fishes i.e. oil sardines (Sardinella longiceps) and Indian mackerels 

(Rastrelliger kanagurta) form the major groups in the pelagic fishery from this region. 

Their stocks are influenced by several environmental parameters. It has been reported 

that F. oceanica seems to be a good indicator of the abundance of oil sardine stocks in 

coastal waters (Devassy 1974). The growth and abundance of these pelagic fishes are 
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associated with phytoplankton blooms, dominated by diatoms. In this region, diatom 

abundance results in higher population density of zooplankton during early post-

monsoon months. The report on zooplankton community from this region indicates that 

copepods constitute the dominant group (Padmavati and Goswami 1996); in addition, 

they are the major herbivores grazing on phytoplankton blooms (Smetacek 1985, 

Kiorboe and Nielsen 1994). Hence, it may be possible that oscillations in rainfall during 

the monsoon resulting in shift of phytoplankton blooms might give differing signals to 

higher trophic organisms. The long-standing view that zooplankton utilize most of the 

phytoplankton within the surface layer has led to the implicit assumption that copepod 

fecal matter comprises the bulk of sinking particles (Steele 1974). Since resting cells 

and spores of several species have thick outer coverings that are resistant to digestion by 

grazers (Hargraves and French 1983), this may greatly influence food web dynamics in 

the euphotic zone. Such fluxes and the oscillations in the factors that influence them are 

critical to ecosystem functioning. 



Chapter 3 

Diatoms in the microfilm 
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3.1. INTRODUCTION 

Marine and freshwater biofouling is one of the major unsolved problems currently 

affecting the shipping industry and industrial aquatic processes. In the aquatic 

environment, any submerged solid surface gets coated by a complex layer, initially 

consisting of an organic conditioning film. Formation of this film is immediately 

followed by an accumulation of microorganisms and the secretion at their cell surface of 

extracellular polymeric substances (EPS) during attachment, colonization, and 

population growth. This process is known as microfouling and the resulting layer termed 

as microfilm/biofilm. The microfilm subsequently induces settlement of larvae of higher 

organisms such as barnacles, mussels, tubeworms etc., thus leading to macrofouling. 

These fouling organisms cause serious technical problems by settling on shiphulls, 

power plant cooling systems, aquaculture systems, fishing nets, pipelines and other 

marine infrastructure. Ships suffer increased drag and surface corrosion leading to lower 

speeds, thereby causing higher fuel consumption and maintenance costs. 

Fouling is a dynamic process. The specific organism that develops in a fouling 

community depends on the substratum, geographical location, the season and factors 

such as competition and predation. In the entire process of biofouling, diatoms are 

amongst the earliest eukaryotic colonizers of submerged artificial surfaces and one of the 

most conspicuous organisms in biofilms (Evans 1988). However, till date, few studies 

have focused on the community structure of fouling diatoms in the marine environment 

(Cooksey et al. 1984; Edyvean et al. 1985; Karande 1987; Bhosle et al. 1989; Kelkar 

1989; Shantakumaran 1989; Rao 1990; Raveendran et al. 1991; Bhosle 1993; Pangu 

1993; Venugopalan 1994; Prabhadevi 1995a; 1995b; Redekar 1997; 2000b). Another 

aspect, which has been neglected in this area, is the approach towards the quantitative 

study of fouling diatoms. Scraping has been used as a traditional method for enumerating 
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the fouling diatom community from various types of substrata. However, there is no 

comparative and standardized method as to check the amount of cell loss that occurs 

through the use of traditional methods. 

In this investigation, efforts were made to find an appropriate technique for the 

quantitative study of fouling diatoms by comparing the use of different tools for removal 

of microfilms. Also, the volume of the microfilm sample to be taken for observation was 

standardized. Subsequent to this study, taking the appropriate method into account, an 

evaluation of the temporal variation (both qualitative and quantitative) in the fouling 

diatom community was undertaken. This study included the evaluation of exposure 

period and types of substrata. 

3.2. MATERIALS AND METHODS 

3.2.1. Study area 

All the investigations were carried out at Dona Paula Bay located at the mouth of the 

Zuari estuary, Goa, (15 °  27.5' N, 73°  48' E), on the west coast of India (Fig. 3.1). This 

estuary is classified as a tide-dominated, coastal, plain estuary. The river Zuari has its 

source in the Western Ghats, and it extends up to 70 km before meeting the Arabian Sea. 

This river is influenced by seawater inflow up to a considerable distance inland, and it 

receives a large quantity of fresh water during the southwest monsoon season. Based on 

this, a year has been classified into three seasons viz. monsoon season (June—September), 

followed by a recovery period during post—monsoon (October—January) and thereafter a 

stable pre-monsoon period (February—May). 

3.2.2. Experiment 1. 

A comparative evaluation of various tools employed for the removal of microfouling 

material and estimation of diatom population has been carried out. The aim of the study 
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Fig. 3.1. Geographical location of study area. 

is to develop a very simple and reliable method for the estimation of microfilm diatom 

population. Evaluation of the diatom population from the microfilm was done by using 

different techniques such as brushing, scraping and direct observation. 

For this study, 40 cleaned fiberglass panels measuring 15 x 10 x 0.2 cms bolted to 

fiberglass flats with PVC nuts and bolts and 60 glass-slides measuring 2.5 x 7.5 cms 

fixed to a wooden frame were deployed at subsurface level at Dona-Paula Bay, Goa, 

India. Ten fiberglass panels and 15 glass slides were retrieved every alternate day for a 

period of four days and were transported to the laboratory in an insulated cool-box 

containing seawater. 

For the study, two different types of tools (nylon brush and ceramic scraper) were used 

for removing the microfilm from the test substrata. Out of the 10 fiberglass panels, 

microfilms from 5 panels were removed with a nylon brush whereas a ceramic scraper 

was used for the remaining 5 panels. The removal of microfilm from individual panels 
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was done separately in a dried glass tray with 100 ml of 0.45 itm membrane filtered 

seawater. The scraped material, in replicates of five for each tool, was fixed with 4% 

Lugol's iodine for enumeration of diatom population. 

Similar tools and methods were employed for removing microfilm from glass-slides. 

Out of 15 glass slides, 3 glass slides were used for direct observation of diatom 

population. Considering 2 glass slides as a single unit, microfilm from 3 units were 

removed with a nylon brush and the remaining 3 units with a ceramic scraper. The 

scraped material was fixed with 4% Lugol's iodine for enumeration of diatom flora. 

The microfilm samples obtained were allowed to stand for —2 days for sedimentation in a 

100 ml measuring cylinder. The top 90 ml of the sample was siphoned out. The 

remaining 10 ml of the sample was mixed thoroughly and sub-samples (2 ml, 3 ml and 5 

ml representing 20%, 30% and 50% of the samples) were taken for enumeration of 

diatom population. The results are presented in terms of diatom abundance per dm 2. 

3.2.2.1. Data analysis 

The results were further subjected to various statistical analyses to evaluate the efficiency 

of the tools used for the removal of microfilm. 

Univariate measures included the calculation of species count (S), Shannon-Wiener's 

diversity index (H'), species richness (d) and evenness (J') of the diatom community, for 

the different volumes of the microfilm samples obtained from glass and fiberglass 

substrata using both tools for microfilm removal (Pielou 1984). Similar analyses were 

also performed on the data obtained from the direct observation of the microfilm 

developed over glass slides. This analysis was performed using a statistical software 

PRIMER version 5. 
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Linear regression analysis on diatom abundance (after transforming to %) for the 

different volumes of the microfilm samples for all days was performed to compare the 

different volumes. 

Two-way analysis of variance (ANOVA) with equal replications was performed on the 

fourth root transformed diatom abundance data to evaluate the sub-volume variation in 

the univariate measure of the microfilm sample obtained from fiberglass substrata and 

also to compare between the tools (nylon brush and ceramic scraper) used for removing 

the microfilm with respect to values of univariate measures. 

3.2.3. Experiment 2. 

3.2.3.1. Environmental parameters 

Surface water samples (in triplicate) were collected every month for 5 consecutive days 

from the study site, during the period of panel submersion. Analysis of temperature, 

salinity (Mohr-Knudsen titration method) (Strickland and Parsons 1965), dissolved 

oxygen and nutrients (NO2-N, NO 3-N, PO4-P and SiO3) were carried out by standard 

procedures (Parsons et al. 1984). A known volume of the water sample was preserved 

with 4% Lugol's iodine solution for estimating the diatom population by the 

sedimentation method (Hasle 1978). 

3.2.3.2. Type of substrata 

Fiberglass, glass, copper and cupro-nickel (70:30) panels admeasuring 15 x 10 x 0.2 cm 

were used in this study. 

3.2.3.3. Substrata submersion 

The panels, with 8 mm holes drilled at one end, were bolted to fiberglass flats with PVC 

nuts and bolts and suspended at the sub-surface level (— 1m below lowest low tide level). 
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Earlier reports (Smita et al. 1997; Smita and Anil 2000) and personal observations of the 

present study area have revealed the dominance of microorganisms on substrates for one 

to four days, followed by the arrival of macro organisms. So the submersions were 

carried out for four consecutive days, once every month in order to obtain 1, 2, 3 and 4 

day old microfilm over a period of 14 months (November '98 to January 2000). 

3.2.3.4. Assessment of settlement 

Panels (in replicates of 5) were removed every consecutive day till the fourth day. They 

were then scraped with a nylon brush (Sharma et al. 1990) into known quantities (— 100 

ml) of 0.45 lam membrane filtered seawater. The scraped material was then fixed with 4 

% Lugol's iodine. This preserved material was subjected to sedimentation in a settling 

chamber (Hasle 1978) and the diatom cells enumerated both qualitatively and 

quantitatively using a compound microscope. Diatoms were identified based on the keys 

provided by Heurck (1896), Subrahmanyan (1946), Desikachary (1987), Round et al. 

(1990) and Tomas (1997). The results are presented in terms of diatom abundance per 

dm2. Simultaneously, another set of scraped material from the panels was used for 

chlorophyll a analysis (Parsons et al. 1984). 

3.2.3.5. Data analysis 

The water column and fouling diatom community were subjected to univariate and 

multivariate analyses. 

Univariate analysis: Univariate techniques included the calculation of species count (S), 

Shannon-Wiener's diversity index (H'), species richness (d) and evenness (J') of the 

diatom community, in both, the water column and the fouling film (Pielou 1984). 
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Multivariate analysis: The fourth root-transformed data on the fouling diatom abundance 

was subjected to Multiple Analysis of Variance (MANOVA) (Sokal and Rohlf 1981) to 

evaluate temporal (days and months) and substratum variance. 

The water column and fouling film diatom community (which averaged more than 5% of 

the total diatom community) were subjected to cluster analysis with respect to species for 

1, 2, 3 and 4 days of submersion. Clustering was performed through Bray Curtis 

similarity and group average method (Pielou 1984). Data was subjected to fourth root 

transformation prior to analysis. Univariate and cluster analysis were performed using 

PRIMER software version 5. 

Linear regression analysis was performed on the log-transformed values of diatom 

abundance and chlorophyll a concentration of the fouling diatom community. 

3.2.4. Experiment 3. 

Copper and cupro-nickel (70:30) panels admeasuring 15 x 10 x 0.2 cm were used in this 

study. The panel submersion and assessment of diatom settlement was similar to 

experiment 2. The only difference is that submersion was carried out for four 

consecutive weeks, once every season in order to obtain 1, 2, 3 and 4 week old microfilm 

over a period of one year (1999). The results are presented in terms of diatom abundance 

per dm2 . 

3.2.4.1. Data analysis 

The analysis includes the calculation of univariate and multivariate measures (clustering 

and MANOVA). These analyses were performed as explained in experiment 2. 
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3.3. RESULTS 

3.3.1 Experiment 1. 

3.3.1.a. To standardize the volume required for the enumeration of diatoms obtained 
from microfilm 

The microfilm samples obtained by employing different removal techniques from 

fiberglass and glass slides were used for the standardization of volume required for the 

enumeration of diatom population. The results obtained were similar for both glass 

slides and fiberglass i.e. the diatom counts followed a similar trend between the sub-

volumes (Tables 3.1 and 3.2). The regression analysis of diatom abundance showed a 

Table 3.1a. Values of the univariate measures of different volumes of microfilm (1 to 4 
day-old) samples obtained from glass using nylon brush. (Note: Species count-S, 
Abundance -N, Species richness-d, Evenness-J' and Diversity-H'). 

Days S N (cells dni2) d J' H' 
20% 30% 50% 20% 30% 50% 20% 30% 50% 20% 30% 50% 20% 30% 50% 

Cs1  
M

 •3
  

23 21 28 464 627 923 3.53 3.16 3.92 0.71 0.65 0.67 3.19 2.88 3.21 
24 27 30 862 1204 1881 3.45 3.67 3.82 0.56 0.59 0.57 2.59 2.81 2.78 
30 33 34 1776 2491 3668 3.83 4.05 4.02 0.62 0.61 0.56 3.05 3.06 2.87 
34 37 37 4205 6192 9252 3.92 4.10 3.93 0.63 0.60 0.58 3.21 3.13 3.03 

Table 3.1b. Values of the univariate measures of different volumes of microfilm (1 to 4 
day-old) samples obtained from glass using ceramic scraper. (Note: Species count-S, 
Abundance -N, Species richness -d, Evenness-J' and Diversity-H'). 

Days S N (cells dni2) d J' H' 
20% 30% 50% 20% 30% 50% 20% 30% 50% 20% 30% 50% 20% 30% 50% 

r-i
 csl  

M
 T

r  

22 26 28 498 771 1031 3.43 3.77 3.87 0.77 0.76 0.73 3.41 3.56 3.50 
25 27 29 725 1146 1597 3.72 3.78 3.86 0.65 0.65 0.64 3.02 3.08 3.10 
29 28 32 1443 1987 2810 3.81 3.56 3.95 0.60 0.60 0.58 2.88 2.87 2.90 
33 37 36 3985 5786 8529 3.83 4.13 3.89 0.64 0.62 0.60 3.23 3.20 3.08 

Table 3.2a. Values of the univariate measures of different volumes of microfilm (1 to 4 
day-old) samples obtained from fiberglass using nylon brush. (Note: Species count-S, 
Abundance -N, Species richness -d, Evenness-J' and Diversity-H'). 

Days S N (cells dui2) d J' H' 
20% 30% 50% 20% 30% 50% 20% 30% 50% 20% 30% 50% 20% 30% 50% 

Cs1  
M

 •11
 

19 23 25 78 131 201 4.35 4.64 4.49 0.77 0.75 0.76 3.25 3.41 3.50 
17 20 21 58 105 155 4.09 4.15 4.16 0.64 0.66 0.63 2.60 2.81 2.74 
20 22 23 102 155 244 4.09 4.17 4.04 0.61 0.59 0.55 2.61 2.60 2.47 
27 26 27 517 1150 1555 4.24 3.77 3.68 0.59 0.59 0.59 2.80 2.75 2.79 

Table 3.2b. Values of the univariate measures of different volumes of microfilm (1 to 4 
day-old) samples obtained from fiberglass using ceramic scraper. (Note: Species count-S, 
Abundance -N, Species richness-d, Evenness-J' and Diversity-H'). 

Days S N (cells dm4) d J' H' 
20% 30% 50% 20% 30% 50% 20% 30% 50% 20% 30% 50% 20% 30% 50% 

I
■—

i N
 en  T

r  

21 22 24 79 116 162 4.63 4.43 4.58 0.70 0.74 0.73 3.07 3.27 3.37 
18 21 21 87 116 163 4.07 4.54 4.03 0.67 0.65 0.64 2.80 2.87 2.81 
24 24 26 207 270 427 4.30 4.22 4.23 0.54 0.54 0.54 2.49 2.48 2.53 
25 24 25 304 543 815 4.13 3.64 3.53 0.56 0.57 0.56 2.58 2.60 2.57 
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significant linear relationship between the sub-volumes i.e. 20, 30 and 50 % of the 

scraped material for all experimental days and also between the tools used for removing 

microfilm (Fig. 3.2a and b). The result of the univariate measures obtained for different 

volumes of samples analyzed is given in tables 3.1 (a and b) for glass and 3.2 (a and b) 

for fiberglass. The univariate measures did not differ much for different volumes of the 

a. Glass Substrate 

Nylon brush Ceramic scraper 

Day 1 Y = 0.75X + 8.32 Day 1 Y = 0.70 X + 9.97 
R = 0.9388 R = 0.9503 
p < 0.001 p < 0.001 

50 — 

25 — 

   

I I I I 	I I III 

Day 2 Y 	0.85X + 4.99 Day 2 Y = 0.82X + 6.11 
R = 0.9920 R = 0.9779 
p < 0.001 p < 0.001 
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Day 3 	Y = 0.79X + 6.96 
R = 0.9942 
p < 0.001  

Day 3 
	

Y = 0.72 X + 9.46 
R = 0.9866 
p < 0.001 

100 — 

75 — 

Day 4 Y = 0.81X 
R = 0.9449 
p < 0.001 
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25 — 

0 
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Fig. 3.2a. Comparison of the sub volumes (2m1, 3m1 and 5m1 representing 20%, 
30% and 50% of the 1/10th  concentrated sample) with respect to diatom abundance 
(%) obtained from the microfilm developed over glass slide substrata. 
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Day 4 Y = 1.02 X-0.62 
R = 0.9668 
p < 0.001 

Day 4 Y = 0.98 X+0.80 
R = 0.9672 
p < 0.001 

b. Fiberglass Substrate 

Nylon brush 	 Ceramic scraper 
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Y = 1.06X-1.90 
R = 0.9433 
p < 0.001 
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Day 3 Y = 0.80X+6.78 
R = 0.9631 
p < 0.001 

100 — Y = 0.86X+4.62 
R= 0.8955 
p < 0.001 
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Fig. 3.2b. Comparison of the sub volumes (2m1, 3m1 and 5m1 representing 20%, 
30% and 50% of the 1110th  concentrated sample) with respect to diatom abundance 
(%) obtained from the microfilm developed over fiberglass substrata. 

sample. ANOVA of univariate measures showed insignificant variation between the 

different sub-volumes of scraped samples obtained from fiberglass (Table 3.3) and glass 

(Table 3.4). These results indicate that 20% of the 1/10 th  concentrated sample is 

sufficient for enumeration of diatom population from the microfilm developed. 
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Table 3.3. Two-way ANOVA to evaluate the sub-volume variation in the univariate measures 
of the microfilm sample obtained from fiberglass substrata. (* * * * * < 0.001, * * * * < 0.005, 
*** < 0.01, ** < 0.025, * < 0.05, ns = not significant). 
a.Species count 

df 
Day-1 Day-2 Day-3 Day-4 

SS MS 	Fs SS MS 	Fs SS MS 	Fs SS MS 	Fs 

A(Tools) 

.--
■

 C
V

  C
V

 	
(NC"'  

0.00 0.00 0' 2.70 2.70 o.ie 73.63 73.6 7.21** 38.53 38.53 35.6***** 

B(Sub-volumes) 84.87 42.43 4.15* 67.40 33.70 1.9e 39.27 19.6 1.92°5  4.87 2.43 2.2°5 

A*B (interaction) 13.40 6.70 0.6e 4.20 2.10 0.1205  4.07 2.0 0.20' 0.07 0.03 0.03' 
within subgroup error 245.2 10.22 416.0 17.33 245.2 10.2 26.00 1.08 
Total 343.5 490.3 362.2 69.47 

b.Diversit 

df 
Day-1 Day-2 Day-3 Day-4 

SS MS 	Fs SS MS 	Fs SS MS 	Fs SS MS 	Fs 

A(Tools) 

•

-
■

 C
V

  C
■1 	

(NC"'  

0.17 0.17 6.65** 0.09 0.09 0.7005 0.03 0.03 0.27ns 0.30 0.30 9.13*** 

B(Sub-volumes) 0.38 0.19 7.38**** 0.10 0.05 0.42"5 0.02 0.01 0.07' 0.00 0.00 0.03' 

A*B (interaction) 0.00 0.00 0.05' 0.03 0.02 0.1205  0.06 0.03 0.2e 0.01 0.00 0.1105 
within subgroup error 0.61 0.03 3.03 0.13 2.62 0.11 0.79 0.03 
Total 1.16 3.25 2.73 1.11 

c. Evenness 

df 
Day-1 Day-2 Day-3 Day-4 

SS MS 	Fs SS MS 	Fs SS MS 	Fs SS MS 	Fs 

A(Tools) 

•

-
■

 C
V

  C
V

 	
(NC"'  

0.01 0.01 9.59**** 0.00 0.00 0.90' 0.01 0.01 3.11' 0.01 0.01 4.13' 

B(Sub-volumes) 0.00 0.00 0.43"5 0.00 0.00 0.5e 0.01 0.00 0.83"5 0.00 0.00 o.oe 

A*B (interaction) 0.00 0.00 1.5005 0.00 0.00 0.48- 0.00 0.00 0.52' 0.00 0.00 0.1205 
within subgroup error 0.03 0.00 0.06 0.00 0.09 0.00 0.03 0.00 
Total 0.04 0.07 0.11 0.04 

d. Species  richness 

df 
Day-1 Day-2 Day-3 Day-4 

SS MS 	Fs SS MS 	Fs SS MS 	Fs SS MS 	Fs 

A(Tools) 

■-
■

 C
V

  C
V

 	
F

.,1 

0.02 0.02 o.or 0.05 0.05 0.14- 0.17 0.17 0.45' 0.12 0.12 1.80' 

B(Sub-volumes) 0.01 0.01 o.or 0.45 0.23 0.62' 0.03 0.01 0.0305 1.93 0.96 14.4***** 

A*B (interaction) 0.31 0.15 0.56' 0.38 0.19 0.52"5 0.03 0.02 0.05' 0.00 0.00 0.01' 
within subgroup error 6.57 0.27 8.79 0.37 9.11 0.38 1.61 0.07 
Total 6.91 9.68 9.34 3.66 

3.3.1.b. To compare the efficiency of nylon brush and ceramic scraper as tools for 
removal of diatoms from microfilms 

The diatom population obtained from the microfilm developed over fiberglass and glass 

by using two different tools for microfilm removal revealed that the nylon brush is more 

efficient than the ceramic scraper in removing diatoms from microfilms (Figs. 3.3 and 

3.4). 
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Table 3.4. Two-way ANOVA to evaluate the sub-volume variation in the univariate measures 
of the microfilm sample obtained from glass substrata. (* * * * * < 0.001, * * * * < 0.005, * * * < 
0.01, ** < 0.025, * < 0.05, ns = not significant). 
a. Species count 

df 
Day-1 Day-2 Day-3 Day-4 

SS MS Fs SS MS Fs SS MS Fs SS MS Fs 

A(Tools) 1 9.39 939 0.44" 0.50 0.50 0.0716 26.89 26.89 2.91' 1.39 139 0.30' 

B(Sub-volumes) 2 88.11 44.06 2.09" 65.33 32.67 4.29• 50.78 25.39 2.75' 44.78 22.39 4.86•• 

A•B (interaction) 2 23.44 11.72 0.56" 1.33 0.67 0.09' 11.44 5.72 0.6216 0.78 0.39 0.0816 
within subgroup error 12 253.33 21.11 91.33 7.61 110.67 9.22 5533 4.61 
Total 17 374.28 158.50 199.78 102.28 

. Diversit 

df 
Day-1 Day-2 Day-3 Day-4 

SS MS Fs SS MS Fs SS MS Fs SS MS Fs 

A(Tools) 1 0.72 0.72 14.3**** 0.52 0.52 17.3***** 0.06 0.06 	1.84" 0.01 0.01 4.53* 

B(Sub-volumes) 2 0.06 0.03 0.56' 0.07 0.04 1.22°  0.03 0.01 	0.4316 0.09 0.04 17.6 	 
A•B (interaction) 2 0.19 0.09 1.86' 0.02 0.01 0.32' 0.04 0.02 oar 0.00 0.00 0.40' 
within subgroup error 12 0.61 0.05 0.37 0.03 0.36 0.03 0.03 0.00 
Total 17 1.57 0.98 0.49 0.13 

c. Evenness 

df 
Day-1 Day-2 Day-3 Day-4 

SS MS Fs SS MS Fs SS MS Fs SS MS Fs 

A(Tools) 1 0.03 0.03 58.6***** 0.02 0.02 16.6•••• 0.00 0.00 0.24' 0.00 0.00 6.60** 
B(Sub-volumes) 2 0.00 0.00 5.13** 0.00 0.00 0.30' 0.01 0.00 1.0016 0.01 0.00 33.4 	 
A*B (interaction) 2 0.00 0.00 2.70" 0.00 0.00 0.26' 0.00 0.00 0.48'6 0.00 0.00 0.06ns 
within subgroup error 12 0.01 0.00 0.02 0.00 0.02 0.00 0.00 0.00 
Total 17 0.04 0.04 0.02 0.01 

d. Species richness 

df 
Day-1 Day-2 Day-3 Day-4 

SS MS Fs SS MS Fs SS MS Fs SS MS Fs 

A(Tools) 1 0.11 0.11 0.40" 0.08 0.08 0.5716 0.18 0.18 1.0416 0.00 0.00 0.06' 

B(Sub-volumes) 2 0.71 0.36 1.31' 0.19 0.09 0.63' 0.12 0.06 0.3616 0.20 0.10 1.40" 

A•B (interaction) 2 0.47 0.24 0.87' 0.04 0.02 0.14' 0.20 0.10 0.5916 0.01 0.01 0.09" 
within subgroup error 12 3.28 0.27 1.79 0.15 2.02 0.17 0.86 0.07 
Total 17 4.58 2.11 2.52 1.07 

3.3.1.c. To estimate the loss of diatoms (%) encountered during removal of microfilm 

Only glass slides were used for estimation of diatom (%) loss during removal of 

microfilm. Glass slides were used because of their smaller dimensions, transparency and 

ease for carrying out direct observations under the microscope. The results revealed that 

the maximum loss was encountered with ceramic scraping (41%) than nylon brushing 

(36%) (Fig. 3.4). In case of nylon brush, the percentage loss decreased with the increase 

in diatom abundance in the microfilm i.e. increase in exposure period (Fig. 3.4). The 

results of the univariate measures, presented in table 3.5, revealed that the number of 
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species decreased during scraping. However the less abundant species were lost during 

removal of microfilm. 

 

25000 — 

     

a. Glass slide 

Ceramic scraper 

Nylon brush 

     

           

              

              

D
ia

to
m

  a
bu

nd
an

ce
  (

ce
lls

  d
m

-2)
  

   

I 

         

20000 — 

           

        

          

                

15000 — 

              

                

10000 — 

              

               

               

5000 — 

            

              

               

               

               

               

 

0 

             

              

               

 

7000 — 

6000 — 

5000 — 

4000 — 

3000 — 

2000 — 

1000 — 

b. Fiberglass 

       

D
ia

to
m

  a
bu

n
da

nc
e  

(c
el

ls
  d

m
  2)

 

           

         

         

         

        

         

           

           

           

           

            

Day-1 
	

Day-2 	Day-3 
	

Day-4 

Fig. 3.3. Comparison of the efficiency of tools (nylon brush and ceramic scraper) 
employed for the removal of microfilm diatoms from (a) glass slide and (b) 
fiberglass. 
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Day-1 	Day-2 	Day-3 	Day-4 

Fig. 3.4. Diatom loss (%) encountered during removing the microfilm developed 
over glass slide by using different tools (nylon brush and ceramic scraper) 

Table 3.5. Comparison between the tools (nylon brush-Br and ceramic scraper-Ce) used 
for removing the microfilm and direct observation of the glass slide (G1-S1) with respect to 
values of univariate measures (species count-S, Species richness -d, evenness-J' and 
diversity-H'). 

Days S d J' H' 
GI-SI Ce Br GI-SI Ce Br GI-SI Ce Br GI-SI Ce Br 

1
-
  

C \J
 CO  

T
t 

 

41 36 32 4.85 4.57 4.08 0.67 0.70 0.64 3.60 3.63 3.20 
41 37 33 4.60 4.44 3.87 0.59 0.61 0.56 3.13 3.16 2.81 
43 38 40 4.45 4.27 4.38 0.61 0.56 0.57 3.32 2.92 3.01 
46 40 40 4.39 4.02 3.99 0.62 0.60 0.58 3.39 3.17 3.12 

3.3.2. Experiment 2: Diatoms in water column and 1 to 4 day old microfilms 
developed over fibreglass, glass, copper and cupro-nickel substrata. 

3.3.2.a. Environmental parameters of the surrounding water column 

Temporal variation in environmental parameters such as water temperature, salinity, 

dissolved oxygen and nutrients is shown in Fig. 3.5. Temperature ranged from 25 °C 

(February) to 30 °C (November) and salinity ranged from 15 psu to 35 psu. Dissolved 

oxygen ranged from 3.0 to 6.1 ml L I . Nitrate (NO3-N) peaks were observed in April, 

July and December. Nitrite (NO2-N) peaked in March and Phosphate (PO4-P) in May. 
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Silicate (SiO3) peaked in July (Fig. 3.5). The reasons for such variations have been 

provided in chapter 2 (2.3 Results section). 

7  8 — —J 
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Fig. 3.5. Temporal variation in temperature, salinity, dissolved oxygen and nutrient 
concentrations of the ambient waters. 

3.3.2.b. Diatoms in the water column 

In the present study, 51species (28 centrics and 23 pennates) belonging to 34 genera (21 

centrics, 15 pennates) have been recorded from the water column (Tables 3.6a and b). 

The diatom cell numbers ranged from a low of 1 to a high of 33 x 10 3  cells 1:1  (Fig. 

3.6a). In September, blooms of Skeletonema costatum, Fragilariopsis oceanica and 

Thalassionema nitzschioides were observed. Blooms of Leptocylindrus danicus and 

Cerataulina sp. were encountered in the post-monsoon (November 1999) period. The 

40 — 

30 — 

20 — 
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Table 3.6a. List of pennate diatom species recorded from the surrounding water column (WC) 
and microfilm (1 to 4 day-old) developed over different substrata (fiberglass-Fg, glass-G1, 
copper-Cu and cupro-nickel-CN during the study. 

Si. No. Taxon Abbrev. WC Fg GI Cu CN 
1 Achnanthes brevipes Agardh Ac. br + + + + 
2 A. longipes Agardh Ah. lo + + + + 
3 A. subsessilis Kiitzing Ac. su + + 
4 Amphiprora gigantica Am. gi + + 
5 Amphora coffeaeformis (Ag.) Kiitzing A. co + + + + + 
6 A. hyalina Kiitzing A. by + + + + 
7 A. ovalis (Kiitzing) Kiitzing A. ov + + + 
8 A. rostrata Win. Smith A. ro + + + + 
9 A. turgida Gregory A. to + + + + 
10 Asterionellopsis glacialis (Castracane) As. gl + 
11 Bacillaria paxillifera (0. F. Muller) Ba. pa + + + 
12 Cocconeis scutellum Ehrenberg Co. sc + + + + + 
13 Cocconeis sp. Co. sp + + + + 
14 Cylindrotheca closterium (Ehrenberg) Smith Ci. cl + + + + + 
15 Cymbella gastroides Kfitzing Cy. ga + + + + + 
16 Diploneis smithii (de Brebisson) Wm. Smith D. sp + + + + 
17 Fragilariopsis oceanica (Cleve) Hasle F. oc + + + + + 
18 Grammatophora marina (Lyngbye) Klitzing Gr. ma + + + + + 
19 G. serpentina Ehrenberg Gr. se + + + + 
20 Gyrosigma sp. Gy. sp + + 
21 Hantzschia sp. Hn. sp + + + + 
22 Licmophora flabellata (Greville)Agardh L fl + + + 
23 L. gracilis (Ehrenberg) Grunow L gr + + + + 
24 L. juergensii Agardh L je + + + 
25 L. paradoxa (Lyngbye) Agardh L pa + + + + + 
26 Meuniera membranacea (Clew) P. C. Silva comb. nov N. me + + + 
27 Navicula claviculus N. cl + + 
28 N. crucicula (Wm. Smith) Donkin N. cr + + + + 
29 N. granulata N. gr + + + + 
30 N. subinflata Grunow N. su + + + + + 
31 N. transitans var. derasa f. delicatula Heimdal N. de + + + + + 
32 Navicula sp. 1 N. spl + + + + + 
33 Navicula sp. 2 N. sp2 + + + 
34 Navicula sp. 3 N. sp3 + + + + 
35 Navicula sp. 4 N. sp4 + + + + 
36 Nitzschia acicularis Ni. ac + + 
37 N. angularis Wm. Smith Ni. an + + + + + 
38 N. bilobata Wm. Smith Ni. bi + + + + + 
39 N. longissima Ralfs in Pritchard. Ni. lo + + + + + 
40 N. panduriformis Gregory Ni. pa + + + + + 
41 N. sigma (Kutzing)Wm.smith Ni. si + + + + + 
42 Pinnularia rectangulata (Gregory) Rabenhorst Pi. sp + + 
43 Pleurosigma angulatum Sensu W. Smith Pl. an + + + + + 
44 P. elongatum WM Smith Pl. el + + + + + 
45 Pleurosigma sp. Pl. sp + + 
46 Pseudo-nitzschia seriata (Cleve) H. Pergallo Pn. se + + + + + 
47 Pseudo-nitzschia sp. Pn. sp + + 
48 Rhabdonema sp. Rd. sp + 
49 Stauroneis sp. St. sp + 
50 Surirella ovalis Su. ov + + + + 
51 Surirella sp. Su. sp + + + 
52 Synedra affinis Kiitzing Sy. of + + + + 
53 S. gallioni (Bory) Ehrenberg Sy. ga + + + + + 
54 Synedra sp. Sy. sp + + 
55 Tabellaria sp. Tb. sp + 
56 Thalassionema frauenfeldii (Grunow) Hallegraeff Th. fr + + + + 
57 T. nitzschioides (Grunow) Mereschkowsky Th. nit + + + + + 

58 Thalassiothrix longissima  Cleve and Grunow Th. lo + + + + 
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Table 3.6b. List of centric diatom species recorded from the surrounding water column 
(WC) and microfilm (1 to 4 day-old) developed over different substrata (fiberglass-Fg, 
glass-G1, copper-Cu and cupro-nickel-CN during the study. 

Sl. No.  Taxon Abbrev. WC Fg G1 Cu CN 
1 Asteromphalus sp. Ast. ma + 
2 Bacteriastrum hyalinum Lauder Ba. by + 
3 Biddulphia pulchella Gray Bd. pu + + + 
4 B. rhombus (Ehrenberg) Smith, W. Bd. rh + + + + 
5 Cerataulina pelagica (Cleve) Hendy Ce. pe + 
6 Chaetoceros curvisetus Cleve Ch. cu + + + + + 
7 C. diversus Ehrenberg Ch. dv + 
8 C. lorenzianus Grunow Ch. lr + 
9 Climacodium frauenfeldianum Grunow Cl. ft + 
10 Corethron criophilum Castracane Cr. cr + 
11 Coscinodiscus marginatus Ehrenberg C. ma + + + + + 
12 C. radiatus Ehrenberg C. rad + + + + 
13 Coscinodiscus sp. C. sp + 
14 Cyclotella sp. Cyc. sp + + + + 
15 Ditylum brightwellii (West) Grunow Di. br + 
16 Eucampia zodiacus Ehrenberg Eu. zo + 
17 Guinardia flaccida (Castracane) Pergallo Gu. fl + 
18 G. striate (Stolterfoth) Basle com. Nov Gu. st + 
19 Helicotheca tamesis (Shrubsole) Ricard He. to + 
20 Hemiaulus sinensis Greville He. si + 
21 Lauderia annulate Cleve La. an + 
22 Leptocylindrus danicus Cleve Lp. da + + + 
23 Melosira nummuloides C.A. Agardh M. nu + + + + + 
24 Odontella regia (M. Schultze) Ostenfeld Od. re + 
25 0. sinensis (Greville) Grunow Od. si + 
26 Paralia sulcata (Ehrenberg) Cleve Pa. su + + 
27 Planktoniella so! (Wallich) Schutt Pk. so + + + 
28 Proboscia elate (Brightwell)Sundstrom Pr. al + + 
29 Rhizosolenia stolterfothii H. Peragallo Ri. st + + 
30 Skeletonema costatum Greville (Cleve) Sk. co + + + 
31 Striatella sp. St. sp + 
32 Thalassiosira eccentrica (Ehrenberg) Cleve Th. ec + + + + + 
33 T. subtilis (Ostenfled) Gran Th. sb + 
34 Thalassiosira sp. Th. sp + 

percentage ratio of pennate to centric diatoms remained below one during most of the 

months, indicating the dominance of centric diatoms (Fig. 3.6b). 

Diatom species diversity was comparatively higher during the post monsoon period. The 

lowest species diversity was encountered in September (0.8), which was due to blooms 

of S. costatum, F. oceanica and T. nitzschioides (Fig. 3.6c). 

Month-wise clustering of the diatom population at 50% Bray—Curtis similarity level 

revealed five groups (Fig. 3.7a). Group I represented the monsoon months (July-

September). These months are characterized by the presence of S. costatum, F. oceanica 

and T. nitzschioides in high numbers. The groups II to IV represented the post-monsoon 

season (October-January) except March. An interesting feature is that all the post- 
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Fig. 3.6. Temporal variation in (a) diatom abundance; (b) ratio of pennate 
/centric diatoms; (c) diatom diversity and evenness in the ambient waters. 

monsoon months except October grouped together, indicating repetitive events. Group 

V comprised of pre-monsoon months (February-May) except March, which are 

characterized by low diatom population. 
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Fig. 3.7a. Dendrogram of the diatom community from the ambient waters with 
respect to months. 

Cluster analysis at 50% similarity level divided 50 species into 9 clusters with 8 

ungrouped individuals (Fig. 3.7b). Among them, 16 species belonging to clusters Ito III 

were dominant. Clusters Ito III comprised of 4, 8 and 4 species respectively. Clusters I 

to IV comprised S. costatum, T. nitzschioides, Cerataulina sp., L. danicus, F. oceanica, 
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Fig. 3.7b. Dendrogram of the diatom community from the ambient waters with respect 
to species. 
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Pseudo-nitzschia seriata, Cylindrotheca closterium and Chaetoceros curvisetus, which 

resulted in occasional blooms in the surrounding water column. N. transitans var. derasa 

f. delicatula belonging to cluster II was found round the year in the water column and the 

same was also reflected in the microfilm diatom community. Rest of the species, 

depending upon their abundance and frequency of occurrence, clustered together and are 

considered as minor components. 

3.3.2.c. Diatoms in 1 to 4 day old microfilm 

3.3.2.c.1. Fiberglass: 

Diatoms encountered on fiberglass substrata from day 1 to 4 are presented in Table 3.6a 

and b. The fouling population included 71 diatom species (57 pennates and 14 centrics) 

belonging to 38 genera (26 pennates and 12 centrics). The pennate/centric diatom 

percentage ratio on this substrata remained above 1 on all occasions indicating the 

dominance of pennate diatoms (Fig. 3.8). 

Fig. 3.8. The ratio of pennate 
/centric diatoms in the microfilm 
developed over fiberglass 
substrata. 
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The temporal variation in the fouling diatom abundance and univariate measures from 

fiberglass is shown in Fig. 3.9. The diatom abundance on fiberglass increased with 
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exposure period. On day 4 diatom abundance was maximum during December 98, Mar 

99, Oct 99 to Jan 00. Maximum diatom abundance was observed in December during 
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both the years (98 and 99). Minimum diatom abundance was observed during late pre-

monsoon (April 99) and early monsoon (July 99) season. Diatom abundance was least 

during May 99 from day 1 to 4. The species count increased with exposure period 

during March, October and November 1999 indicating new recruitment. During the rest 

of the period, the species count remained almost constant indicating no new recruits. 

Diversity and species richness was minimum during February 99 for all experimental 

days followed by late monsoon (August and September 1999). During October and 

December (98 and 99), diversity decreased on day 4 indicating dominance of N. 

transitans var. derasa f. delicatula. 

Linear regression analysis between the total diatom abundance and chlorophyll a 

concentrations showed a significant relationship for 2 day (P < 0.01), 3 day (P < 0.02) 

and 4 day (P < 0.05) old diatom communities (Fig. 3.10). 
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Fig. 3.10. Linear regression analysis between diatom abundance and chlorophyll a 
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Cluster analysis at 50% similarity level divided 43 species into 10 clusters with 6 

ungrouped individuals (day 1), 45 species into 11 clusters with 5 ungrouped individuals 

(day 2), 45 species into 10 clusters with 6 ungrouped individuals (day 3) and the 49 

species into 10 clusters with 8 ungrouped individuals (day 4) (Fig. 3.11). This indicates 

that the number of species (>5%) increased with exposure period. For all days, species 

belonging to cluster I (13 species—day 1, 15 species-day 2, 14 species-day 3 and 15 

species-day 4) dominated the respective day old microfilm community. Among the 

species belonging to cluster I for all days, N. transitans var. derasa f. delicatula was the 

most dominant followed by A. coffeaeformis, T. nitzschioides, C. closterium and N. 

sigma. The remaining species of the cluster formed the next dominant forms. Among 

the ungrouped individuals, F. oceanica and M. nummuloides contributed significantly to 

the microfilm community. F. oceanica, the bloom-forming species in the present study 

site, contributed significantly to the microfilm during August and November (Table 3.7 

a-d), while M. nummuloides contributed significantly only during April 99 to 3 and 4 

days-old microfilm (Table 3.7a and b) and thus altered the pennate/centric ratio (Fig. 

3.8). The rest of the species belonging to other clusters or individual units for all 

exposure days formed the minor component depending upon their abundance and 

frequency of occurrence. 

3.3.2.c.2. Glass 

Diatoms encountered on glass substrata from day 1 to 4 are shown in Table 3.6a and b. 

The fouling population included 62 diatoms (51 pennates and 11 centrics) belonging to 

30 genera (21 pennates and 9 centrics). The pennate/centric diatom percentage ratio, on 

this substratum, remained above 1 on all occasions, except during May, indicating the 

dominance of pennate diatoms (Fig. 3.12). 
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Fig 3.11. Dendograms of the fouling diatom community developed on fiberglass with 
respect to species for different submersion periods (Day 1, Day 2, Day 3, and Day 4). 
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Fig. 3.12. The ratio of pennate / 
centric diatoms in the microfilm 
developed over glass substrata. 
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The temporal variation in the fouling diatom abundance and univariate measures from 

glass is shown in Fig. 3.13. Diatom abundance showed increasing trend with exposure 

period (Fig. 3.13b). Diatom abundance was minimal during February 99, April 99 and 

the entire monsoon season. Maximum diatom abundance was observed during March 

and December 99. Maximum species count was observed during October 99; from day 

1 to 4, it remained constant indicating no new recruitment (Fig. 3.13a). Species count 

was minimal during August. Diversity remained almost constant with exposure period. 

Minimum diversity, richness and evenness were observed during February 99 (from day 

1 to 4). Diatom richness was maximum on day 1 and decreased with exposure period 

during March, September and October 99. 

Linear regression analysis between the total diatom abundance and chlorophyll a 

concentration showed a significant relationship in case of glass for 1 day (P < 0.05), 2 

day (P < 0.01), 3 day (P < 0.05) and 4 day (P < 0.05) old diatom communities (Fig. 

3.14). 
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Fig. 3.13. Temporal variation in the univariate measures of the fouling diatom 
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and (Day 41. 

Cluster analysis at 50% similarity level divided the 46 species into 10 clusters with 7 

ungrouped individuals (day 1), 44 species into 12 clusters with 4 ungrouped individuals 
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(day 2), 44 species into 8 clusters with 12 ungrouped individuals (day 3) and the 46 

species into 10 clusters with 7 ungrouped individuals (day 4) (Fig. 3.15). This also 

indicates that the number of species (>5%) increased with exposure period. For all days, 

species belonging to cluster III for day I (16 species) cluster I of other days (15 species-

day 2, 17 species-day 3 and 2 species-day 4) and cluster II of day 4 (20 species) 

dominated the respective day old microfilm community. Among the species belonging 

to these clusters, similar to fiberglass panels, N. transitans var. derasa f. delicatula was 

the most dominant followed by A. coffeaeformis, A. rostrata, T. nitzschioides, C. 

closterium and N. sigma. The remaining species of the cluster formed the next dominant 

forms. Among the ungrouped individuals, F. oceanica and M. nummuloides contributed 

significantly to the microfilm community. F. oceanica contributed significantly to the 

microfilm during August and November (Table 3.7a-d), while M. nummuloides 

contributed significantly during May 99 on all days (Table 3.7a-d) and thus altered the 

pennate/centric ratio to a centric dominant one (Fig. 3.12). The rest of the clusters or 

individual units for all exposure days formed the minor component. 
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3.3.2.c.3. Copper 

Diatoms encountered on copper substrata from day 1 to 4 are presented in Table 3.6a and 

b. The fouling population included 54 diatom species (45 pennates and 9 centrics) 

belonging to 28 genera (21 pennates and 7 centrics). The pennate/centric diatom 

percentage ratio on this substratum remained above 1 on all occasions indicating the 

dominance of pennate diatoms (Fig. 3.16). 
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Fig. 3.16. The ratio of pennate/ 
centric diatoms in the microfilm 
developed over copper substrata. 

The temporal variation in the fouling diatom abundance and univariate measures for 

copper is shown in Fig. 3.17. Diatom abundance and species count were minimum 

during the monsoon season (July and August 99) whereas the maximum values were 

observed during March and October 99. During these periods, diatom density increased 

with exposure while, during the rest of the period s  the abundance decreased or remained 

constant with exposure. Diversity and richness also followed a similar trend. The 

diatom population was evenly distributed during the study period. 
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Linear regression analysis between the total diatom abundance and chlorophyll a 

concentrations showed a significant relationship in case of the 2 days-old diatom 

communities (Fig. 3.18). 
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Fig. 3.18. Linear regression analysis between diatom abundance and chlorophyll a 
concentration on copper substratum for different submersion periods (Day 1; Day 2; 
Day 3 and Day 4). 

Cluster analysis at 50% similarity level divided the 41 species into 10 clusters with 8 

ungrouped individuals (day 1), 38 species into 11 clusters with 2 ungrouped individuals 

(day 2), 40 species into 11 clusters with 2 ungrouped individuals (day 3) and the 39 

species into 10 clusters with 8 ungrouped individuals (day 4) respectively (Fig. 3.19). 

This indicated that the number of species (>5%) remained constant with exposure period. 

For all days, species belonging to cluster I (6 species - day 1 and 2, 11 species - day 3 

and 4) dominated the respective day old microfilm community. Among the species 

belonging to these clusters, N. transitans var. derasa f. delicatula was the most dominant 

followed by A. coffeaeformis, A. rostrata, T. nitzschioides, Cylindrotheca closterium, 

Cocconeis scutellum, G. marina and N. sigma. The remaining species of the cluster 
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formed the next dominant forms. Among the ungrouped individuals, F. oceanica 

contributed significantly to the microfilm community [about 20% during monsoon for 
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dayl and 2 (Table 3.7a-b)] whereas the rest of the clusters or individual units for all 

exposure days formed the minor component. 

3.3.2.c.4. Cupro -nickel 

Diatoms encountered on cupro-nickel substrata from day 1 to 4 are presented in Table 

3.6a and b. The fouling population included 48 diatom species (40 pennates and 8 

centrics) belonging to 25 genera (18 pennates and 7 centrics). The pennate/centric diatom 

percentage ratio on this substrata remained above 1 on all occasions indicating the 

dominance of pennate diatoms (Fig. 3.20). 
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Fig. 	3.20. 	The 	ratio 	of 
pennate/centric diatoms in the 
microfilm developed over cupro- 
n irkel clihctrata 

The temporal variation in the fouling diatom abundance and univariate measures from 

cupro-nickel is shown in Fig. 3.21. Minimum diatom abundance was observed during 

May and early monsoon. Diatom abundance almost remained constant with exposure 

period. Diversity and richness followed a similar pattern. Species count increased with 

exposure during September and October 99 while, during the rest of the period, species 

count decreased with increase in exposure. Diatom evenness remained constant with 

exposure period indicating that the diatoms are evenly distributed. 
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Linear regression analysis between the total diatom abundance and chlorophyll a 

concentrations showed a significant relationship only for 1 and 2 days-old diatom 

communities (Fig. 3.22). 
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Fig. 3.22 Linear regression analysis between diatom abundance and chlorophyll a 
concentration on cupro-nickel substratum for different submersion periods (Day 1; Day 
2; Day 3 and Day 4). 

Cluster analysis at 50% similarity level divided the 36 species into 10 clusters with 4 

ungrouped individuals (day 1), 33 species into 8 clusters with 4 ungrouped individuals 

(day 2), 35 species into 10 clusters with 7 ungrouped individuals (day 3) and the 37 

species into 10 clusters with 3 ungrouped individuals (day 4) (Fig. 3.23). This also 

indicates that the number of species (>5%) decreased with exposure period. For all 

days, species belonging to cluster I (7 species - day 1, 9 species - day 2, 5 species - day 3 

and 8 species - day 4) dominated the respective day old microfilm community. Among 

the species belonging to these clusters, similar to that of copper substratum, N. transitans 

var. derasa f. delicatula was the most dominant followed by A. coffeaeformis, A. 

rostrata, 7'. nitzschioides, Cylindrotheca closterium, Cocconeis scutellum, G. marina and 
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Fig 3.23. Dendograms of the fouling diatom community developed on cupro-nickel with 
respect to species for different submersion periods (Day 1, Day 2, Day 3, and Day 4). 
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N. sigma. The remaining species of the cluster formed the next dominant forms. Among 

the ungrouped individuals, F. oceanica contributed significantly to the microfilm 

community [about >30% during monsoon (Table 3.7a-d)] for all exposure days. The 

rest of the species belonging to other clusters or individual units for all exposure days 

formed the minor component. 

3.3.2.c.5. Comparison of microfilm diatom community from fiberglass, glass, copper 
and cupro-nickel exposed for short period i.e. (1 to 4 days) 

Generally, the total number of diatom species (Table 3.6 a and b) as well as total diatom 

abundance was higher on non-toxic (fiberglass and glass) than toxic (copper and cupro-

nickel) substrata (Fig. 3.24). Diatom distribution encountered on the test substrata is 

given in Table 3.7a-d. N. transitans var. derasa f. delicatula was the most dominant 
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Fig. 3.24. Temporal and substratum variation in the abundance of microfilm diatoms from 
fiberglass (Fg), glass slide (GI), copper (Cu) and cupro-nickel (Cu-Ni) at different exposure 
periods. Note: fourth root transformed raw abundance data is used and the range of symbol 
height is 0 to 0.32 inch at data value 0 and 9 
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Table 3.7a. Values of diatom abundance (no. dm -2), those contributing >5%, recorded 
from one day old microfilm developed over different substrata (fiberglass-Fg, glass-G1, 
copper-Cu and cupro-nickel-CN) during the study. 

Mon Sub 
Species 

Ac Am Coc Fra Gr Li N.de N.spp Ni P1 Sy Tha PF Bd Cos Mel CF 
N-98 Fg 0 40 53 27 13 13 212 106 93 13 53 146 27 0 13 0 0 

GI 0 27 27 20 7 7 107 75 88 7 34 74 14 0 7 0 0 
Cu 0 51 76 32 0 0 76 0 28 0 0 19 9 0 0 0 19 
CN 7 14 28 0 0 0 87 7 54 0 0 28 7 0 0 0 14 

D-98 Fg 0 64 48 80 16 0 160 49 49 0 33 48 0 0 0 0 0 
GI 0 101 27 0 0 0 449 42 227 14 21 54 0 0 0 0 0 
Cu 16 66 16 0 0 0 89 0 57 0 0 64 0 0 0 0 0 
CN 0 80 35 0 7 0 88 35 28 0 14 28 0 7 0 0 7 

J-99 Fg 89 100 23 0 0 56 122 11 78 0 68 66 23 11 11 0 0 
GI 0 61 51 0 20 0 210 40 131 0 40 40 0 20 0 20 0 
Cu 0 21 28 0 0 0 34 0 34 0 21 14 0 7 0 0 7 
CN 0 9 0 0 0 0 47 32 41 0 19 19 0 0 0 0 9 

F-99 Fg 3 14 1 0 9 1 183 0 37 25 0 1 0 0 1 1 0 
GI 1 12 2 0 4 0 205 0 59 18 0 3 0 0 1 0 0 
Cu 21 21 14 0 40 0 157 0 41 21 0 7 0 0 0 0 0 
CN 35 35 14 0 54 0 93 0 14 21 0 7 0 0 0 0 0 

M-99 Fg 0 35 32 0 4 18 157 22 74 11 4 96 9 0 4 0 0 
GI 8 44 3 3 2 2 181 44 66 5 9 143 8 0 6 16 0 
Cu 0 54 22 0 11 21 80 11 56 6 6 32 21 0 21 0 0 
CN 0 75 16 0 32 21 127 22 51 11 22 32 21 0 11 0 0 

A-99 Fg 0 15 0 0 0 0 39 14 60 5 0 5 6 12 0 0 0 
GI 0 20 0 0 0 0 42 14 74 8 0 13 9 9 0 0 0 
Cu 0 55 6 0 0 0 86 11 6 0 17 11 0 0 0 0 0 
CN 9 47 9 0 0 9 38 19 9 0 19 9 0 9 0 0 0 

My -99 Fg 1 15 0 0 2 0 33 5 3 7 2 9 1 3 0 0 0 
GI 34 10 5 0 25 3 96 0 10 3 0 0 27 0 0 268 0 
Cu 6 33 0 0 16 0 43 17 11 6 11 22 6 17 0 0 0 
CN 6 22 0 0 16 0 43 11 0 0 11 11 6 17 0 0 0 

Jy -99 Fg 1 15 6 0 3 5 57 33 28 17 16 7 0 0 0 0 0 
GI 0 15 8 0 1 11 63 35 40 23 21 8 0 0 0 0 0 
Cu 0 11 0 0 11 0 27 6 23 6 6 11 0 0 0 0 0 
CN 0 16 0 0 16 0 32 6 28 6 6 16 0 0 0 0 0 

Ag-99 Fg 6 15 0 116 0 0 105 45 0 115 0 52 0 0 0 0 0 
GI 0 8 0 64 0 0 25 8 49 0 0 48 0 0 0 0 0 
Cu 0 0 0 49 0 0 90 0 48 0 0 6 0 0 11 0 0 
CN 0 0 0 97 0 0 65 0 73 0 8 33 0 0 0 0 0 

S-99 Fg 0 40 0 80 13 0 66 27 40 0 53 27 0 0 0 0 0 
GI 0 27 0 32 5 15 246 18 56 5 5 49 4 1 0 24 0 
Cu 0 27 7 27 0 0 110 0 14 0 14 140 0 0 0 0 0 
CN 0 34 0 54 0 0 61 21 94 0 21 40 0 0 0 0 0 

0-99 Fg 39 129 32 28 12 5 273 42 .  61 3 18 239 6 3 11 0 0 
GI 39 122 35 20 5 3 221 6 76 1 11 83 4 1 8 0 0 
Cu 0 0 0 0 0 63 5 27 0 20 0 0 67 8 0 0 0 
CN 15 19 15 0 15 0 61 15 64 0 15 125 0 0 0 0 8 

N-99 Fg 0 145 63 0 16 0 302 16 145 0 48 81 33 0 0 0 0 
GI 0 121 76 0 19 0 247 11 150 0 42 58 21 0 0 0 0 
Cu 0 38 38 0 19 0 57 38 38 0 19 66 0 0 0 0 28 
CN 19 38 38 28 0 0 131 28 66 0 47 38 0 0 0 56 19 

D -99 Fg 0 146 40 53 40 13 199 13 172 13 13 40 0 0 0 0 0 
GI 0 68 0 0 0 14 312 40 146 0 27 73 0 0 0 0 0 
Cu 0 9 19 0 0 0 75 19 57 0 19 66 0 0 0 0 0 
CN 7 28 41 0 0 7 131 14 56 7 14 67 14 0 14 0 0 

J-00 Fg 48 63 16 0 80 16 159 49 16 0 33 33 49 0 0 0 0 
GI 0 90 49 96 8 0 183 25 112 8 32 96 24 0 8 0 0 
Cu 0 21 11 0 11 11 64 21 11 11 0 32 0 0 0 0 11 
CN 8 16 8 0 3 0 76 13 16 2 10 8 5 0 0 0 0 
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Table 3.7b. Values of diatom abundance (no. dm -2), those contributing >5%, recorded 
from two day old microfilm developed over different substrata (fiberglass-Fg, glass-G1, 
copper-Cu and cupro-nickel-CN) during the study. 

Mon Sub 
Species 

Ac Am Coc Fra Gr Li N.de N.spp Ni P1 Sy Tha PF Bd Cos Mel CF 
N-98 Fg 40 359 80 0 0 0 557 180 260 20 160 359 0 0 0 0 0 

GI 38 278 57 0 0 0 416 106 189 18 152 208 0 0 0 0 0 
Cu 11 54 11 0 11 0 140 43 54 21 32 43 0 0 0 0 11 
CN 0 28 28 0 0 0 81 0 42 0 42 42 0 0 0 0 14 

D-98 Fg 53 477 40 0 53 13 491 159 331 0 133 292 13 106 0 0 0 
GI 0 121 25 0 0 25 253 105 130 16 16 138 16 25 0 0 0 
Cu 0 35 0 28 0 0 107 28 0 0 35 74 0 0 0 0 0 
CN 28 14 47 28 41 0 73 28 81 0 35 80 40 14 14 0 14 

J-99 Fg 0 199 13 0 .13 80 172 13 80 0 93 80 27 0 0 0 40 
GI 0 20 47 0 14 20 100 20 54 0 27 34 0 0 0 13 0 
Cu 0 35 28 0 0 0 54 7 34 0 21 14 7 7 0 0 7 
CN 0 21 21 0 0 0 54 0 11 0 0 21 0 0 0 0 0 

F-99 Fg 5 27 5 0 39 1 335 4 55 12 0 0 0 0 1 0 0 
GI 4 23 5 0 32 1 319 5 49 9 0 0 0 0 1 0 0 
Cu 21 21 14 0 40 0 119 0 48 28 0 7 0 0 0 7 0 
CN 27 40 14 0 54 0 107 0 21 28 0 14 0 0 0 0 0 

M-99 Fg 9 116 31 0 0 63 289 42 57 8 16 85 81 0 26 0 9 
GI 20 144 0 0 0 0 90 222 91 0 0 102 20 0 0 0 0 
Cu 0 74 27 0 14 28 107 14 69 14 7 48 28 0 27 0 0 
CN 0 95 21 0 40 28 154 28 63 14 28 40 28 0 0 0 0 

A-99 Fg 0 25 0 0 0 0 71 20 106 10 0 10 10 20 0 0 0 
GI 0 35 0 0 0 0 76 5 116 13 0 15 9 24 0 0 0 
Cu 0 60 11 0 0 0 96 28 11 0 17 11 0 0 0 0 0 
CN 0 32 0 0 0 0 21 0 21 0 11 21 0 0 0 0 0 

My -99 Fg 1 30 0 0 0 0 57 6 13 3 3 12 3 15 0 11 0 
GI 117 30 2 6 0 443 0 196 20 0 4 0 44 8 0 2 2 
Cu 7 42 0 0 21 0 54 14 7 7 14 21 7 21 0 0 0 
CN 7 28 0 0 28 0 54 7 0 0 7 14 14 28 0 0 0 

Jy -99 Fg 2 33 4 0 3 13 114 58 28 32 5 63 0 0 0 0 0 
GI 2 29 4 0 3 28 88 67 33 25 4 54 0 0 0 0 0 
Cu 0 14 0 0 14 0 35 7 28 7 7 14 0 0 0 0 0 
CN 0 25 0 0 16 0 65 8 49 0 0 25 0 0 0 0 0 

Ag-99 Fg 11 23 0 288 0 0 203 110 0 244 0 88 0 0 0 0 0 
GI 1 30 0 64 0 0 33 6 64 5 0 33 0 0 0 25 1 
Cu 0 8 0 0 0 0 32 0 49 0 0 25 0 0 0 0 0 
CN 0 0 0 107 0 0 54 0 43 0 0 64 0 0 0 0 32 

S -99 Fg 16 256 0 0 0 16 605 176 129 0 65 81 0 0 0 0 0 
GI 3 51 0 16 0 15 0 341 73 0 6 4 95 3 0 27 5 
Cu 8 25 0 0 0 0 81 16 25 0 0 105 0 0 0 0 0 
CN 8 55 0 33 0 15 68 7 52 0 23 56 0 0 0 0 0 

0-99 Fg 4 92 3 34 2 8 273 32 61 8 38 174 8 0 2 9 0 
GI 3 77 3 33 1 4 246 20 54 5 24 38 8 0 0 8 0 
Cu 10 58 0 118 0 0 135 20 102 0 0 80 20 0 0 0 0 
CN 9 55 0 0 8 0 130 15 120 0 24 54 24 0 0 0 18 

N -99 Fg 0 260 20 1075 0 20 498 81 61 40 60 61 20 0 0 80 0 
GI 0 139 0 1102 0 0 644 0 85 20 0 40 30 0 0 0 0 
Cu 0 75 32 0 0 0 150 11 129 0 0 54 0 0 0 11 11 
CN 0 54 0 0 0 0 120 0 40 0 14 54 14 0 0 0 54 

D-99 Fg 32 208 49 0 64 0 383 98 448 16 49 160 16 0 16 32 48 
GI 0 136 16 0 0 0 382 128 96 23 40 56 0 0 0 0 0 
Cu 7 7 21 0 0 0 42 0 81 0 7 7 0 0 0 0 0 
CN 21 42 28 53 7 0 146 0 42 0 28 167 14 0 0 14 

.1-00 Fg 13 93 40 0 93 13 146 0 199 0 27 40 27 0 0 0 0 
GI 9 113 19 0 9 9 214 76 73 9 19 9 0 0 0 0 0 
Cu 0 9 19 0 0 0 66 9 9 19 9 38 0 0 0 0 0 
CN 13 23 10 0 15 10 97 15 45 8 19 40 0 0 5 0 0 
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Table 3.7c. Values of diatom abundance (no. dm -2), those contributing >5%, recorded 
from three day old microfilm developed over different substrata (fiberglass-Fg, glass-GI, 
copper-Cu and cupro-nickel-CN) during the study. 

Mon Sub 
Species 

Ac Am Coc Fra Gr Li N.de N.spp Ni P1 Sy Tha PF Bd Cos Mel CF 
N-98 Fg 43 426 149 85 0 21 786 86 129 21 43 595 43 0 0 0 0 

GI 35 293 111 61 0 21 808 74 133 19 57 540 35 0 0 0 0 
Cu 0 42 14 0 7 0 54 14 14 0 7 21 0 0 0 0 21 
CN 27 40 14 27 0 0 160 28 0 0 40 28 0 0 0 0 40 

D-98 Fg 0 281 130 0 38 0 557 57 318 0 37 94 56 0 19 0 0 
GI 0 107 47 0 19 19 193 75 99 28 28 66 47 0 0 0 0 
Cu 14 21 7 0 7 0 105 14 53 0 14 119 7 7 0 0 0 
CN 0 56 27 0 7 0 71 14 40 0 0 74 7 0 28 7 14 

J-99 Fg 0 212 40 0 40 119 225 40 93 0 146 93 40 0 0 0 53 
GI 0 37 64 0 28 27 121 26 61 0 34 34 0 0 0 14 0 
Cu 0 0 11 0 21 0 32 21 32 0 0 54 0 0 0 0 11 
CN 0 21 21 0 14 0 40 14 0 7 0 14 7 0 0 0 0 

F-99 Fg 12 23 4 0 29 1 435 0 78 22 1 1 0 0 3 0 0 
GI 6 24 2 0 25 1 431 0 38 8 3 4 0 0 4 0 0 
Cu 35 35 14 0 54 0 181 0 53 28 0 14 0 0 7 7 0 
CN 14 41 0 0 28 0 114 0 21 14 0 21 0 0 0 0 0 

M-99 Fg 12 101 13 0 0 117 398 33 225 18 32 68 59 0 0 4 0 
GI 39 126 0 0 11 42 720 260 335 0 11 192 43 0 0 0 0 
Cu 0 103 37 0 19 38 150 19 95 19 9 66 38 0 37 0 0 
CN 0 117 19 0 0 0 87 8 27 0 0 23 0 0 0 8 0 

A-99 Fg 0 81 21 0 25 0 342 74 99 0 84 76 0 0 32 253 32 
GI 0 87 14 0 22 0 366 82 86 0 66 51 0 0 38 202 0 
Cu 0 25 0 0 0 0 49 8 16 0 16 8 8 0 0 16 0 
CN 0 21 0 0 0 0 11 0 0 21 0 21 0 0 23 11 0 

My-99 Fg 11 47 8 0 3 0 90 35 29 15 0 13 8 4 0 0 0 
GI 174 23 0 0 6 4 234 6 42 0 9 30 11 9 0 670 0 
Cu 11 68 0 0 32 0 87 21 11 11 21 32 11 32 0 0 0 
CN 11 27 0 0 32 0 64 16 0 0 11 27 17 11_ 0 0 0 

Jy-99 Fg 11 27 0 269 12 0 426 55 0 103 9 53 0 9 3 6 0 
GI 15 17 0 234 14 0 328 42 0 97 8 52 0 8 3 4 0 
Cu 0 33 0 0 33 0 65 8 33 8 16 41 0 0 0 0 0 
CN 7 21 0 0 21 0 81 21 56 0 0 27 7 0 0 0 0 

Ag-99 Fg 3 15 1 254 0 0 264 81 3 155 0 31 8 0 0 0 0 
GI 28 0 0 47 0 0 112 0 84 0 9 167 0 0 19 38 0 
Cu 0 17 0 0 0 0 59 6 38 0 0 22 0 0 0 0 0 
CN 0 0 0 64 0 0 33 6 16 0 0 44 0 0 0 0 27 

S-99 Fg 13 186 0 0 66 40 597 13 93 27 93 53 40 0 0 0 
GI 9 153 3 25 39 44 491 37 69 25 16 93 20 9 0 9 0 
Cu 0 16 0 0 0 0 144 49 49 33 0 128 0 0 33 16 0 
CN 20 81 0 0 0 38 98 0 15 0 45 140 0 0 0 0 0 

0-99 Fg 35 164 16 33 30 11 429 125 196 25 93 201 42 0 12 0 0 
GI 13 140 13 51 6 11 543 34 90 9 27 51 15 0 0 29 0 
Cu 18 73 4 0 12 12 273 73 318 9 44 186 24 0 13 0 0 
CN 15 95 0 0 0 0 159 28 134 5 20 71 4 0 8 0 0 

N-99 Fg 0 532 86 171 0 21 998 405 319 21 129 320 86 21 0 0 0 
GI 0 348 0 1237 0 0 947 0 125 32 0 57 69 0 0 0 0 
Cu .7 21 14 0 0 0 54 7 7 0 21 81 0 0 0 0 7 
CN 25 109 27 0 0 0 218 54 81 0 14 64 0 27 0 0 58 

D-99 Fg 53 504 119 106 27 13 876 172 504 40 80 172 27 0 13 0 0 
GI 134 896 33 33 0 116 1349 100 878 83 133 66 126 0 83 0 0 
Cu 0 42 7 0 0 0 48 14 55 0 20 35 0 0 0 0 0 
CN 0 16 8 0 0 0 57 0 16 0 8 49 0 0 8 33 8 

J-00 Fg 97 304 113 0 33 0 684 320 527 0 160 144 32 0 0 0 0 
GI 25 196 63 0 22 19 391 189 167 19 41 35 0 0 0 0 0 
Cu 11 43 21 0 21 0 75 32 21 0 21 54 0 0 0 0 0 
CN 6 8 9 0 10 0 104 3 33 1 15 48 0 0 0 0 0 
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Table 3.7d. Values of diatom abundance (no. dm 2), those contributing >5%, recorded 
from four day old microfilm developed over different substrata (fiberglass-Fg, glass-G1, 
copper-Cu and cupro-nickel-CN) during the study. 

Mon Sub 
Species 

Ac Am Coc Fra Gr Li N.de N.spp Ni P1 Sy Tha PF Bd Cos Mel CF 
N-98 Fg 43 405 21 0 0 43 913 299 320 43 170 278 299 0 21 0 0 

GI 44 322 124 61 0 40 884 88 246 38 95 629 35 0 0 0 0 
Cu 0 34 0 47 0 0 54 7 28 0 7 28 7 0 0 0 0 
CN 19 131 9 0 28 0 141 47 57 0 19 28 0 0 0 28 9 

D-98 Fg 0 495 0 175 0 16 1656 159 1371 33 64 255 0 0 0 0 0 
GI 0 582 24 25 0 8 1122 57 354 57 0 80 16 0 0 0 0 
Cu 0 55 21 0 7 0 74 14 56 0 42 27 0 0 0 0 7 
CN 0 14 0 0 0 7 21 7 7 0 0 14 0 0 14 7 0 

J-99 Fg 0 212 66 0 40 133 398 40 133 0 186 133 53 0 0 0 40 
GI 53 585 80 0 319 133 1167 27 480 54 186 477 27 0 0 0 0 
Cu 0 21 14 0 28 0 54 42 28 0 0 47 0 0 0 0 21 
CN 0 21 14 0 14 0 33 7 0 0 0 7 7 0 0 0 0 

F-99 Fg 13 74 11 0 54 1 593 0 30 16 0 11 0 0 4 0 0 
GI 9 44 4 0 30 5 518 0 59 10 9 8 0 0 5 0 0 
Cu 28 47 14 0 67 0 146 0 47 35 0 28 0 0 0 14 0 
CN 14 41 0 0 28 0 80 0 21 7 0 14 0 0 0 0 0 

M-99 Fg 87 144 8 0 4 367 1434 380 1337 53 270 473 100 0 9 8 8 
GI 15 152 15 0 19 377 1174 338 1024 42 159 375 48 0 19 0 8 
Cu 0 138 33 0 49 33 239 33 106 16 25 73 33 0 32 0 0 
CN 0 136 20 0 0 0 114 8 30 0 0 30 0 0 0 0 0 

A-99 Fg 0 117 21 0 27 0 530 74 106 0 86 76 0 0 32 297 32 
GI 0 102 20 0 22 0 436 88 86 0 88 57 0 0 38 215 0 
Cu 0 33 0 0 0 0 33 8 16 0 0 8 8 0 0 0 0 
CN 0 43 0 0 0 0 54 11 0 11 11 21 0 0 0 0 0 

My-99 Fg 44 107 0 0 8 0 71 63 8 4 26 0 21 22 0 0 18 
GI 210 32 0 0 8 8 274 9 59 0 34 54 17 11 0 852 0 
Cu 16 66 8 0 49 0 137 25 16 16 25 33 16 8 0 0 0 
CN 14 35 0 0 40 0 81 21 0 0 14 34 21 14 0 0 0 

Jy-99 Fg 3 132 25 3 8 62 273 100 45 40 31 74 0 0 0 0 0 
GI 19 24 0 309 16 0 402 44 0 122 11 88 0 13 5 10 0 
Cu 0 47 0 0 40 0 53 21 56 14 21 40 0 0 0 0 0 
CN 7 22 16 0 16 6 90 28 54 0 0 27 11 0 0 0 0 

Ag-99 Fg 3 27 3 368 0 0 318 119 6 243 3 84 17 0 0 0 0 
GI 38 0 0 104 0 0 158 0 114 0 28 189 0 0 38 76 0 
Cu 0 49 0 22 11 0 105 11 59 0 0 27 0 0 0 0 0 
CN 0 0 0 80 0 0 41 7 21 0 0 54 0 0 0 0 34 

S-99 Fg 27 239 0 0 119 40 756 80 119 27 133 80 53 0 0 0 0 
GI 13 174 0 90 5 24 720 32 151 32 13 144 6 11 0 0 0 
Cu 0 33 0 0 0 0 228 35 69 14 14 93 0 0 14 21 27 
CN 0 48 5 87 3 0 330 28 90 13 27 95 8 0 3 0 0 

0-99 Fg 37 917 0 125 6 23 3973 299 513 54 61 141 50 0 11 0 0 
GI 57 364 25 271 13 19 1271 52 364 30 45 66 32 0 0 43 0 
Cu 101 64 0 15 0 0 264 20 174 43 28 90 8 0 0 0 4 
CN 19 23 0 0 0 8 131 19 53 8 0 42 4 0 8 0 0 

N-99 Fg 0 703 150 319 0 43 1591 553 468 21 213 532 150 21 0 0 0 
GI 0 571 0 1263 0 0 1307 0 242 81 0 87 91 0 0 0 0 
Cu 0 14 0 0 0 0 54 21 0 0 0 35 0 0 0 0 40 
CN 0 145 13 0 0 241 25 109 0 13 49 0 0 13 0 13 

D-99 Fg 27 1167 66 0 0 0 3237 398 1207 13 80 212 80 0 13 0 0 
GI 17 1394 33 133 17 0 2653 399 700 100 234 117 100 0 0 0 17 
Cu 0 122 27 0 0 0 107 28 100 0 42 107 0 0 0 0 20 
CN 0 25 37 24 13 13 108 13 63 0 25 73 13 0 13 0 0 

J-00 Fg 85 554 128 0 213 0 1146 191 427 0 128 170 43 21 0 0 0 
GI 25 183 57 0 25 25 562 164 189 25 38 63 0 0 0 0 0 
Cu 19 47 38 0 38 0 122 28 47 0 28 75 9 0 0 0 0 
CN 6 15 9 0 10 5 111 15 42 4 15 58 0 0 3 0 0 
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diatom on all the substrata followed by species belonging to Amphora, Nitzschia and 

Thalassionema and was present round the year. However, the percentage composition 

and abundance of dominant diatoms varied depending on the nature of substratum, 

season and distribution of the other co-existing species. In May, M. nummuloides (all 

days) and during August and November, F. oceanica were abundant on fiberglass and 

glass substrata but were absent on copper and cupro-nickel substrata indicating 

substratum preferences. 

Diatom diversity increased with exposure period on toxic substrata (copper and cupro-

nickel) whereas, in case of non-toxic substrata (fiberglass and glass substrata), the 

diversity either decreased or remained constant (Figs. 3.9, 3.13, 3.17 and 3.21). 

MANOVA of total diatom abundance, species diversity, species richness and evenness 

for the four substrata is shown in Table 3.8. A significant variation between the four 

substrata was observed with respect to months. With respect to days, the total diatom 

abundance and evenness revealed significant variation. 

Table 3.8. MANOVA to evaluate the temporal variation in the diatom species count, 
abundance, diversity, species richness and evenness on fiberglass, glass, copper and cupro-
nickel with respect to exposure (short term). (* * < 0.001, * < 0.05, ns = not significant). 

Source of 
variation df  

Species count Abundance Diversity Species richness Evenness 
SS MS Fs SS MS Fs SS MS Fs SS MS Fs SS MS Fs 

A: Substrata 3 3154.0 1051.3 140.6 46.9 1.8 0.6 32.4 10.8 0.85 0.28 
B: Months 14 3754.6 268.2 60.6 4.3 26.7 1.9 70.8 5.1 0.90 0.06 
C: Days 3 345.0 115.0 49.3 16.4 0.1 0.0 0.8 0.3 0.10 0.03 
A*B 42 1590.1 37.9 2.76** 36.5 0.9 3.86** 16.3 0.4 4.19** 36.8 0.9 3.27** 0.76 0.02 5.95** 

A*C 9 177.9 19.8 1.44' 30.8 3.415.21** 1.4 0.2 1.70" 2.5 0.3 1.03' 0.07 0.01 2.52* 

B*C 42 430.0 10.2 0.75' 10.5 0.3 1.12" 4.4 0.1 1.14. 10.8 0.3 0.96' 0.12 0.00 0.94" 
A*B*C 126 1730.1 13.7 28.3 0.2 11.7 0.1 33.7 0.3 0.38 0.00 
Total 239 11181.6 356.7 62.3 187.8 3.17 
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3.3.3. Experiment 3: Diatoms in 1 to 4 week old microfilms developed over copper 
and cupro-nickel substrata. 

3.3.3.a. Copper 

Diatoms encountered on copper substrata from week 1 to 4 are presented in Table 3.9a 

and b. The fouling population included 28 diatom species (21 pennates and 7 centrics) 

belonging to 16 genera (10 pennates and 6 centrics). The pennate/centric diatom 

percentage ratio on this substratum remained above 1 on all occasions indicating the 

dominance of pennate diatoms (Fig. 3.25a). 

 

Week 1 

   

Week 2 

 

Week 3 

 

Week 4 

      

Pre-mon 	Mon 	Post-mon 
	

Pre-mon 	Mon 	Post-mon 

Seasons 
	

Seasons 

Fig. 3.25. The ratio of pennate/centric diatoms in the microfilm developed over a. 
copper and b. cupro-nickel substrata exposed for different submersion periods (Week 1; 
Week 2; Week 3 and Week 4). 

The temporal variation in the fouling diatom abundance and univariate measures for 

copper is shown in Fig. 3.26a. Diatom abundance decreased initially and increased 

thereafter with exposure period. Diatom abundance was minimal during the monsoon 

period. Species count and diversity decreased with exposure period. Maximum 

diversity was observed during post - monsoon followed by pre-monsoon and monsoon 

period. Species richness also followed a similar pattern. During the pre-monsoon 

period, the diatom population was evenly distributed up to two weeks and, thereafter, the 



Table 3.9a. List of pennate diatom species recorded from the microfilm (1 to 4 week 
old) developed over copper (Cu) and cupro-nickel (CN) during the study. (Abbrev-
abbreviation of the diatom species used in the cluster analysis) 

Si. No. Taxon Abbrev. Cu CN 
1 Amphora coffeaeformis (Ag.) Kiitzing Aco + + 
2 A. hyalina Kiitzing Ahy + + 
3 A. rostrata Wm. Smith Aro + + 
4 Cocconeis scutellum Ehrenberg Co.scu + + 
5 Cocconeis sp. Co.sp + 
6 Cylindrotheca closterium (Ehrenberg) Smith Ci.c1 + + 
7 Cymbella gastroides Kiitzing Cy.ga + 
8 Fragilariopsis oceanica (Clew) Hasle F.oc + 
9 Grammatophora mariana (Lyngbye) Kiitzing Gr.ma + 
10 G. serpentina Ehrenberg Gr.se + 
11 Hantzschia sp. Hn.sp + 
12 Licmophora flabellata (Greville)Agardh Lfl + 
13 L. gracilis (Ehrenberg) Grunow L.gr + 
14 L. juergensii Agardh Lje + 
15 L. paradoxa (Lyngbye) Agardh L.pa + 
16 Navicula crucicula (Wm. Smith) Donkin N.cr + 
17 N. granulata N.gr + 
18 N. subinflata Grunow N.su + + 
19 N. transitans var. derasa f. delicatula Heimdal N.de + + 
20 Navicula sp. 1 N.spl + 
21 Navicula sp. 2 N.sp3 + 
22 Navicula sp. 3 N.sp4 + 
23 Nitzschia bilobata Wm. Smith Ni.bi + + 
24 N. longissima Ralfs in Pritchard. Ni.lo + + 
25 N. panduriformis Gregory Ni.pa + 
26 N. sigma (Kutzing)Wm.smith Ni.si + + 
27 Pinnularia rectangulata (Gregory) Rabenhorst Pi.sp + 
28 Pleurosigma angulatum Sensu W. Smith Plan + + 
29 Pseudo-nitzschia seriata (Cleve) H. Pergallo Ni.se + 
30 Synedra affinis Kiitzing Sy.af + + 
31 S. gallioni (Bory) Ehrenberg Sy.ga + + 
32 Thalassionema frauenfeldii (Grunow) Hallegraeff Th.fr + 
33 T. nitzschioides  (Grunow) Mereschkowsky Th.nit + + 

Table 3.9b. List of centric diatom species recorded from the microfilm (1 to 4 week 
old) developed over copper (Cu) and cupro-nickel (CN) during the study. (Abbrev-
abbreviation of the diatom species used in the cluster analysis). 

Si. No. Taxon Abbrev. Cu CN 
1 B. rhombus (Ehrenberg) Smith, W. Bd.rh + 
2 Chaetoceros curvisetus Clew Ch.cu + 
3 Coscinodiscus marginatus Ehrenberg C.ma + 
4 C. radiatus Ehrenberg C.rad + + 
5 Cyclotella sp. Cyc.sp + 
6 Melosira nummuloides C.A. Agardh M.nu + + 
7 Proboscia alata (Brightwell)Sundstrom Ri.al + 
8 Skeletonema costatum Greville (Cleve) Sk.co + 
9 Thalassiosira eccentrica (Ehrenberg) Cleve Th.ec + + 
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distribution was uneven with exposure period. During monsoon and post—monsoon, the 

diatom population was evenly distributed with time of exposure (Fig. 3.26). 
a. Copper 	 b. Cupro-nickel 
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Fig. 3.26. Seasonal variation in the univariate measures of the fouling diatom population 
on copper and cupro-nickel substrata for different submersion periods (Week 1; Week 2; 
Week 3 and Week 41. 
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Cluster analysis at 50% similarity level divided 26 species into 3 clusters (week 1), 14 

species into 3 clusters (week 2) and 2 clusters and 1 ungrouped individual (week 3) and 

16 species into 3 clusters (week 4) (Fig. 3.27). This indicates that the number of species 

decreased with exposure period. For 1 week exposure, cluster 1 comprised of 3 

subgroups i.e. la, b and c (Fig. 3.27). Subgroup la consists of 6 species (N. transitans 

var. derasa f. delicatula, T. nitzschioides, A. coffeaeformis, N. sigma, N. subinflata and 

M. nummuloides) that were dominant and present in all the seasons whereas the species 

belonging to others subgroups and clusters formed the minor components. Among them, 

N. transitans var. derasa f. delicatula and 7'. nitzschioides were the most dominant forms 

forming about 31% (pre-monsoon), 61% (monsoon) and 42% (post-monsoon) of the 

community. In case of week 2, cluster 2 comprised of 5 species which contributed >70% 

of the community. Among them, N. transitans var. derasa f. delicatula and 7'. 

nitzschioides were the most dominant forms whereas the species belonging to other 

clusters formed the minor components. In week 3, cluster 1 comprised of 10 species and 

formed the major component of the community while the species belonging to other 

clusters occurred at few occasions were considered as minor components. This cluster is 

further divided into 3 subgroups i.e. 1 a, b and c. Subgroup lb comprised of N. 

transitans var. derasa f. delicatula, T nitzschioides and A. coffeaeformis, the most 

dominant species that were present during all the periods. In week 4, cluster 1 is further 

divided into subgroups i.e. la, b and c. Among these subgroups, subgroup lb consisted 

of N transitans var. derasa f. delicatula and 7'. nitzschioides that were dominant in all 

the seasons. 

3.3.3.b. Cupro -nickel 

Diatoms encountered on cupro-nickel substrata from day 1 to 4 are presented in Table 

3.9a and b. The fouling population included 31 diatom species (26 pennates and 5 
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centrics) belonging to 18 genera (13 pennates and 5 centrics). The pennate/centric diatom 

percentage ratio on this substrata remained above 1 on all occasions indicating the 

dominance of pennate diatoms (Fig. 3.25b). 

The temporal variation in the fouling diatom abundance and univariate measures for 

cupro-nickel is shown in Fig. 3.26b. Diatom population increased with exposure period 

except during the pre-monsoon period. During pre-monsoon, the diatom abundance 

decreased during the fourth week. Diatom abundance was minimal during the monsoon 

period. Species count, diversity and richness decreased with the exposure period with 

minimum values observed during the monsoon. The diatom population was evenly 

distributed throughout the study period. 

Cluster analysis at 50% similarity level divided the 30 species into 3 clusters (week 1), 

16 species into 3 clusters (week 2), 11 species into 2 clusters (week 3), and the 8 species 

into one cluster with 2 ungrouped individuals (week 4) (Fig. 3.28). This indicates that 

the number of species decreased with exposure period. For 1-week exposure, cluster I 

comprised of 15 species (each contributing <3%); these were observed only during the 

pre-monsoon period. Cluster II comprised of 4 species, of which S. costatum and F. 

oceanica are found only during the monsoon season and contribute about 27% of the 

community whereas the N. sigma and S. gallioni are found only during the pre-monsoon 

and monsoon periods. Cluster III is again divided into 3 sub-groups; subgroup Ina 

consists of 3 species present during the post-monsoon period, each species contributing 

between 5-10%. Subgroup Mb consists of 4 species, N. transitans var. derasa f. 

delicatula, 7'. nitzschioides, A. coffeaeformis and C. closterium which formed the most 

dominant group, comprising about 50% during all the seasons. Subgroup IIIc consists of 

4 species and they contributed significantly as the dominant forms in the community 
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Fig 3.28. Dendograms of the fouling diatom community developed on cupro-nickel 
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only during the pre- and post-monsoon season. For 2 weeks exposure, cluster I is further 

divided into 3 subgroups (Fig. 3.28). Subgroup Ia, lb and Ic consisted of 4, 3 and 2 

species respectively (Fig. 3.28). Species belonging to subgroup lb, N. transitans var. 

derasa f. delicatula, T. nitzschioides and C. closterium formed the most dominant group, 

each contributing 49%, 53% and 50% during pre-monsoon, monsoon and post-monsoon 

season. The species belonging to subgroups Ia (pre-monsoon) and c (pre- and post-

monsoon) were not present during all periods. Cluster II consisted of three species: A. 

rostrata, L. gracilis and N. subinflata and contributed 23% during the post-monsoon 

season; cluster III consisted of 4 species, F. oceanica and S. costatum, that were present 

only during the monsoon, forming 27% of the community. For week 3, cluster I is 

divided into 3 subgroups i.e. Ia, b and c (Fig. 3.28). Subgroup Ia consisted of 4 dominant 

species (N. transitans var. derasa f. delicatula, T. nitzschioides, A. coffeaeformis and C. 

closterium) that were present throughout the investigation period. Species belonging to 

other subgroups and clusters formed the minor components and were grouped/clustered 

according to their occurrence. For week 4, cluster I consisted of 6 species of which 4 

species (N. transitans var. derasa f. delicatula, T. nitzschioides, A. coffeaeformis and C. 

closterium) were dominant and were present throughout the investigation period while 

the rest formed minor components. 

3.3.3.c. Comparison of microfilm diatom community from copper and cupro-nickel 
panels exposed for long period (i.e. 1 to 4 weeks) 

The long-term exposure of copper and cupro-nickel panels revealed that the diatom 

diversity decreased with exposure period. The diatom distributions encountered on the 

test substrata are given in Table 3.10a-d. N. transitans var. derasa f. delicatula was the 

most dominant diatom on all the substrata followed by species belonging to Amphora, 

Nitzschia, and Thalassionema; all these were present round the year. However, the 
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Table 3.10a. Values of diatom abundance (no. dm -2), those contributing >5%, recorded from the 
one-week-old microfilm developed over copper (Cu) and cupro-nickel (CN) during the study. 

Seasons Sub Am Coc Fra Li N.de N.spp Ni PI Sy Tha PF Bd Cos Mel CF 
Pre-mon Cu 43 33 0 0 87 11 65 0 54 43 11 0 0 54 22 

CN 16 0 0 82 47 7 40 7 23 61 14 2 2 0 7 
Mon Cu 19 0 0 0 112 28 28 28 0 130 0 0 37 19 0 

CN 16 0 16 0 39 0 23 0 8 23 0 0 0 0 23 
Post-mon Cu 27 19 0 0 50 12 35 0 23 47 4 0 0 0 12 

CN 27 14 0 27 54 27 27 14 0 41 0 0 41 27 0 

Table 3.10b. Values of diatom abundance (no. dm 2), those contributing >5%, recorded from the 
two-week-old microfilm developed over copper (Cu) and cupro-nickel (CN) during the study. 

Seasons Sub Am Coc Fra Li N.de N.spp Ni PI Sy Tha PF Bd Cos Mel CF 
Pre-mon Cu 109 0 0 0 109 0 27 54 27 109 0 0 0 0 0 

CN 25 0 0 0 50 50 50 0 25 76 25 0 25 25 0 
Mon Cu 12 0 0 0 82 0 0 23 0 105 0 0 23 12 0 

CN 19 0 19 0 47 0 28 0 9 28 0 0 0 0 28 
Post-mon Cu 58 29 0 0 97 10 78 0 49 68 0 0 0 0 0 

CN 19 0 0 19 47 19 19 0 0 37 0 0 28 19 0 

Table 3.10c. Values of diatom abundance (no. dm -2), those contributing >5%, recorded from the 
three-week-old microfilm developed over copper (Cu) and cupro-nickel (CN) during the study. 

Seasons Sub Am Coc Fra Li N.de N.spp Ni PI Sy Tha PF Bd Cos Mel CF 
Pre-mon Cu 33 0 0 0 77 17 28 0 38 143 0 0 0 0 0 

CN 109 54 0 0 54 0 217 54 0 163 0 0 0 0 0 
Mon Cu 30 0 0 0 40 0 0 20 0 61 0 0 0 0 30 

CN 47 0 0 0 70 0 70 0 0 70 0 0 0 0 0 
Post-mon Cu 68 27 0 0 95 14 54 0 68 95 0 0 0 0 0 

CN 25 0 0 50 76 50 50 0 25 76 0 0 25 0 0 

Table 3.10d. Values of diatom abundance (no. dm-2), those contributing >5%, recorded from the 
four-week-old microfilm developed over copper (Cu) and cupro-nickel (CN) during the study. 

Seasons Sub. Am Coc Fra Li N.de N.spp Ni PI Sy Tha PF Bd Cos Mel CF 
Pre-mon Cu 106 0 0 0 22 17 28 0 62 364 0 0 50 0 0 

CN 109 54 0 0 54 54 54 0 0 54 0 0 0 0 0 
Mon Cu 25 0 0 0 126 0 0 50 0 151 0 0 50 25 0 

CN 54 0 0 0 82 0 54 0 27 82 0 0 0 0 0 
Post-mon Cu 151 76 0 0 177 25 101 0 76 126 0 0 0 0 0 

CN 109 0 0 0 109 54 109 0 0 109 0 0 0 0 0 

percentage composition of the dominant groups varied depending on the season and 

distribution of other co-existing species. The persistence of these diatoms throughout 

the investigation period further reveals their tolerance towards copper and cupro-nickel 

panels. 
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Cluster analysis of the sampling periods based on diatom abundance at 40% similarity 

level revealed one group with one ungrouped individual sampling period for both copper 

and cupro-nickel substrata (all weeks) (Fig. 3.29). Cluster I comprised of 2 sampling 

Seasons 
Fig 3.29. Dendograms of the fouling diatom community developed on copper and 
cupro-nickel substrata with respect to season for different submersion periods (Week 1, 
Week 2, Week 3, and Week 4). 
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seasons (pre- and post-monsoon) whereas monsoon formed a separate individual unit. 

The ungrouped sampling period is characterized by low diatom population compared to 

other sampling periods. 

MANOVA of total diatom abundance, species diversity, species richness and evenness 

for copper and cupro-nickel substrata is shown in Table 3.11. A significant variation 

between the four substrata was observed with respect to months. With respect to days, 

the total diatom abundance and evenness also revealed significant variation. 

Table 3.11. MANOVA to evaluate the temporal variations in the diatom species count, 
abundance, diversity, species richness and evenness on copper and cupro-nickel with respect to 
exposure (long term). (***** < 0.001, **** < 0.005, *** < 0.01, ** < 0.025, * < 0.05, ns = not 
significant). 

Source of 
variation df  

Species count Abundance  Diversity Species richness Evenness 
SS MS Fs SS MS Fs SS MS Fs SS MS Fs SS MS Fs 

A: Substrata 1 1.5 1.5 0.1 0.1 0.0 0.01 0.0 0.02 0.0 0.01 
B: Seasons 2 1718.4 859.2 352.4 176.2 147.2 73.6 40.6 20.31 15.2 7.60 
C: Weeks 3 42.6 14.2 0.27 0.09 0.5 0.17 1.45 0.48 0.00 0.00 

A*B 2 35.9 17.9 1.53" 0.33 0.16 0.88" 0.5 0.23 3.59* 0.98 0.49 1.25" 0.04 0.02 2.47' 

A*C 3 3.7 1.2 0.10" 0.14 0.05 0.25" 0.1 0.02 0.29" 0.12 0.04 0.11" 0.00 0.00 0.09" 

B*C 6 206.5 34.4 2.93* 1.36 0.23 1.22" 2.3 0.39 6.12** 6.8 1.13 2.91* 0.02 0.00 0.46" 
A*B*C 6 70.5 11.7 1.11 0.18 0.4 0.06 2.3 0.39 0.05 0.01 
Total 23 2079.0 355.6 151.0 52.3 15.3 

3.4. DISCUSSION 

Diatoms occupy two principal habitats in nature i.e. moist habitats or submerged surfaces 

(benthic) and open waters (planktonic). Even though benthic diatoms are more diverse 

than their planktonic counterparts, their ecology has been less understood. This is 

because benthic diatoms are far more difficult to sample and quantify than planktonic 

forms. Removal of diatoms from microfilms is perhaps the most critical step in 

evaluating the diatom community structure from biofilms developed on solid substratum 

immersed in aquatic environments. Until recently, several methods have been employed 

to assess the microfouling biomass (Jeffrey and Paul 1986, Aftring and Taylor 1979, 

Burton and Margray 1979, Mayack et al. 1984, Sharma et al. 1990). However, 
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efficiency of these methods is based on the estimation of biomass by chemical methods. 

In this study, efficiency of the tools employed for removal of microfilm and the loss 

encountered during removal are discussed. 

The microfilm sample volume used for diatom analysis did not influence total diatom 

count (Tables 3.1a, b, 3.2a and b). The fact that 20%, 30% and 50% of the 1/10 th 

 concentrated sample volume did not show any significant difference in the total diatom 

counts (Fig. 3.2a and b) and diversity (Tables 3.3 and 3.4) reveals that sample volume 

did not play an important role in diatom enumeration. However, the differences in 

abundance through the use of tools such as nylon brush and ceramic scraper makes it 

evident that the tools employed for microfilm removal are critical. Nylon brush was 

found to be a better tool than ceramic scraper (Fig. 3.3 and 3.4) as the percentage loss of 

diatom cells was comparatively higher in the latter (Fig. 3.4). Also, there were 

insignificant differences in the diversity between the tools. However, both the tools 

resulted in the loss of minor species contributing to the microfilm community. This loss 

is unavoidable due to the very low numbers of such species, which can go unnoticed 

even during direct observation. The loss of minor species is evident after comparison of 

results obtained through direct observations (complete slide) with that of scraped 

material (Table 3.5). However, such direct observations, involving the complete 

substratum are very time-consuming and laborious and cannot be employed for opaque 

materials. Taking the above observations into consideration, the nylon brush was 

employed for removal of microfilms developed over different substrata from Dona Paula 

Bay. 

Dona Paula Bay exhibits strong seasonal gradients in both environmental variables as 

well as planktonic assemblages. Of these, physical environmental variability, driven 
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primarily by external forcing events like meteorology and climatology, is fundamental. 

Wind- and weather-driven events cause physical changes and disruptions. These events 

lead to variability in temperature, irradiance, precipitation, run-off, nutrient loading, etc. 

in coastal environments. Such changes are instrumental in the complete transformation 

of the phytoplankton community structure and production (Devassy and Goes 1988, 

Bhattathiri et al. 1976). The results revealed that the diatom community structure in the 

water column differed considerably from that of the microfilm. Obviously, such 

differences arise depending upon the mode of life (free living/attached) of diatoms. 

Earlier literature (Characklis and Cooksey 1983; Cooksey et al. 1984) as well as the 

present study suggests that pennate diatoms often dominate the diatom fouling 

community irrespective of the nature of substratum and exposure period (Figs. 3.8, 3.12, 

3.16, 3.20 and 3.25) except during May, in case of glass substrata, due to the dominance 

of a centric diatom, M nummuloides. The reverse was observed in case of the water 

column (Fig. 3.6b). The dominance of pennate diatoms has also been reported in 

biofouling on test panels exposed in the Arabian Sea (Bhosle et al. 1989; Kelkar 1989; 

Bhosle 1993; Raveendran et al. 1991; Pangu 1993; Venugopalan 1994; Prabhadevi 

1995a; 1995b; Redekar 1997; 2000a; 2000b) and elsewhere (Aleem 1957, Reisen and 

Spencer 1970, Patrick and Roberts 1979, Stevenson 1981, Summer and McIntire 1982, 

Hudon and Bourget 1983, Edyvean and Moss 1986, Wetherbee et al. 1998). Among the 

pennates, N. transitans var. derasa f. delicatula was the most dominant followed by A. 

coffeaeformis, Amphora spp., Navicula spp., Thalassionema spp., Fragilariopsis spp., C. 

closterium, Nitzschia sigma, Pleurosigma angulatum, Cocconeis spp. and 

Grammatophora marina; followed by the centric diatoms (Melosira nummuloides, 

Odontella spp. and Coscinodiscus sp.) (Table 3.7a-d). These diatoms are primarily 

natives of the surrounding intertidal sediment flat (Mitbavkar and Anil 2002). Among 
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them, N. transitans var. derasa f. delicatula (an epipelic diatom) and A. coffeaeformis 

(an epipsammic diatom) are the most dominant in the microphytobenthic community of 

this study area (Mitabavkar and Anil 2002). The microphytobenthic diatoms get 

frequently resuspended into the surface waters through physical forcing factors like 

waves, tides, currents, etc. (de Jonge and van Beusekom 1992, Tomas 1997) and thereby 

influence the water column primary productivity (de Jonge and van Beusekom 1995). In 

the present study, dominance of these microphytobenthic diatoms in the water column 

was also reflected in the microfilm (Tables 3.7a-d and 3.10a-d). This suggests that 

hydrodynamic conditions might play an important role in the microfilm diatom 

community structure. Breznak et al. (1985) reported that fouling diatoms reach surfaces 

purely by hydrodynamic means. Hence it might be possible that once resuspended, 

benthic diatoms come under the influence of water medium for their survival until they 

settle to the bottom sediment or find a suitable substratum in the euphotic zone. If these 

diatoms colonize any substratum, then their growth and community structure is further 

dependent upon the physico-chemical and biological nature of the: 1) 

surrounding/ambient waters and 2) substratum. 

3.4.1. Surrounding/ambient waters 

This region is highly dynamic in terms of physico-chemical and biological properties. In 

general, waters are highly disturbed during monsoon and calm during pre- and post-

monsoon periods. This study reveals that the maximum diatom population in the 

microfilm was found during post-monsoon followed by pre-monsoon and monsoon 

(Table 3.7a-d and Figs. 3.9, 3.13, 3.17 and 3.21) periods. However, the species 

composition and their contribution (%) to the microfilm diatom community varied with 

time and exposure period (Table 3.7a-d). N. transitans var. derasa f. delicatula, the most 

dominant species, occurred round the year both in the water column as well as in the 1 to 
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4 day-old microfilm (Table 3.7a-d). Maximum density was observed throughout the 

post-monsoon period followed by pre-monsoon (March). This species usually forms a 

mat (similar to bloom) during the post-monsoon period in the surrounding intertidal sand 

flat of this region (Mitbavkar and Anil 2002, personal observation). Amphora spp. was 

the next abundant during the post-monsoon followed by Nitzschia spp. during pre-

monsoon (Table 3.7a-d). The timing of diatom peaks both in the microfilm and water 

column coincided (Figs. 3.6a, 3.9, 3.13). Hence it might be possible that the physico-

chemical factors of the surrounding environment, not only influence planktonic diatoms 

but also the microfilm diatoms. However, these aspects required a detailed investigation. 

In the present investigation, two peaks of diatoms were observed as a recurrent feature of 

the annual diatom cycle. The first peak was observed during monsoon possibly when 

there is a break in rainfall or after the end of southwest monsoon (November 1999 and 

October 2000) and the second small peak (autumn bloom) was observed during the pre-

monsoon period (March 2000) (Fig. 3.6a). The first bloom was dominated by planktonic 

diatoms like Chaetoceros curvisetus, Leptocylindrus danicus, Cerataulina sp., S. 

costatum, Helicotheca tamesis and pennate diatoms like N. transitans var. derasa f. 

delicatula, F. oceanica, Thalassionema nitzschioides and Pseudo-nitzschia seriata and 

the autumn bloom (March) was dominated by N. transitans var. derasa f. delicatula. 

Among them, only pennate diatoms dominated the microfilm irrespective of the nature of 

substratum (Figs. 3.8, 3.12, 3.16, 3.20 and 3.25). These observations indicate that the 

dominance of particular species in the microfilm can be attributed to their dominance in 

the surrounding waters resulting in a higher substrate-encountering probability. 

With the onset of the monsoon, the study site experiences a high freshwater influx 

(Shetye et al. 1995) at a flow rate of >10,000 ML day -1 , when most of the annual 

precipitation occurs over the catchment area (Unnikrishnan et al. 1997). Hence, during 
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this period, stratification develops (Chapter 2-Fig. 2.2), with a warmer, lower salinity 

layer arising from Zuari river and local precipitation in the surface and the cold, saline 

and oxygen-depleted, upwelled water at the bottom (Naqvi et al. 2000). These processes 

have a pronounced influence on the native phytoplankton community in this estuary. 

The increased flow rate caused by riverine discharge can physically influence the diatom 

community in the surface waters. During monsoon, low diatom abundance in the 

microfilm was observed (Figs. 3.9, 3.13, 3.17 and 3.21) even though the nutrient levels 

were high (Fig. 3.5). This can be attributed to physical disturbances like high wave 

action, low light (cloud and high turbidity) and salinity levels (Chapter 2). Earlier 

literature suggests that such high physical disturbance reduces the rate and type of 

diatom colonization (Young 1945, Cattaneo and Ka1ff 1978, Hudon and Bourget 1981 

and 1983). During this investigation, it was observed that the salinity drops to 15 psu. 

The peak in nitrate and silicate concentration in July followed by a decline during 

August and September (Fig. 3.5) coincided with blooms of centric (S. costatum) and 

pennate (F. oceanica and T. nitzschioides) diatoms in the ambient waters suggesting 

nutrient uptake by these species. During August and September, these species, except S. 

costatum, dominated the microfouling community developed over fiberglass and glass 

substrata, as they turned out to be better competitors than the others suggesting the 

influence of blooms on the microfilm community developed over fiberglass and glass 

(Table 3.7a-d). 

3.4.2. Substratum 

The diatoms, which have an attached mode of life, once dislodged, attach to any suitable 

substratum. In the present study, the results of the population dynamics of such diatoms 

with respect to their choice of substratum are discussed. The highest diatom abundance 

and species were encountered on fiberglass followed by glass as compared to that on 
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copper and cupro-nickel substrata (Tables 3.6a and b; Fig. 3.24). This can be attributed 

to their toxic and nontoxic surface properties respectively. The influence of surface 

properties was also evident with increase in exposure time wherein; abundance and 

diversity increased on non-toxic surfaces (Figs. 3.9 and 3.13) and decreased or remained 

constant on toxic surfaces (Figs. 3.17 and 3.21). The long-term exposure of copper and 

cupro-nickel substrata also did not show any considerable increase in diatom abundance 

with exposure period; however, the species diversity decreased as compared to that 

during short-term exposure (Figs. 3.26). These substratum preferences indicate either an 

active choice by the diatoms, or that the physical and chemical conditions of the 

substrata encourage or discourage settlement or entrapment of some species. While 

selective community development on toxic surfaces is well known (Daniel and 

Chamberlain 1981), any differences in communities developing on non-toxic surfaces 

are due to more subtle environmental influences, for example topography, surface 

charge, surface tension or nutrient availability (Fletcher 1980, Escher and Characklis 

1980, Fattom and Shilo 1984, Becker and Wahl 1991, Sekar et al. 2003). Fiberglass and 

glass are comparatively hydrophobic and hydrophilic in nature respectively (Becker and 

Wahl 1991, Sekar et al. 2003, unpublished data). Earlier literature suggests that the rate 

of microfouling is quicker on hydrophobic than on hydrophilic surfaces (Characklis and 

Cooksey 1983, Wahl 1989, Becker and Wahl 1991, Castlow and Fletcher 1994). This 

could be one of the reasons for the difference in abundance of diatoms on both these 

substrata (Figs. 3.9 and 3.13). Although the diatom communities are similar, most of the 

diatom species showed significant substratum preferences (Table 3.7a-d). These 

substratum variations, which resulted in higher diatom recruitment on non-toxic substrata 

was also responsible for the significant relationship in diatom abundance and chlorophyll 

a concentration for fiberglass (Figs. 3.10) and glass (3. 14), while it was restricted up to 
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2 days-old community on toxic substrata (Figs. 3. 18 and 3. 22), indicating that diatoms 

are the major contributors among the autotrophs in the microfilm. Similar findings have 

also been reported elsewhere, both for natural (Scheer 1945, Santelices et al. 1981), and 

artificial substrata (Neushul et al. 1976, Edyvean and Moss 1986). The diatoms are not 

only dominant among micro-algal groups but also to other unicellular eukaryonts like 

yeasts, protozoans etc. (Marshall et al. 1971, Corpe 1972, Cuba and Blake 1983). These 

diatoms attach to the substratum by mucus secretion (Cooksey et al. 1984, Ferreira and 

Seeliger 1985), may densely cover wide substratum areas, and contribute significantly to 

the chlorophyll pool of the microfilm developed over non-toxic substratum i.e. fiberglass 

and glass; however, in the case of toxic panels i.e. copper and cupro-nickel, the non-

significant relation between diatom abundance and chlorophyll a on day 3 and 4 (Fig. 

3.18 and 3.22) can be attributed to the toxic effect on microfilm diatoms. Literature also 

revealed that the copper exposure caused stronger effects on algal (periphyton) biomass 

and community structure (Guasch et al. 2002). 

Maximum diatom recruitment was observed on non-toxic substrata (fiberglass and glass) 

compared to toxic substrata (copper and cupro-nickel) (Table 3.7a-d). It was further 

evident that dominant diatoms like N. transitans var. derasa f. delicatula (2- to 15-fold), 

Amphora spp. (2- to 10-fold), Nitzschia spp. (upto 25-fold), Thalassionema spp. (upto 4-

fold) showed many-fold increase on day 4 while the others showed up to 3-fold increase 

or remained constant whereas some species disappeared from the non-toxic panels (3.7a-

d). Among the dominant diatoms, recruitment of N. transitans var. derasa f. delicatula 

was higher than that of the other species (Table 3.7a). On certain occasions, it was found 

that the initial recruitment of N. transitans var. derasa f. delicatula was almost the same 

as that of other species like Amphora spp., Nitzschia spp. and T. nitzschioides (Table 

3.7a) but on day 4, N. transitans var. derasa f. delicatula turned out to be the best 
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competitor (Table 3.7d). Probably, the dominance of N. transitans var. derasa f. 

delicatula might have suppressed the development of other species. However, this 

aspect requires a detailed investigation. Such a trend was not observed on the toxic 

panels (for both short term and long term exposure) (Tables 3.7a-d and 3.10a-d) 

indicating that the dissolution of the panels by bacteria (Sreekumari et al. 2003) and the 

toxic nature of the substratum (Chamberlain and Garner 1988, French and Evans 1988) 

might have influenced the development of diatom community. However, the presence of 

diatoms such as N. transitans var. derasa f. delicatula, Amphora spp. Thalassionema 

spp. and Nitzschia spp. throughout the study period (Table 3.10a-d) further reveals their 

tolerance to the toxicity of the substrata. 

In the pre-monsoon period (April-May), the comparatively higher turbulence caused by 

the water movement, resulted in the dislodgement from bottom substrates of a centric 

diatom, M nummuloides into the surface waters. M. nummuloides is known to lead an 

attached mode of life (Aleem 1973; Rendall and Wilkinson 1983; Ferreira 1985; 

Raveendran et al. 1991). When brought into the water column, such tychopelagic forms, 

which require a space for attachment, will tend to settle on a suitable substratum. In this 

study, M nummuloides was found to dominate on the glass substrata in May thereby 

changing the pennate/centric ratio to < 1. This species was also encountered on fiberglass 

substrata, but only in 1 and 2 day-old microfilm community and were absent on toxic 

substrata. It was also evident that the recruitment of F. oceanica during the monsoon 

was negligible on copper and cupro-nickel substratum. These observations indicated 

species-specific substratum preferences. 

In conclusion, the results of the present investigation revealed a significant difference in 

the abundance and diversity of diatoms encountered on different substrata i.e. toxic and 
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non-toxic but the species composition remained almost constant (Figs. 3.9, 3.13, 3.17, 

3.21 and 3.26). Earlier literature has also reported similar observations (Wetzel and 

Westlake 1969, Neushul et al. 1976). The only indications of different microfilm diatom 

community structures are between the period (months/seasons) i.e. temporal variations 

and the implication of substratum specificity (Tables 3.7 and 3.10), which can be 

attributed to physico-chemical and biological changes of the ambient waters and the 

substratum. Temporal variation in the tychopelagic diatom community structure 

(temporarily dislodged benthic diatom community) of the surrounding water column was 

observed to exert its influence on the microfilm community. Such differences in the 

diatom community structure in the microfilm might offer differing signals to settling 

larvae of sedentary organisms, which are critical in determining the functional ecosystem 

of the benthic environment. 



Chapter 4 

Diatoms in the epibiotic community 
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4.1 INTRODUCTION 

In densely populated marine environments, space is often a limiting resource in 

epibenthic communities (Jackson and Buss 1975). When free space is limiting, living 

substrata may become important for epibiosis. In the marine environment, a variety of 

benthic plants and animals form hard substrates in soft-bottom sediments. Epibiosis of 

such substrata (i.e. non-symbiotic, facultative association between epibionts and 

basibionts) becomes a highly valuable phenomenon for the survival of sedentary 

organisms (Wahl 1989). Some organisms appear to tolerate a considerable load of 

epibionts (Riitzler 1970, Davis and Wright 1989). Epibionts on the hosts have been 

indicated to have a protective value for the host via camouflage (Ingle 1983, Rasmussen 

1973). Only certain biological surfaces resist colonization to variable degrees for more or 

less extended periods (Fletcher and Marshall 1982). Control of epibiosis by the host 

organisms is achievable by one or any combination of ecological, mechanical, physical 

and chemical factors. Though there is considerable literature on the mechanisms by 

which invertebrates deter or shed fouling organisms, there is very little data on natural 

levels of fouling in invertebrate communities (Davis and White 1994). 

Horseshoe crabs act as moving substrata for simple to complex communities of small 

marine organisms. Horseshoe crabs carry a variety of epibionts on their external surface, 

including green algae, diatoms, coelenterates, flatworms, mussels, oysters, annelids, 

barnacles, tunicates, bryozoans, isopods, amphipods, gastropods, pelecypods and 

polychaetes (Humm and Wharton 1942, Roonwal 1944, Rao and Rao 1972, Davis and 

Fried 1977, Mackenzie 1979, Shuster 1982, Jeffries et al. 1989, Saha 1989, Debnath 

1992, Key et al. 1996). However, taking into account that adults reach terminal anecdysis 

once sexually mature and live with their carapace for 4 to 9 years, the intensity of 

epibiosis appears negligible. Mikkelsen (1988) also observed that barnacles are usually 
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seen on males, indicating a potential gender difference. In this investigation an attempt 

has been made to explore the gender and spatial differences in the epibiosis of the 

horseshoe crab Tachypleus gigas, chemical defense mechanism to control epibiosis and to 

postulate the possible causative factors. 

Horseshoe crabs live in moderately deep waters and migrate to near shore waters for 

breeding. When approaching the beach to nest, a female is almost always accompanied 

by a male clasping her with his modified claws (Cohen and Brockman 1983). In India, 

the horseshoe crabs Tachypleus gigas and Carcinoscorpius rotundicauda are found 

confined to Orissa and West Bengal coasts. Along the Orissa coast, they are found near 

Burhabalanga estuary and Abana. T. gigas is the most abundant of the two species 

(Vijaykumar 1992, Chatterji 1994). 

4.2 MATERIALS AND METHODS 

Living specimens of Tachypleus gigas were collected near the Burhabalanga estuary, 

Orissa coast (Fig. 4.1) in March and August of 1997, and again in February and August of 

1998. The horseshoe crabs used in the study were haphazardly collected, amplexed pairs 

so that all crabs were sexually mature and in terminal anecdysis. The specimens were 

collected during receding high tide and were transported to the laboratory in seawater for 

the evaluation of diatoms and macro-epibionts. The horseshoe crabs collected were 

sexed. The length and width of the prosoma were measured and were used as standard 

morphometric proxies to determine the size of the horseshoe crabs. Since the carapace 

(dorsal side) was uneven, the total area was measured by marking it into different 

geometric figures like triangles and trapeziums (a quadrilateral with only one pair of sides 

parallel) and summing their areas. The dimensions of the geometric figures differed for 
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Fig. 4.1. a. Location of the sampling site where the horseshoe crabs Tachypleus 
gigas frequently migrate to the shore for breeding. b. Area of the sampling 
locality marked in a. 

different crabs depending on the size of the carapace. Surface pH of live crabs was 

determined (six times each for male and female carapaces) at the collection site by 

placing pH indicator paper (Qualigens, pH 1 to 14) on humid carapaces. Surface 

wettability of 14 air-dried carapaces (seven each for male and female carapaces) was 
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determined by the drop-spread method as described by Gerhart et al. (1992), using 

HPLC-grade water and methanol. The spread of 25 ,u1 drops was measured using a series 

of solutions of 100, 80, 60, 40, 30, 20, 10 and 0% methanol and calculating the 

standardized harmonic mean (SHM) of the diameter (mm) of the drop. The SHM values 

strongly correlate with the combined polar components of surface wettability (Gerhart et 

al. 1992). Using polar solutions of water and methanol, the dropspread method can 

detect changes in the polar characteristics of different surfaces with a sensitivity that 

approaches that of measurements obtained with a contact angle goniometer (Gerhart et 

al.1992). The polar solutions used in the drop-spread method also allowed non-

destructive testing of the surfaces (Gerhart et al. 1992). 

4.2.1. Enumeration of diatoms 

Specimens (two pairs in March 1997, three pairs each in August 1997, February 1998 and 

August 1998), free of macro-epibionts, were collected for the evaluation of diatom 

communities. Quantification of diatoms associated with horseshoe crab carapaces was 

carried out by scraping the entire carapace with a nylon brush into a known volume of 

filtered seawater. The scraped material was preserved in Lugol's iodine, and its diatom 

flora was enumerated by the sedimentation technique (Hasle 1978). The diversity 

(Shannon-Wiener diversity index, H') and evenness (J') of the diatom community was 

evaluated. The log (x + 1) transformed values of diatom abundance were further 

analyzed using cluster analysis. The dissimilarity levels were measured through squared 

Euclidean distance and group average method as described by Pielou (1984). The log-

transformed values of abundance of all diatoms (cells dm 2) were subjected to two-way 

analysis of variance (ANOVA), with unequal but proportional subclass numbers (Sokal 

and Rohlf 1981), for evaluating the differences with respect to sampling period, sex and 

the interaction of sampling period and sex (eight subgroups; four samples for each sex). 
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4.2.2. Enumeration of macro-epibionts 

In the evaluation of macro-epibionts, 6 pairs of crabs were used in March 1997, 15 pairs 

in August 1997, 15 pairs in February 1998 and 10 pairs in August 1998. The macro-

epibiont populations from the dorsal sides of the carapaces (prosoma and opisthosoma) 

were enumerated. Solitary forms like barnacles (Balanus amphitrite, Darwin), false 

oysters (Anomia sp.) and sea anemones were counted and represented in terms of 

individual counts per square decimeters. Area covered by barnacles and bryozoans was 

determined in terms of percentage coverage. Dimensions of the barnacles, i.e. basal 

rostro-carinal and latero-lateral diameters in millimeters, were measured by using a 

Vernier caliper to calculate the basal area. Basal diameter (mm) of barnacles was 

considered as a measure of size to determine the growth of barnacles. The individual 

basal area was used in evaluation of total area covered by barnacles. Size-frequency 

distribution was evaluated by grouping barnacles in 2-mm intervals (individuals <2 mm 

were considered spats). Mapping of the macro-epibiont distribution on carapaces was 

carried out by marking the carapaces into different zones based on the zones exposed 

during the nesting period in the nearshore waters (Fig. 4.2). The prosoma was 

categorized into three regions: (1) the cardiopthalmic ridge (Prsl), (2) the anterior 

prosoma up to the level of lateral eyes (Prs2) and (3) the two flanks of the prosoma 

(Prs3). The opisthosoma was categorized into two regions: (1) the anterior (uncovered 

region; Opti) and (2) the posterior (covered region; Opt2). The arcsine transformed 

values of the total macro-epibiont; barnacle and bryozoan percentage coverage's were 

separately subjected to two-way analysis of variance (ANOVA) with replication (Sokal 

and Rohlf 1981). This was done in order to understand the differences associated with 

different regions of the carapace (prosoma and opisthosoma) versus those associated with 

gender. These were analyzed further using cluster analysis, to better understand the 
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dissimilarity pattern. The dissimilarity level was measured through squared Euclidean 

distance and the group average method as described by Pielou (1984). 

4------ Prosoma 

Opisthosoma 

Fig. 4.2. Tachypleus gigas Carapace demarked for 
epibiosis evaluation (Pr prosoma: Prsl  cardiopthalmic 
region, Prs2  anterior prosoma up to the level of lateral 
eyes, Prs3  flanks of the prosoma; Opt opisthosoma: Opts  
anterior opisthosoma (uncovered region). 

4.2.3. Scanning electron microscopy (SEM) 

The different regions of male and female horseshoe crab carapaces (dorsal side) were 

examined by SEM to evaluate the surface characteristics. Replicate samples from 

different regions (Prsl, Prs2, Prs3, Optl and Opt2) of the carapace were mounted on 

stubs, gold-coated and examined at 15 kV with a JEOL JSM-5800 LV scanning electron 

microscope. The observations were repeated with three male and female specimens. 

4.2.4. Extraction of Horseshoe crab secretion 

The animals were starved for 24 h prior to the commencement of the experiment. Male 

and female horseshoe crabs were kept separately in tanks (2 each) containing 24 liters of 
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GF/F filtered seawater at room temperature (29 ±2 °C; Salinity: 34 psu) whereas; in the 

third tank only seawater was kept and treated as experimental control. After 60 h, 

animals were removed from the water and water samples including control were eluted 

through a column packed with Amberlite-XAD-2 resin. Amberlite-XAD-2 resin column 

was washed with distilled water to remove the salts. The organic compounds adsorbed on 

the XAD-2 resin were extracted using organic solvent methanol (AR grade). The eluted 

methanol was evaporated using a rotary vacuum evaporator at 40 °C to get dried extract. 

The concentrated extracts were used for bioassay studies with fouling diatoms. 

4.2.5. Diatom assay 

The diatoms (Amphora coffeaeformis and Navicula transitans var. derasa f. delicatula) 

dominant in micro-fouling communities were isolated from the intertidal sediments of 

Dona Paula Bay, west coast of India (15° 27' N and 73° 48'E). The isolated diatoms 

were maintained as pure cultures in f/2 medium (Guillard and Ryther 1962). 

The experiment was carried out in polystyrene multi-wells (coming #25810) at a constant 

temperature of 20±1 °  C in an incubator with 12:12 h light and dark photoperiod. The 

secretion of horseshoe crab was reconstituted with methanol (AR) at a rate of 400 yg in 2 

ml of methanol. The assay protocol included evaluation of the female and male horseshoe 

crab extracts at a concentration of 50 µg/well. This was achieved by introducing 250 ./1. 

of the reconstituted extract to the multiwells. In order to evaporate methanol content of 

the extract, the multiwells were kept under sterile condition in a laminar flow chamber for 

3 to 4 h. A solvent control and seawater control was assayed simultaneously. The assay 

wells were inoculated with — 50,000 diatom cells in 5 ml sterilized filtered seawater 

enriched with f/2 medium at a salinity of 34 psu. Cells adhering to the bottom of the 

wells were quantified through light microscopy as abundance mm -2. In each of these 
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assay conditions, enumeration of the diatom numbers was carried out at an interval of 24, 

48 and 72 h. 

4.2.6. Chromatographic study of crude methanol extract of the secretions of horseshoe 
crab 

Thin layer chromatography of concentrated secretions of male and female horseshoe 

crabs and experimental control (seawater) was carried out on commercial silica gel coated 

TLC plate (Merck Cat. No. 1. 05554. 001). The 25% acetone/petroleum ether was used 

as a solvent system for running the plates. The plate was developed by spraying 

anisaldehyde-sulphuric acid spray (1 ml anisaldehyde + 1 ml Conc H2SO4 + 18 ml ethyl 

alcohol) and heated at 110 °  C. Number of spots was observed and RF (Resolution factor) 

value of each spot was measured. 

4.3 RESULTS 

As with all the horseshoe crabs, females were larger than males (Fig. 4.3). The surface 

area of the carapace of female horseshoe crabs was 55 to 60% more than that of males. 
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The surface area of the prosoma was approximately 75% greater than the opisthosoma in 

both sexes. The surface area of the female's prosoma and opisthosoma was 55 to 65% 

greater than that of the males. 

4.3.1. Surface properties of the carapace 

The whole body is covered by tough chitinous exoskeleton, which is sage green in color. 

The males were lighter in color than the females. The results obtained for surface 

wettability indicated the male carapace to be slightly more hydrophobic (SHM = 14.5 ± 

2.34) than the female carapace (SHM = 18.7 ± 1.8). The surface pH did not vary much 

between male and female carapaces and ranged from 8 to 8.5. 

4.3.2. Scanning electron microscope (SEM) 

Electron micrographs of the carapace of male and female horseshoe crabs are shown in 

Figs. 4.4a and b, respectively. SEM revealed that the male carapace was comparatively 
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rough as compared to the smooth carapace of females. Star-shaped openings were 

observed on the female carapace in the cardiopthalmic region and posterior part of the rim 

surrounding the cardiopthalmic (posterior prosoma) region (Fig. 4.4b, Prsl and Prs2). 

Such openings were not seen on any of the male carapaces. 

b. Female carapace 

Fig. 4.4. Tachypleus gigas. Scanning electron micrographs of horseshoe crab carapaces. a 
Male carapace: surface texture is rough in Prs l, Opti and Opt2  regions. b Female carapace : 
surface texture is comparatively smooth. Star-shaped openings were seen in Prs l , and Prs2 

 regions. Location of Prsl , Prs2, Prs3, Opti  and Opt2  on the carapace is as in Fig. 4.2. 

4.3.3. Diatoms 

Diatoms recorded from male and female horseshoe crabs belonged to 20 (11 pennates and 

9 centrics) and 17 (10 pennates and 7 centrics) genera, respectively. The diatom 

abundance (cells dm 2), generic diversity (H') and evenness values (J') were lower for 

females than for males (Figs. 4.5a, b). 



9 a. 

6— 

3 

0 

■ Male 
❑ Female 

D
ia

to
m

  a
bu

n
da

n
ce

  (
ce

ll
s  

dm
-2  

X
1

03
) 

2 

2 

1 

0 

0.8 

cr, 

A 
0.4 

0.0 

100 

10 

P
en

na
te

s  
/  

C
en

tr
ic

s  

b. 

• 12 	41 

• Male 
O Female 

• 

c. 

137 

Sh
an

no
n  

-  
W

ie
ne

r  i
nd

ex
  

Mar '97 	Aug 	Feb '98 	Aug  

Fig. 4.5. Tachypleus gigas. 	A 
comparison of a diatom cell 
abundance (cells dm -2  X 103), b 
diatom diversity (H') and evenness 
(J') and c ratio of pennates/centrics 
in male and female horseshoe crabs 
during different occasions. Error 
bars indicate standard deviation. 



138 

Pennate diatoms dominated the epibiotic community (Fig. 4.5c). Their dominance in the 

epibiotic community ranged from 31 to 90% in males and 52 to 93% in females. Among 

the pennates Navicula spp. and Nitzschia spp. and among the centrics Skeletonema sp. 

were dominant Two-way ANOVA of diatom abundance (cells dm 2) revealed that there 

is a significant variation between the sexes and the sampling period (Table 4.1). 

Interaction of sampling period and sexes revealed insignificant variations, indicating 

influence of sampling period to be equal in both the sexes (Table 4.1). 

Table 4.1. Tachypleus gigas. Results of two-way ANOVA with uneven sample sizes 
comparing diatom density (cells dm -2) between sexes (male and female) over period of 
sampling. 

df SS MS FS  

Subgroups (8: 4 samples for each sex) 7 5.9 0.8 6.5 < 0.005 
Sampling period (4) 3 4.1 1.4 10.4 < 0.001 
Sexes 1 1.6 1.6 12.4 < 0.005 
Sampling period X sexes 3 0.2 0.1 0.6 
Error 14 1.8 0.1 
Total 21 7.7 

Generic clustering of the diatom population revealed that cluster I comprising of Navicula 

spp., Nitzschia spp. and Skeletonema sp. were the most dissimilar forms encountered in 

both males and females (Figs. 4.6a, b). However, in the case of males these three forms 

merge with the rest of the community at a greater dissimilarity level (63.5), whereas in 

the case of females, the merger was complete at lower dissimilarity level (34). 

4.3.4. Macro-epibionts 

Macro-epibionts consisted of coelenterate Metridium sp. (sea anemone), the bryozoan 

Membranipora sp., the barnacle Balanus amphitrite (Darwin) and the bivalves Anomia 

sp. (false oyster) and Crassostrea sp. Taxon frequency and diversity of macro-epibionts 

were determined on the carapaces (dorsal side) of live specimens during the periods of 
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sampling. Acorn barnacles (B. amphitrite) and encrusting bryozoans (Membranipora 

sp.) were the most abundant forms encountered in terms of coverage (Fig. 4.7). 

Fig. 4.7. Tachypleus gigas. Comparision of coverage of macro-epibionts on male and 
female horseshoe crab carapaces during different sampling periods (a to d). Error bars 
indicate standard deviation. 

Coverage of macro-epibionts was greater on male carapaces than on female carapaces 

(Fig. 4.8a). The macro-epibiont coverage was greater on the opisthosoma than prosoma 

(Figs. 4.8b, c). The telson of the horseshoe crab was free of macro-epibionts. The total 

area covered by macro-epibionts (which includes all forms recorded), when subjected to 

two-way ANOVA, revealed that there is a significant variation between the genders and 

between the prosoma and opisthosoma of the carapace (Table 4.2). Cluster analysis 

revealed the total macro-epibiont coverage to be different between the sexes. The least 

dissimilarity was seen in the case of female prosoma and opisthosoma (Fig. 4.9a). 
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Fig. 4.9. Tachypleus gigas. Dendograms of the a. total macro-epibiont coverage, b. 
barnacle coverage and c. bryozoan coverage to compare gender differences and 
between the prosoma and opisthosoma. 
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Table 4.2. Tachypleus gigas. Results of two-way ANOVA comparing 
macro-epibiont coverage between sexes (male and female) and between 
different parts (Prosoma and Opisthosoma) of carapace (Prs Prosoma; Opt 
Opisthosoma). 

df SS MS F p 
Parts (Prs & Opt) 1 189.9 189.9 14.6 < 0.001 
Sexes 1 3555.4 3555.4 27.4 < 0.001 
Parts X Sexes 1 712.4 712.4 5.5 < 0.050 
Error 180 23394.4 129.9 
Total 183 27852.1 

Barnacle abundance (ind dm 2) and coverage was also greater on the male carapaces than 

on the female carapaces (Fig. 4.7). Barnacle coverage was less on the prosoma than on 

the opisthosoma in both the sexes (Fig. 4.10). ANOVA revealed a significant difference 

in barnacle coverage between the sexes and between the prosoma and opisthosoma of the 

Table 4.3. Tachypleus gigas. Results of two-way ANOVA comparing 
barnacle (Balanus amphitrite) coverage between sexes (male and female) 
and between different parts (prosoma and opisthosoma) of carapace (Prs 
Prosoma; Opt Opisthosoma). 

df SS MS Fs  p 
Parts (Prs & Opt) 1 772.7 772.7 8.3 < 0.005 
Sexes 1 2477.5 2477.5 26.5 < 0.001 
Parts X Sexes 1 525.1 525.1 5.6 < 0.025 
Error 180 16806.9 93.4 
Total 183 20582.2 

carapace in both the sexes (Table 4.3). Cluster analysis of barnacle coverage showed a 

pattern similar to that of total macro-epibiont coverage, whereby the sexes separated out 

as different clusters. Male opisthosoma was the most dissimilar form, followed by male 

prosoma, and the least dissimilar were observed in the cases of female opisthosoma and 

prosoma (Fig. 4.9b). Mapping studies revealed that the barnacle distribution (both adults 

and spat) on male and female carapaces was not uniform. In the case of females, no 

barnacles were found on the rim surrounding the cardiopthalmic region (i.e. the anterior 
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portion of the prosoma which is subjected to mechanical abrasions) and in the posterior 

area of the opisthosoma (i.e. the area covered by males) (Table 4.4). The abundance of 

Table 4.4. Tachypleus gigas. Intensity of macro-epibiont distribution on marked areas of 
carapace. Observations from 46 carapaces for each sex during different sampling periods, 
March 1997 to August 1998. Numbers relate to the number of individuals in the case of 
barnacles and percentage occurrence in the case of bryozoans (M male; F female; Prs1  
cardiopthalmic region; Prs2  anterior prosoma up to the level of lateral eyes; Prs3  flanks of the 
prosoma; Opt1  anterior opisthosoma (uncovered region); Opt2  posterior region (covered 
region). 

Prsi 	 Prs2 	Prs3 	Opti 	Opt2  

M 	F 	M- 	F 	M 	F 	M 	F 	M 	F 

Barnacle spat 12 ± 58 2 ± 58 1 ± 5 0.3 ± 2 0.2±1 0.2±1 7±16 4±8 2± 8 1 ± 7 

Adult 6±11 1± 2 4 ± 8 0.1 ± 1 1 	±3  0.1 ± 2 7 ±15 2 ± 7 5 ±12 0.2 ±13 
Bryozoa (%) 15 2 15 2 24 14 33 30 28 16 

barnacles was highest in the rough zone (Prs1 and Opt1) of both female and male 

carapaces. Barnacle abundance was less on female carapace than on male carapace 

during all the sampling periods. Fewer barnacles in the 6 to 8 mm size range 

(reproductive size of Balanus amphitrite) were seen on females than on males (Fig. 4.11). 

The size-frequency distribution of barnacles on female and male carapaces reveals that 

the recruitment of larvae on the carapace is high, but few recruits survive to maturity (as 

indicated by size) (Fig. 4.11). 

Encrusting bryozoans were the other dominant organisms contributing to total macro-

epibiont coverage (Fig. 4.7). The bryozoan coverage was greater in the case of males 

than females (Fig. 4.7). Encrusting bryozoan coverage was found to be less on the 

prosoma than on the opisthosoma in both sexes (Fig. 4.12). Coverage of encrusting 

bryozoans did not vary significantly between the sexes, but was significantly different 

between the parts of the carapace (Table 4.5). Cluster analysis for bryozoan coverage 

revealed less dissimilarity in comparison to total macro-epibiont coverage and barnacle 

coverage. The least dissimilarity was found among regions rather than sexes (Fig. 4.9c). 
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Prosoma 

Fig. 4.10. Tachypleus gigas. Comparison of Balanus amphitrite a, b % cover and c, d 
abundance (ind dm 2, of different size groups) between male and female horseshoe crabs 
on a, c prosoma and b, d opisthosoma during different sampling periods. Error bars 
indicate standard deviation. 

Table 4.5. Tachypleus gigas. Results of two-way ANOVA comparing 
bryozoan (Membranipora sp.) coverage between sexes (male and female) 
and between different parts (prosoma and opisthosoma) of carapace (Prs 
Prosoma; Opt Opisthosoma; ns not significant). 

df SS MS Fs  p 
Parts (Prs & Opt) 1 234.9 234.9 6.60 < 0.01 
Sexes 1 0.5 0.5 0.01 ns 
Parts X Sexes 1 39.4 39.4 1.10 ns 
Error 180 6441.5 35.8 
Total 183 6716.3 
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Fig. 4.11. Tachypleus gigas. Size frequency distribution of Balanus 
amphitrite on male and female horseshoe crabs during different sampling 
periods (arrows indicate sexually mature size class). 



❑ Male 	■ Female 

Prosoma 

a 

28 

21 — 

14 — 

Opisthosoma 

b 

Mar '97 Aug Feb '98 Aug 

21 — 

14 — 

; 

147 

Fig. 	4.12. 	Tachypleus 	gigas. 
Comparison of bryozoan coverage 
(Membranipora sp) between male and 
female horseshoe crabs on a. prosoma 
and b. opisthosoma during different 
sampling periods. Error bars indicate 
standard deviation. 

4.3.5. Diatom assay 

4.3.5.a. Amphora coffeaeformis 

The average number of cells in the presence of female horseshoe crab extract was found 

to be minimum, 29 cells mm-2  after 24 h and 118 cells mm -2  after 72 h (Fig. 4.13a). The 

maximum number of cells was seen in control and rearing seawater wells. In control 

wells after 24 h, 101 cells mm -2  and after 72 h, 1156 cells mm -2  were observed (Fig. 4.13). 

The number of cells in the male extract was 74 cells mm -2  after 24 h and 281 cells mm -2 

 after 72 h (Fig. 4.13). This investigation revealed that the female horseshoe crab extract 

inhibited the multiplication of A. coffeaeformis. 
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4.3.5.a. Navicula transitans var. derasa f. delicatula 

The results obtained for 24 h, 48 h and 72 h observations indicated that there was not 

much significant difference in the number of cells among the female secretion (44 to 210 

cells mm-2), male secretion (29 to 255 cells mm 2), experimental control (47 to 243 cells 

mm2), methanol control (287 to 949 cells mm -2) and sea water control (48 to 371 cells 

mm-2) (Fig. 4.13). This experiment indicated that the secretion from horseshoe crab has 

no influence on this test organism. 
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In general, diatom assays revealed that female horseshoe crab secretions inhibited the 

multiplication of A. coffeaeformis. However, normal growth was observed with male 

horseshoe crab secretions and controls. In case of N. transitans var. derasa f. delicatula 

the growth was normal with both male and female horseshoe crab secretions and controls. 

Field observations of diatom flora on male and female horseshoe crabs revealed that 

Navicula spp. was the most dominant form among the diatoms encountered in the 

community. This study showed that the secretion of female horseshoe crabs has the 

potential for the control of species-specific epibiotic diatoms. 

4.3.6. Chromatographic study 

The RF values of the spots for male and female horseshoe crab extracts and experimental 

control obtained from TLC plates are tabulated in Table 6. TLC plate indicated that 

female horseshoe crab extract had 4 spots whereas; male and experimental control 

appeared to have three similar major spots (Fig. 4.14). 

Table 4.6. Tachypleus gigas. RF values 
for secretions of female horseshoe crab 
(FHC) and male horseshoe crab (MHC) 
and experimental control (EC). 

Sl. No FHC MHC EP 

1 
2 
3 

0.193 
0.636 
0.761 

0.204 
0.636 

0.182 
0.636 

Fig. 4.14. Tachypleus gigas. Thin 
Layer Chromotographic (TLC) plate 
(M: male horseshoe crab secretion, 
F: female horseshoe crab secretion, 
C: experimental control. 
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4.4 DISCUSSION 

Horseshoe crabs are slow-growing animals having a life span of 15 to 18 years. Their 

development to sexual maturity requires 9 to 10 years for males and 10 to 11 years for 

females (Mikkelsen 1988). After attaining sexual maturity crabs are in terminal 

anecdysis; the carapace covering the body is not shed. In spite of this, the carapace of the 

horseshoe crab is comparatively free of epibionts. In an environment where substratum 

availability is sparse in soft-bottom sediments, these hard-shelled organisms may serve as 

suitable substrata for epibionts. 

In this investigation, we explored the differences in the epibiotic community of T. gigas, 

according to gender. The dominant diatom forms were Navicula spp., Nitzschia spp. and 

Skeletonema sp. in both the sexes (Figs. 4.6a, b). However, there were significant 

differences between the sexes in diatom abundance and diversity. The abundance, 

diversity and evenness values of diatoms were lower for females than for males (Figs. 

4.5a, b). Among the macro-epibionts, barnacles (B. amphitrite) and bryozoans 

(Membranipora sp.) were dominant on the carapaces of both the sexes (Fig. 4.7). Both 

of these organisms are important constituents of the macrofouling community in Indian 

waters (Karande 1965; Anil 1986). There were significant differences in coverage of 

macro-epibionts between the male and female carapaces. Total macro-epibiont coverage 

and coverage of barnacles and bryozoans were also lower on the carapace of female 

crabs. 

The size-frequency distribution of barnacles indicated that settlement does take place in 

high numbers, but few barnacles remain attached until reproductive age. This conclusion 

is drawn from the observation made earlier that B. amphitrite attains sexual maturity at a 

size (basal diameter) of 7.3 mm. B. amphitrite reaches this stage in about 20 to 22 d 
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under normal submerged conditions (Iwaki and Hattori 1987; authors' personal 

observations). The arrow marks in Fig. 4.11 indicate the abundance of barnacles that are 

in this size group in the epibiont community of the horseshoe crab. Here again, the larger 

barnacles were greater in abundance on the male carapace. Mapping of the macro-

epibiont population belonging to this group also indicated considerable differences with 

different regions of the carapace (Fig. 4.2; Table 4.4). For both barnacles and bryozoans, 

the macro-epibiont coverage on the prosoma is less than on the opisthosoma. Differences 

in the structure of the epibiont community between sexes or among regions of the 

carapace may be related to: (1) changing habitat, (2) mechanical abrasion and surface 

availability, (3) requirements of epizootic larvae and/or (4) surface properties of the 

carapace. 

4.4.1. Changing habitat 

Tachypleus gigas is a marine species occurring on sandy beaches and muddy bottoms 

from the tide-line to depths exceeding 37 m (Mikkelsen 1988). Amplexed pairs migrate 

from deeper regions to nearshore waters, with the male riding on the female crab for 

spawning during highest high tide. Migration occurs once every 2 weeks during highest 

high tide, and then crabs move back to their natural habitat with ebbing tide. Breeding of 

these crabs is year round (Chatterji 1994). Such a habitat change may exert stress on the 

diatoms and macro-epibionts. This has been suggested as a problem for epizoans on sea 

snakes (Key et al. 1995), sea turtles (Caine 1986) and epizoic bryozoans on the horseshoe 

crab Carcinoscorpius rotundicauda (Key et al. 1996). Desiccation and inhospitable 

depths may cause dislodgement/mortality of epibionts. This investigation revealed the 

dominance of barnacles and bryozoans in the epibiotic community. B. amphitrite is a 

eurytolerant organism, cosmopolitan in distribution, whose range extends to fringes of the 

marine environment including the supra-littoral zone. B. amphitrite has been reported to 
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occur to depths of 40 m (Hutchins 1952). Owing to this broad distribution, the 

physiological stresses caused by changing habitat may be considered negligible. During 

nesting, crabs spend considerable time on the beach laying eggs. Bryozoans are sessile, 

colonial animals, commonly encountered in sub-tidal regions (Menon 1972). Menon 

(1973) also observed that Membranipora sp. generally prefer lower levels, i.e. 0.5 to 3 m 

below tidal levels. This natural distribution range indicates that subaerial exposure can 

have a negative impact on the epizoic bryozoans. In the case of diatoms, such exposure 

may not markedly affect the community as several diatom genera are known to tolerate 

desiccation even at higher temperatures, due to the production of exopolysaccharides 

which function as antidesiccants (Evans 1959, Hostetter and Hoshaw 1970, Davis 1972, 

Hoagland et al. 1993). On the other hand, migration of the crabs to deeper waters may 

curtail the proliferation of diatoms due to light limitations. 

4.4.2. Mechanical abrasion and surface availability 

During mating, the male, which is almost always smaller, grasps the posterior half of the 

carapace of the female with the modified pincers of the second pair of feet, thus covering 

about 70 to 80% of the female opisthosoma. Macro-epibionts were not found in the 

posterior area of the carapace (i.e. the covered region) of females. The availability of 

undisturbed surface for macro-epibionts is less on female carapace, while the whole of the 

male carapace is exposed for epibiont colonization. The amplexed pairs remain in such a 

position for a considerable time, which further reveals that mating activities have the 

potential to prevent further epibiosis in the protected region of females. In the case of 

Limulus polyphemus, another species of horseshoe crab seen along the Atlantic and Gulf 

coasts of North America, amplexed pairs never separate, even after spawning (Barnes 

1980). This phenomenon of prolonged amplexus, in which the male remains joined to the 

female during non-reproductive periods, has been explained as a mechanism to ensure 
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access to the female by the male at the time of spawning (Rudloe 1980). In the case of 

turtles, mating activities probably do not markedly affect carapace communities. Both the 

sexes have similar distributions of epibionts (Caine 1986). Turtles amplex only during 

breeding season and separate after mating so that both the sexes are exposed wholly for 

epibiosis. 

During nesting, female horseshoe crabs generally bury themselves to the level of the 

lateral eyes. Females remain in this position, with occasional digging movements, for 

some time until egg laying and external fertilization occurs (Cohen and Brockman 1983). 

Once the fertilization is over, the female buries the eggs and begins to excavate the next 

nest. The friction developed between the sediment and the carapace of the female during 

nesting can dislodge or cause mortality of diatoms and macro-epibionts on females. 

Burying behavior of basibionts/hosts adversely affects the settlement and survival of 

epibionts (Mori and Zunino 1987, Abello et al. 1990, Becker and Wahl 1996). Barnacles 

were not found on the steep rim surrounding the cardiopthalmic region (Prs1 and Prs2) 

(Fig. 4.2; Table 4.4). This portion of the carapace is buried in the sediment during the 

nesting period. 

Most shore crabs exhibit grooming activities (cleaning their carapace with the aid of 

appendages) as a defense mechanism to prevent fouling. Horseshoe crabs do not possess 

this capability, as their appendages do not extend beyond the edge of the carapace. 

4.4.3. Requirements of epizootic larvae 

Differences in larval requirements for undergoing metamorphosis, for example 

phototaxis, surface roughness or chemistry, may influence the distribution of epibionts on 

the carapace. Most of the bryozoan larvae are known to be negatively phototropic at the 

time of metamorphosis, while most of the barnacle larvae (cyprids) are positively 
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phototropic (Thorson 1964). Such differences in larval behavior have been used to 

interpret the distribution differences of barnacles and bryozoans on the carapace of 

portunid crabs, e.g. Bathynectes piperitus Manning and Holthuis, 1981 (Gili et al. 1993). 

Mapping studies in this investigation revealed that most of the barnacles were 

concentrated around entapophyseal pits on the posterior sloping opisthosoma, and on the 

opercular pleurite adjacent to the prosomal genal angle, along the prosoma longitudinal 

furrow and over the ophthalmic ridge, suggesting rugophilic (roughness seeking) and 

rhaeophilic (turbulence seeking) behavior on the part of the cyprid larva (Fig. 4.2; Table 

4.4). Bryozoans concentrated closer to movable marginal spines, suggesting rugophilic 

(groove seeking) behavior. The flanks of the prosoma bore bryozoans, suggesting 

geophobic (antigravitational) behavior by settling bryozoan larvae (Gore 1995). 

4.4.4. Surface properties of the carapace 

The properties of the substrata have considerable influence on the metamorphosis of 

barnacle and bryozoan larvae and are well documented in biofouling studies (Rittschof 

and Costlow 1989, Maki et al. 1989, 1990, 1994, Anil and Khandeparker 1998). 

Wettability of a given surface plays an important role in the slime film formation and in 

attachment of settling larvae (Rittschof and Costlow 1989). The results of the surface 

wettability measurement indicated the male carapace to be slightly more hydrophobic 

than the female carapace. The study also revealed that the micro-epibiont population 

differed on male and female carapaces. Such a difference can also be influenced by the 

observed variations in the wettability. The electron microscopic evidence revealed that 

the male carapace is comparatively rougher than the female carapace (Fig. 4.4a). Star-

shaped openings were also observed in the female carapace in Prsl and Prs2 regions, 

suggesting the opening of pore glands (Fig. 4.4b). Mikkelsen (1988) suggested that 

horseshoe crabs keep their surfaces clean from ectocommensals and epiphytes by means 
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of a glycoprotein exudate produced by hypodermal glands and secreted through the 

carapace. Females harbor large numbers of eggs on the ventral surface of the abdominal 

appendages. The eggs are toxic. The toxicity of the eggs has been related to the 

production of tetrodotoxin (Ho et al. 1994a, b). Strong alkaloids, which are toxic, have 

also been identified in the eggs and tissue of T. gigas and C. rotundicauda (Mikkelsen 

1988). Toxic compounds secreted through the carapace by means of pore canals in 

females may also play an important role in the control of epibiosis and deserves attention 

in future efforts. Further evaluation of this aspect would enhance the understanding of 

epibiosis control in horseshoe crabs and also provide new insights to the development of 

antifouling technology. In lieu of this male and female horseshoe crab secretions was 

extracted and its antifouling properties was evaluated. Diatom assays revealed that 

female horseshoe crab secretions inhibited the growth of A. coffeaeformis but the growth 

was normal with male horseshoe crab secretions and controls (Fig. 4.13). In case of N. 

transitans var. derasa f. delicatula the growth was normal with both male and female 

horseshoe crab and controls (Fig. 4.13). Field observations of diatom flora on male and 

female horseshoe crabs revealed that Navicula spp. was the most dominant form among 

the diatoms encountered in the community (Fig. 4.6). This indicates that the secretions of 

female horseshoe crabs have the species-specific potential for the control of diatom 

epibiosis and may be one of the causative agents for the gender differences in the 

epibiotic community structure. 



Chapter 5 

Influence of diatoms on cyprid 
metamorphosis of Balanus amphitrite 
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5.1. INTRODUCTION 

Most of the sessile invertebrates produce pelagic larva as part of their life history. The 

final stage of the larvae plays a crucial part in their life cycle, as its sole purpose is to 

search and attach to the most suitable site on the substratum for further development into 

sedentary juvenile individuals. The commencement of larval settlement and 

metamorphic processes is possibly triggered by environmental (physical and biological) 

stimuli. The onset of larval surface exploration and substratum choice for attachment is 

influenced by the biofilm on the surfaces (Zobell and Allen 1935). Several studies 

suggest that biofilms can play an important role in mediating settlement and 

metamorphosis of invertebrate larvae (Kirchman and Mitchel 1981, 1983; Kirchman et 

al. 1982a, 1982b, Maki and Mitchell 1985, 1986; Maki et al. 1988, 1989, 1990, 1992, 

1994; Mitchell 1984, Mitchell and Kirchman 1984; Mitchell and Maki 1988, Rittschof et 

al. 1992, Rodriguez et al. 1995, Zhao and Qian 2002). Biofilm is a complex network of 

microorganisms (bacteria, diatoms, protozoa and fungi) and their extracellular polymeric 

substances. Amongst these, diatoms are the earliest eukaryotic colonizers of submerged 

surfaces and one of the most conspicuous organisms in biofilms. Attachment of diatoms 

is a more complicated process than bacteria (Cooksey and Cooksey 1995) and is 

invariably associated with the production of extracellular polysaccharides in the form of 

pads, envelops, stalks or tubes (Chamberlain 1976, Daniel et al. 1987, Hoagland et al. 

1993). Exopolysaccharides appear to play many functions in the adherent biofilms 

including motility, protection and maintenance (Characklis and Cooksey 1983, Costerton 

et al. 1987, Hoagland et al. 1993). These exopolymers are composed of polysaccharides 

with variable amount of proteins. These extracellular polymeric substances either 

contribute to the biofilm matrix (Cooksey 1992, Costerton et al. 1994) or are released by 
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the microorganisms to the surrounding medium as free EPS (Sutherland 1985, Beech 

1990, Beech et al. 2000, Khandeparker and Bhosle 2001). 

Biofilm formation on a substratum modifies its surface chemistry (Characklis and 

Cooksey 1983) and strongly influences the larval recruitment that leads to economic 

problems in shipping industry and industrial aquatic pr-ocesses. Marine invertebrate 

larvae are presented with a wide range of cues as they approach a substratum. These cues 

may be physical ones or biologically derived chemical cues associated with bacteria, 

microflora and microfauna. Microbial biofilms have generally been examined as a 

stimulus for the settlement of macrofouling organisms (Crisp 1974). The larvae may use 

specific chemical signatures from biofilms or characteristic microbial assemblages to 

indicate preferred ecological conditions at a site. Numerous relevant literature report that 

biofilms can have varying effects on larval attachment (Kirchman et al. 1982a, Weiner et 

al. 1985, 1989, Maki et al. 1988, 1989, 1990, 1992, Szewzyk et al. 1991, Holmstrom et 

al. 1992, Pawlik 1992, Avelin Mary et al. 1993, Rodriguez et al. 1993, Todd and Keough 

1994, 0' Connor and Richardson 1996, Wieczorek and Todd 1998, Anil and 

Khandeparker 1998, Qian 1999, Khandeparker et al. 2002). In these studies, the 

inductive effect of natural biofilms on larval settlement is attributed to bacteria and their 

components in biofilms. Recently a thraustochytrid protist, detected in marine microbial 

films has been shown to induce settlement of the barnacle Balanus amphitrite 

(Raghukumar et al. 2000). Surprisingly till date, elucidation of invertebrate larval 

settlement cues from the diatoms and their components is limited although their 

proportion in biofilms is high, especially in illuminated areas. 

Earlier studies on larval induction of marine invertebrates by benthic diatoms have 

mainly focused on invertebrate species with grazing juveniles, such as abalones (Ebert 
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and Houk 1984, Kawamura and Kikuchi 1992, Slattery 1992, Bryan and Qian 1998, 

Daume et al. 1999), Sea urchins (Tani and Ito 1979) and Sea cucumbers (Ito and 

Kitamura 1997). Until recently, very few studies have been focused on the larval 

settlement induction by benthic diatoms with respect to larval settlement behavior of 

sedentary organisms such as barnacle, Balanus balanoides (Le Tourneux and Bourget 

1988) and polychaete, Hydroides elegans (Harder et al. 2002). These studies mainly 

focused on the influence of biofilms dominated by benthic diatoms. In the present study, 

efforts were made to investigate the influence of diatom films of different densities and 

their extracellular components on the larval metamorphosis of the barnacle, Balanus 

amphitrite. 

Balanus amphitrite is a dominant fouling organism found all over the world and is the 

major target organism in biofouling studies as well as in the development of antifouling 

technology. B. amphitrite, an acorn barnacle is an important model organism for these 

studies because of its rapid larval development, the ease of raising synchronous mass 

cultures and the predictable settlement in static conditions. . This barnacle species is 

eurytolerant (Crisp and Costlow 1963, Iwaki 1981, Anil 1991, Anil et al. 1995), breeds 

throughout the year (Karande 1967; Anil 1986) and is a dominant fouling organism in 

the fouling community in Indian waters (Karande 1967; Purushotham and Satyanarayan 

Rao 1971; Anil 1986; Venugopalan and Wagh 1990; Fernando 1990; Satyanarayan Rao 

and Balaji 1988; Rao 1989; Santhakumaran 1989). It has been reported from both, east 

and west coasts of India (Karande 1967,1974; Fernando 1978; Anil 1986; Pillai 1958). 

The capabilities of five diatom species, belonging to different genera viz Navicula and 

Amphora dominant in microfouling and benthic microalagal community, in inducing 

larval metamorphosis of Balanus amphitrite was explored. The diatom species isolated 
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from natural biofilms were used as candidate organisms. The effectiveness of different 

settlement inducing components from these diatoms was assessed. 

5.2. MATERIALS AND METHODS 

5.2.1. Culturing conditions and source of algal material 

Five species of pennate diatoms belonging to two genera Amphora (A. coffeaeformis and 

A. rostrata) and Navicula (N. crucicula, N. transitans var. derasa f. delicatula and N. 

subinflata) were used in this study. The cultures are maintained in Marine Corrosion and 

Materials Research Division, National Institute of Oceanography, Goa, India. A. 

rostrata, N. crucicula and N. subinflata were originally isolated from the biofilm, 

whereas A. coffeaeformis and N. transitans var. derasa f. delicatula were isolated from 

the intertidal sediments of Dona Paula Bay, west coast of India (15° 27' N and 73° 

48'E). Cultures of these species were maintained in the exponential growth phase by 

weekly reinoculation into fresh culture medium, prepared in autoclaved seawater (— 35 

psu) enriched with nutrients (f/2 media; Guillard and Ryther 1962). Cells were grown in 

Erlenmeyer flasks (100 ml) containing 50 ml culture medium and were maintained at 27 

-±1°C under a light regime of 12 h light: 12 h dark photocycle. 

5.2.2. Extraction of diatom exopolymers (EPM) 

Prior to the extraction of diatom exopolymers, diatom cultures were made bacteria free 

in order to avoid the contribution of bacterial exopolymers. A two-step method 

(including physical and chemical methods) was employed to obtain the bacteria free 

culture. Firstly, the diatom cells were given repeated sterile wash (10 times) before and 

after mild sonication to remove loosely adhered bacterial cells. After this treatment, the 

diatom cells were incubated • overnight in f/2 media containing 1 mg mr 1  lysozyme to 

remove gram-negative bacteria (Kim et al. 1999). Subsequent to the lysozyme treatment, 
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the cultures were again given repeated sterile washings and were checked 

microscopically for any cell wall permeabilization. The cultures were later incubated in 

fresh sterile f/2 medium containing antibiotic mixture (1 mg m1 -1  of Penicillin G, 0.5 mg 

m1-1  of Streptomycin, and 0.2 mg m1 -1  of Chloramphenicol) for 24 hours. The culture 

was then transferred to antibiotic free medium and cultivated as above. Confirmation of 

bacteria free culture was done by spread plate method using Zobell marine agar and by 

fluorochrome staining by using 4'6-diamidino-2-phenylindole (DAPI). This method of 

obtaining bacteria free cultures was employed for all the diatom species. These bacteria 

free cultures were further used for exopolymer extraction and carrying out larval assays. 

Mass cultures (4.5 L) of each species were raised in Schott Duran Bottle using f/2 

medium, as described above. After attaining stationary phase (16 d), the supernatant 

was decanted to separate the cells attached to the culture flask. The decanted supernatant 

was used to isolate planktonic or free EPM and the attached cells were used for the 

isolation of biofilm EPM. 

The biofilm EPM from the attached cells was extracted following the method described 

by Beech et al. (2000). The attached diatom cells were treated with isotonic Tris buffer 

(10 mM Tris-HCI, pH 8, 10 mM EDTA) containing 2.5% NaCl and incubated overnight 

at 4 °C. After incubation, the extracted biofilm EPM and supernatant were centrifuged 

separately at 6,000 rpm (12,000 g) at 4 °C for 30 minutes followed by a 0.2 um 

(Nucleopore) filtration to remove any cell material. The filtrate was concentrated in a 

stirred ultra centrifugation cell (Amicon, Danvers MA) using an ultra filter with a MW 

cut off of 1,000D. The carbohydrate content of the filtrate was quantified by using 

phenol-sulfuric acid method (Dubois et al. 1956), with glucose as standard. At the time 

of harvesting EPM, cell counts were also made in order to estimate EPM production per 
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cell. The same procedure was followed for all the diatom species. Isolation of EPM 

from non-axenic culture of N. crucicula and N. subinflata, which were abundant in the 

fouling community, was also carried out by following the similar method, to compare the 

results of axenic and non axenic conditions. The EPM produced was further used for 

larval assays and FTIR analysis. 

Growth rate and generation time for all the diatom species used in the study were also 

calculated from the initial count of the inocula and final counts, which were made at the 

time of harvesting EPM. 

5.2.3. Preparation of the adult extract (AE) 

Cyprid larva is discriminating in its choice of settlement site (Knight-Jones 1953; Crisp 

and Meadows 1962, 1963). Laboratory and field studies have demonstrated that 

barnacle cyprids prefer to metamorphose on or near conspecifics. This gregarious 

feature has been related to settlement pheromone, a glycoprotein present in the adults, 

referred as arthropodin (Knight-Jones and Crisp 1953, Knight-Jones 1953, Crisp and 

Meadows 1963). So, an extract was prepared from the adult B. amphitrite and it was 

considered as a positive control in the larval assays. 

Adult extract was prepared by following the method described earlier by Larman et. al. 

(1982). Adults of B. amphitrite, collected from the intertidal area of Dona Paula Bay 

(15°  27' N, 73° 48' E), were brought to the laboratory and cleaned by brushing off the 

epibiotic growth on their shells using a nylon brush. The animals were then washed and 

100-g wet weight of whole adults was crushed with a mortar and pestle using 100 ml of 

deionised water (RO pure). The supernatant of the crushed mixture was decanted, 

centrifuged at 12,000 X g for 5 min and thereafter boiled for 10 min in a boiling water 

bath. The extract was again centrifuged at 12,000 X g for 5 min and then frozen at -20 °  C 
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until further use. The protein content of the extract was estimated following the method 

described by Lowry et. al. (1951). Bovine serum albumin (BSA) was used as the 

standard. A protein concentration of 50 Rg m1 -1  of AE was used for all assays. 

5.2.4. Rearing of B. amphitrite larvae 

The life cycle of B. amphitrite includes planktotrophic larval development consisting of 

six naupliar instars and a non-feeding cyprid instar. The first instar nauplii do not feed 

and molt into the second instar within 1-2 hours. Instars II to VI are phytoplanktotrophic. 

Nauplii were mass reared in 2-liter glass beakers using filtered seawater of 35 psu on a 

diet of Chaetoceros calcitrans, a unicellular diatom, at a cell concentration of 2 x 10 5 

 cells ml-1 . The food organism was replenished every day while changing the water. 

After 5-6 days, the cyprids obtained were siphoned out and stored at 5° C prior to 

settlement assays. Two-day-old cyprids were used to carry out the assays. These 

methods have been described in detail by Rittschof et al. (1984). 

5.2.5. FTIR spectroscopy 

Samples were prepared by grinding EPM with potassium bromide, and pressing the 

mixture to form a pellet. A Fourier transformed infrared spectroscopy (FTIR - model) 

was used to read absorbances from 500 to 4000 cm 1.  FTIR was done to detect the major 

structural groups of biofilm and free EPM produced by diatoms. 

5.2.6. Assay protocol for Experiments 1 and 2 

Two different experiments were carried out; the schematic representation of which is 

given in Fig. 5.1. In Experiment 1, the effectiveness of axenic and non-axenic diatom 

exopolymers, both planktonic and biofilm was investigated. In Experiment 2, the 

influences of diatom films (both axenic and non-axenic) at different cell densities were 
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assessed. Along with these experiments, the effect of positive control (AE) on larval 

metamorphosis was also investigated. 

Adult Extract Autoclaved Biofilm EPS Free EPS 
(+ Control) Seawater Carbohydrate Carbohydrate 

Proteins (- Control) 50pg 50pg ml -1  
50pg 

Fig. 5.1. Schematic representation of the experimental set-up. 
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5.2.6.a Experiment 1: 

The settlement assays were carried out using 24 well multiwells (Corning -25820). The 

multiwells were inoculated with biofilm/free exopolymers from axenic/non-axenic 

diatom cultures. Controls were sterile filtered seawater (FSW) and f/2 medium (as 

negative controls) and AE (positive control). The inoculated multiwells were rinsed off 

after three hours by repeated rinsing with autoclaved filtered seawater under a laminar 

chamber. Subsequently, 1 cyprid was introduced with 2 ml of autoclaved filtered 

seawater (35 psu). The settlement assays were monitored for a period of four days with 

an intermittent observation everyday. Assay wells were maintained at 26 ± 1° C (12h 

light: 12h dark photoperiod). The assays were conducted separately with axenic and 

non-axenic diatoms and were repeated thrice by taking different batches of larvae i.e. in 

triplicates (n - 10 in each of the triplicate). 

5.2.6.b. Experiment 2: 

The settlement assays were carried out using 24 well multiwells (Corning -25820). The 

multiwells were inoculated aseptically under a laminar flow with axenic and non-axenic 

diatom cultures at densities of 200, 1000 and 5000 cells m1 -1 . After inoculation, the 

multiwells were kept overnight for the formation of films. The transfer of larvae, 

monitoring of settlement assays and maintenance of assay wells was the same as 

described for experiment 1. As in experiment 1, the assays were conducted separately 

with axenic and non-axenic diatoms. The growth of diatoms in the multiwells was also 

assessed along with the monitoring of settlement assays. 

5.2.7. Data analysis 

The data obtained are described as percentages of metamorphosed larvae in each assay 

condition. The data on metamorphosis (%) was arcsine transformed to ensure normality 



-4,  

165 

and homogeneity of variances before subjecting to statistical analysis. The influence of 

biofilm EPM, free EPM and diatom films of varying densities of axenic and non-axenic 

cultures on cyprid metamorphosis was evaluated by two-way analysis of variance 

(ANOVA) with equal replication (Sokal and Rohlf 1981). 

5.3. RESULTS 

5.3.1. Diatom growth and exopolymer production 

Biofilm EPM was comparatively higher than free EPM, except for N. transitans var. 

derasa f. delicatula (Fig. 5.2). Amphora spp., which has faster growth rate and lesser 

generation time, produced higher biofilm exopolymers per cell compared to Navicula 

spp. (Figs. 5.2 and 5.3). Among the Amphora spp., A. rostrata produced higher EPM 

AC AR NC NA-NC  NS NA-NS NT 

Fig. 5.2. Exopolymer production by diatoms under axenic and non-axenic conditions. 
AC: Amphora coffeaeformis, AR: A. rostrata, NC: Navicula crucicula, ND: N. 
transitans var. derasa f. delicatula, NS: N. subinflata, NA-Nc: Non-axenic- N 
crucicula and NA-NS: Non-axenic-N subinflata. 
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per cell followed by A. coffeaeformis (Fig. 5.2). In case of Navicula spp., the EPM 

production was in the following order; N. crucicula > N. transitans var. derasa f. 

delicatula > N subinflata (Fig. 5.2). However, N. transitans var. derasa f. delicatula 

produced higher free EPM followed by A. rostrata, A. coffeaeformis, N. subinflata and 

N. crucicula (Fig. 5.2). In another set, it was found that the non-axenic culture of N. 

subinflata and N crucicula produced higher biofilm EPM per cell than axenic cultures 

(Fig. 5.2). The results obtained from the growth rate also revealed that the growth rate 

of non-axenic diatom cultures was higher than axenic cultures (Fig. 5.3). This further 

indicates that the bacteria associated with the diatoms play an important role in the eco-

biology of diatoms like growth rate and EPM production. 
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0.6 - 

NI■,11 
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AC 	AR 	NC 	NA-NC NS 	NA-NS 	NT 

Fig. 5.3. Growth rate and generation time of diatoms grown under axenic and 
non-axenic conditions. AC: Amphora coffeaeformis, AR: A. rostrata, NC: 
Navicula crucicula, NT: N. transitans var. derasa f. delicatula, NS: N. subinflata, 
NA-NC: Non-axenic- N crucicula and NA-NS: Non-axenic-N subinflata. 
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5.3.2. Effects of diatom exopolymers on cyprid metamorphosis 

The results of the larval assays are shown in Fig. 5.4. The results obtained revealed that 

the diatom exopolymers did not promote larval settlement induction as compared to 

positive control (Fig. 5.4). Among the exopolymers, the maximum percentage of larval 

Days 

Fig. 5.4. Influence of diatom exopolymers produced under axenic conditions on the 
larval metamorphosis of B. amphitrite. ASW (-C): Autoclaved sea water (- control) 
and AE(+C): Adult extract (+ control). 
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metamorphosis was shown for biofilm EPM than free EPM for all experimental days 

(Fig. 5.4). Two-way ANOVA showed significant variation between the exopolymers 

and controls (Table 5.1) which was in the following order; AE > biofilm-EPM > FSW 

(negative control) > Free EPM. Among the diatom genera, exopolymers of Navicula 

spp. showed higher rates of larval metamorphosis compared to Amphora spp. (Fig. 5.4). 

However, two-way ANOVA showed insignificant variations between the species (for 

both inter-generic or intra-generic) (Table 5.1). Amphora spp. yielded more exopolymer 

per cell but was less influential on larval metamorphosis than Navicula spp. and vice 

versa (Figs. 5.2 and 5.4). Among the non-axenic cultures, the biofilm EPM of N 

crucicula showed higher metamorphosis compared to AE. However, the same was not 

the case with N. subinflata (Fig. 5.5). The results also revealed that EPM of non-axenic 

cultures of N. crucicula and N. subinflata promoted larval metamorphosis better than 

axenic cultures. However, two-way ANOVA showed insignificant variation between the 

axenic and non-axenic cultures but significant variation was observed between the assay 

conditions for all experimental days (Table 5.2). 

75 
a. Navicula crucicula b. Navicula subinflata 

  

	 ASW (- C 1) 
	 Biofilm - EPM 

AE (+ C) 
	

n Free - EPM 

Fig. 5.5. Influence of diatom exopolymers produced under non-axenic conditions on the larval 
metamorphosis of B. amphitrite. ASW (-C): Autoclaved sea water (- control) and AE(+C): 
Adult extract (+ control). 
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Table 5.1. Two-way ANOVA. Influence of exopolymers (biofilmlfree) of axenic diatom 
species (AC, AR, NC, NT, NS) on the metamorphosis of Balanus amphitrite cyprids. AC-A. 
coffeaeformis, AR-A. rostrata, NC-N. crucicula, NT -N. transitans and NS -N. subinflata. 
(Note: **** - p< 0.001; *** - p< 0.01; ** - p< 0.025; * - p< 0.05; ns - not significant). 

Day 1 	 Day 2 	 Day 3 	 Day 4  
Variations 	 df SS MS 	Fs 	SS MS 	Fs 	SS MS 	Fs 	SS MS 	Fs  

A(Species) 	 4 	47 	11.7 0.49' 	21 	5.3 0.10' 	50.0 12.5 0.23' 	43 	10.73 0.23" 
B(Assay condition) 	3 	1294 431.4 18.16**** 1640 546.8 10.17**** 2170.6 723.5 13.20**** 2225 741.57 15.61**** 

A*B (interaction) 	12 	132 11.0 0.46' 	180 15.0 0.2es 	219.1 18.3 0.33' 	140 	11.70 0.25's  
within subgroup error 40 	950 23.8 	 2150 53.8 	 2191.7 54.8 0.33 	1900 47.51 
Total 	 59 2424 	 3992 	 4631.3 	 4308 

Table 5.2. Two-way ANOVA. Influence of exopolymers (biofilm and free) of axenic and 
non-axenic diatom species (NC and NS) on the metamorphosis of Balanus amphitrite 
cyprids. NC-N. crucicula and NS -N. subinflata. (Note: **** - p< 0.001; *** - p< 0.01; ** -
p< 0.025; * - p< 0.05; ns - not significant) 

	

Day 1 	 Day 2 	 Day 3 	 Day 4  
Variations 	 df SS MS 	Fs 	SS MS 	Fs 	SS MS 	Fs 	SS MS 	Fs  
A(cultures) 	 3 	94 	31.3 	1.39"s 	58 	19.3 	0.40' 	27 	8.9 	0.20" 	81 	27.0 	0.53" 
B(Assay condition) 	3 	890 296.8 13.18"*" 1000 333.4 6.89**** 1393 464.2 10.53***" 1746 581.9 11.44'*** 
A*B (interaction) 	9 	169 18.7 	0.83' 	218 24.2 	0.5m 	174 19.3 	0.44" 	198 	22.1 	0.43" 
within subgroup error 	32 	721 	22.5 	 1549 	48 	 1411 44.1 	 1628 50.87 
Total 	 47 1874 	 2824.8 	 3004 	 3653 

5.3.3. Effects of diatom films and its growth on cyprid metamorphosis 

The results of larval assays are shown in Fig. 5.6. In the cases of N. transitans var. 

derasa f. delicatula, N. subinflata and A. coffeaeformis, the metamorphosis induction 

was better than the positive control. Such a promotion was not seen in the case of N. 

crucicula and A. rostrata. (Fig. 5.6). Two-way ANOVA showed significant variation 

between the assay conditions i.e. diatom films and controls (Table 5.3). The 

metamorphosis promotion by the diatom films was in the order of N. transitans var. 

derasa f. delicatula > A. coffeaeformis> N. subinflata (Fig. 5.6). Two -way ANOVA 

Table. 53. Two-way ANOVA. Influence of monospecific films of axenic diatom species 
(AC, AR, NC, NT, NS) at different cell densities (200, 1000, 5000) on the metamorphosis of 
Balanus amphitrite cyprids. AC -A. coffeaeformis, AR-A. rostrata, NC-N. crucicula, NT -N. 
transitans and NS -N. subinflata. (Note: **** - p< 0.001; *** - p< 0.01; ** - p< 0.025; * - p< 
0.05; ns - not significant) 

Day 1 	 Day 2 	 Day 3 	 Day 4  
Variations 	 df SS MS 	Fs 	SS MS 	Fs 	SS MS 	Fs 	SS MS 	Fs  

A(Species) 	 4 	127.6 31.9 2.87* 	135.0 33.7 1.87' 	184.4 46.1 1.57" 	478.0 119.5 3.7*** 
B(Assay condition) 	5 	378.3 75.7 6.82**** 	587.1 117.4 6.50**** 	536.9 107.4 3.65*** 	1944.1 388.8 12.05**** 

A*B (interaction) 	20 	330.2 16.5 1.49' 	648.6 32.41.8" 	913.9 45.7 1.55' 	1370.6 68.5 2.12** 
within subgroup error 60 	666.0 11.1 	1083.1 18.1 	1766.2 29.4 	1936.6 32.3 
Total 	 89 1502.1 	 2453.8 	 3401.4 	 5729.3 
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showed significant variation between the species on day one and four (Table 5.3). In 

case of N. transitans var. derasa f. delicatula and N. subinflata, higher metamorphosis 

was observed in the wells inoculated with 1000 cells ml -1  than 200 and 5000 cells ml -1 

 (Fig. 5.6). Whereas, in case of A. coffeaeformis, larval metamorphosis increased from 

Days 

Fig. 5.6. Influence of axenic diatom films at three different densities on the larval 
metamorphosis of B. amphitrite. ASW (-C): Autoclaved sea water (- control), and AE(+C): 
Adult extract (+ control). 
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day 1 to day 4 and on day 4 the % metamorphosis observed fell in the following order 

200>1000>5000 cells m1-1  respectively. These results confirm that larval metamorphosis 

is species and density dependent. Assays with films of non-axenic diatoms revealed that 

the larval metamorphosis increased with cell density (Fig. 5.7). Compared with films of 

axenic diatoms, films of non-axenic diatoms promoted larval metamorphosis (Figs. 5.6 

and 5.7). Two-way ANOVA showed significant variations between axenic and non-

axenic diatoms as well as between the films and controls (Table 5.4). Growth of diatoms 

b. Navicula subinflata 
75 	 a. Navicula crucicula 

60 

Days Days 

Fig. 5.7. Influence of non-axenic diatom films at three different densities on the larval 
metamorphosis of B. amphitrite. ASW (-C): Autoclaved sea water (- control), and AE(+C): 
Adult extract (+ control). 

Table 5.4. Two-way ANOVA. Influence of monospecific films of axenic and non-axenic 
diatom species (NC and NS) at different cell densities (200, 1000, 5000) on the 
metamorphosis of Balanus amphitrite cyprids. NC-N. crucicula, and NS-N. subinflata. 
(Note: **** p< 0.001; *** - p< 0.01; ** - p< 0.025; * - p< 0.05; ns - not significant). 

Day 1 
Variations  df SS 	MS Fs 
A(cultures) 3 148.9 49.6 2.39's  
B(Assay condition) 5 564 112.8 5.44**** 

A"B (interaction) 15 516 34.4 1.66"s  

within subgroup error 48 995 20.7 
Total 71 2224 

Day 2  Day 3 Day 4 
SS 	MS Fs SS 	MS Fs SS 	MS Fs 
227 75.7 3.39** 118 39.3 1.3e 394.4 131.5 5.07*** 

1031 206.2 9.23**** 658 131.6 4.36*** 1339.6 267.9 10.33**** 

458 30.5 1.36- 621 41.4 1.37" 790.1 52.7 2.03' 

1072 22.3 1449 30.18 1244.7 25.9 
2788 2845 3768.7 
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in the assay wells was also observed during the experiment with both axenic (Fig. 5.8) 

and non-axenic (Fig. 5.9) diatoms. Under axenic conditions the growth rate of Amphora 

spp. at all densities was higher as compared to that of Navicula spp. (Fig. 5.8). In case of 

axenic and non-axenic conditions the growth rate of N. crucicula and N. subinflata was 

higher in non-axenic conditions (Figs. 5.8 and 5.9). 
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Fig. 5.8. Growth of diatoms observed in the assay wells during the larval assays with 
the films of axenic diatom at three different densities. 
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Fig. 5.9. Growth of diatoms observed in the assay wells during the larval assays with 
the films of non-axenic diatom at three different densities. 

5.3.4. FTIR analysis 

The FTIR spectra of biofilm EPM and free EPM of the diatoms chosen for the study 

showed similar characteristic strong peaks around 3429 to 3367 cm -1 , 1629 to 1612 cm-1 , 

1460 to 1406 cm 1,  1271 to 1259 cm-1 , and 1122 to 1039 cm -1  for O-H stretching, N-H 

bend, carboxylic and sulfate groups (Fig. 5.10) respectively. The structural identity of 

diatom EPM (both biofilm and free) from FTIR results was mainly of carbohydrates. 

However, the N-H bend indicates the presence of proteins. 

5.4. DISCUSSION 

Majority of diatoms that inhabit the submerged surfaces in illuminated environments are 

benthic, mostly pennate diatoms. Benthic diatoms are able to excrete copious amounts 

of extrapolymeric substances (EPS) that are primarily comprised of carbohydrates 

(Hoagland et al. 1993). These polymers play an important role in the ecology of 

intertidal mudflats and epibenthic communities. Benthic diatoms themselves probably 

benefit from the excretion of EPS in various ways, such as motility, attachment to 

surfaces, the ability to sequester toxic compounds, to capture nutrients and to protect 
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against desiccation (Decho 1990). For the ecosystem as a whole, excretion of EPS by 

benthic diatoms is important because it provides a food source for other organisms (van 

Duyl et al. 1999; Middelburg et al. 2000) and stabilizes the sediment surface (Paterson 
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1997). However, till date very little information is available on the cues offered by the 

biofilms dominated by benthic diatoms and its EPS for the settling invertebrate larvae. 

The present investigation was carried out to evaluate whether the films of monospecific 

benthic diatoms and its EPS generated a similar range of cues for the cyprid larvae of 

Balanus amphitrite as shown with bacteria and its components. 

Altogether, 5 species of diatoms belonging to two genera viz. Amphora (A. coffeaeformis 

and A. rostrata) and Navicula (N. crucicula, N. transitans var. derasa f. delicatula and 

N. subinflata) dominant in the fouling community (Chapter 3) were chosen for the study. 

Amongst these, N. transitans var. derasa f. delicatula and A. coffeaeformis are also 

dominant in the microphytobenthic commuity and are the most important group of 

primary producers in the benthic ecosystem (Mitbavkar and Anil 2002). Part of the 

carbon that is fixed by benthic diatoms is excreted as extracellular polymeric substances, 

an important component of the diatom films (de Brouwer et al. 2000). However the 

amount of EPM production varies with the species in both, axenic and non-axenic 

cultures (Fig. 5.2). The diatoms chosen for the study produced maximum biofilm EPM 

compared to free EPM except for N. transitans var. derasa f. delicatula (Fig. 5.2). 

Amphora spp. (A. rostrata > A. coffeaeformis) yielded maximum biofilm EPM per cell 

than Navicula spp. (N. crucicula > N. transitans var. derasa f. delicatula > N. subinflata) 

(Fig. 5.2) indicating inter and intra-generic variations. Whereas, in case of free EPM 

production, N. transitans var. derasa f. delicatula yielded maximum, followed by A. 

rostrata, A. coffeaeformis, N subinflata and N. crucicula (Fig. 5.2). Probably, N. 

transitans var. derasa f. delicatula and A. coffeaeformis, which are the most dominant 

forms in nature (Mitbavkar and Anil 2002) act as a source of dissolved carbon to the 

overlying waters. However, this aspect needs detailed investigation. In case of N. 

crucicula and N. subinflata, non-axenic cultures produced maximum biofilm EPM per 
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cell compared to axenic cultures (Fig. 5.2) indicating the contribution of bacteria in the 

production of EPM. Whereas, with respect to free EPM production, the rate was same 

with both, axenic and non-axenic cultures except for N. subinflata (Fig. 5.2). The 

amount of polymer extracted and composition again depends upon various factors like 

environmental conditions (Staats et al. 1999, 2000) and the method employed for the 

extraction of cellular EPM (Bhosle et al. 1995, 1996, Staats et al. 1999, Khandeparker 

and Bhosle 2001). A number of methods have been used for the extraction of EPM from 

cells in culture (Staats et al. 1999, Bhosle et al. 1995, Khandeparker and Bhosle 2001, 

De Brouwer et al. 2002). In the present study, isotonic buffer was used for the extraction 

of biofilm exopolymers as suggested by Beech et al. (2000). The buffer is used primarily 

to prevent cell rupture due to change in pH and also helps in extracting the capsular EPS 

with minimal cell damage. 

In the present study, the results obtained from the larval assays in comparison to positive 

and negative controls, categorized the settlement responses into 3 distinct groups, i.e. 1. 

`Inductive': percentage of metamorphosis is greater or equal to positive control, 2. 

`Weakly inductive': percentage of metamorphosis is greater than negative control but 

less than positive control, and 3. 'No effect': percentage of metamorphosis is equal to or 

less than negative control. This classification is done in a similar fashion as described by 

Harder et al. (2002) for the larvae of fouling polychaete, Hydroides elegans Haswell 

(1883). The results revealed that the biofilm EPM produced by the diatoms represented 

category (2) whereas plankonic EPM represented category (3) with an inductive effect 

on larval settlement of B. amphitrite (Fig. 5.4). Two-way ANOVA showed significant 

variation between the controls and EPM (Table 5.1). This indicates that even though the 

diatoms produce enormous quantity of EPM they did not promote strongly the larval 

metamorphosis like in several bacterial strains. In the case of bacteria, the inductive 
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effect has been attributed to bacterial secondary metabolites and glycoproteinacious 

bacterial exopolymers (Unabia and Hadfield 1999). Similar conclusions were drawn 

with respect to the induction of larval settlement by natural biofilms in other invertebrate 

taxa (Zobell and Allen 1935, Kirchmann et al. 1982, Johnson et al. 1991, Szewzyk et al. 

1991, Leitz and Wagner 1993, Maki 1999). This indicates that biofilm comprising much 

of diatom EPS may give weak positive cues for the incoming larvae. Among the 

diatoms, Amphora spp. yielded more of biofilm EPM per cell but was less influential on 

larval metamorphosis than Navicula spp. and vice versa. However, two-way ANOVA 

showed insignificant variation between the species (Table 5.1). In case of non-axenic 

diatoms, the biofilm and free EPM of N. crucicula represented category (1) and (2) 

respectively (Fig. 5.5), whereas in the case of N. subinflata, the biofilm and free EPM 

represented category (2) and (3) (Fig. 5.5) respectively. This indicates that the biofilm 

EPM produced by non-axenic diatoms facilitated larval metamorphosis from weak to 

strong whereas EPM of axenic diatoms exhibited from no effect to weak effect. Further 

suggesting that the diatoms in association with bacteria not only influenced the enhanced 

production of EPM but also mediated larval metamorphosis. Literature suggests that the 

percentage composition of the monosaccharides in the exopolymer produced by diatoms 

differed with species (Table 5.5). A summary of the monosaccharide composition of 

some diatoms selected in the study based on the available literature is shown in Table 

5.5. The monosaccharide composition of the diatom EPM revealed that the glucose is 

most dominant in the EPM produced by Navicula subinflata whereas in case of Amphora 

spp., glucose, galactose, mannose and xylose are dominant (Table 5.5). 

Neal and Yule (1996) considered that the structure of bacterial exopolymers is capable of 

either determining the effectiveness of the cyprids temporary adhesive or affecting the 

cyprid's willingness to detach (Yule and Walker 1984). This indicates that the 
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Table 5.5. Summary of the monosaccharide composition of the diatom EPM based on the 
literature. a: Wustman et. al. 1997, b: Bhosle et. al. 1996, c: Khandeparker & Bhosle 2001 and 
d: Bhosle et. al. 1995. 

Monosaccharides 
Organisms Rhamnose Fucose Arabinose Xylose Mannose Galactose Glucose 

Amphora coffeaeformis 
Biofilm EPS 
Mechanically isolated capsules 9.0 9.0 9.0 13.0 13.0 40.0 
water soluble material 8.0 31.0 2.0 8.0 3.0 26.0 20.0 
water insoluble material 13.0 32.0 13.0 5.0 32.0 5.0 
Amphora coffeaeformis b  
Capsular EPS 0.5 11.9 4.8 81.8 
Amphora rostrata c 
Biofilm EPS 7.4 36.7 8.7 2.1 8.7 27.6 8.7 
Free EPS 7.6 41.0 4.3 2.3 9.1 32.0 3.3 
Navicula subinflata d  
Biofilm EPS 0.5 0.4 0.2 0.8 1.7 2.2 94.0 

difference in the chemical composition of the exopolymer produced by different species 

of benthic diatoms in the biofilm may influence the effectiveness of the cyprid 

metamorphosis. FTIR spectra of the diatom EPM appears similar for all the diatom 

species i.e. it did not reveal inter or intra-generic variation (Fig. 5.10). This indicates 

that EPM produced by diatoms are of similar nature i.e. carbohydrates and proteins. 

However, the percentage composition varies with the species (Table 5.5), which might 

have influenced the rate of metamorphosis among the diatom species. Earlier 

observations have hypothesized that sugars in solution adsorb electrostatically through 

-OH groups to polar groups associated with the cyprid larva temporary adhesive (CTA) 

(Yule and Walker 1987). Lens culinaris agglutinin (LCA) - binding sugar chains (i.e. D-

glucose and D-mannose) of the adult extract (AE) have been suggested to be involved in 

the settlement of B. amphitrite (Matsumura et. al. 1998). Khandeparker et. al. (2002) 

reported that the D-mannose sugar treated cyprids triggered metamorphosis but the LCA-

specific sugars, D-glucose and D-galactose showed reduced effect. Based on these earlier 

reports, it is possible to infer that the qualitative and quantitative variations in the 

exopolymers produced by the diatoms can yield different cues. 
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The experiments with diatom films at different densities revealed that the larval 

metamorphosis is species and density dependent (Figs. 5.6 and 5.7). The films of 

diatoms, N. transitans var. derasa f. delicatula, N. subinflata and A. coffeaeformis, 

inoculated with 1000 and 5000 cells m1 -1  in the assay wells represented category (1) 

whereas that of 200 cells m1 1  represented category (2) with reference to inductive effect 

on larval settlement of B. amphitrite (Fig. 5.6). This indicates that these species, which 

are dominant in the natural biofilm (Chapter 3, Mitbavkar and Anil 2002), can play an 

important role in the population dynamics of B. amphitrite by influencing the induction 

of larval settlement. A. rostrata and N. crucicula at all densities represented category (2) 

with an inductive effect on larval settlement of B. amphitrite (Fig. 5.6). ANOVA 

showed significant variation between the controls and cell densities for all experimental 

days whereas between species, the significant variation was observed for experimental 

day one and four (Table 5.3). In case of non-axenic cultures of N. crucicula and N. 

subinflata, the wells inoculated with 5000 cells m1 -1  represented category (1) by day 4 

whereas wells inoculated with 200 and 1000 cells mr 1  represented category (2) (Fig. 5.7) 

respectively. This further indicates that the larval metamorphosis increased with 

increase in cell density (Fig. 5.7). However, in comparison with axenic films, non-

axenic films promoted larval metamorphosis (Figs. 5.6 a, c and 8) indicating the 

influence of surface associated bacteria in combination with diatoms on the larval 

induction. 

The difference in growth rate observed for different species under axenic and non-axenic 

xonditions conditions (Figs. 5.3, 5.8 and 5.9) might have resulted in micro-scale 

variations on the surface of the assay wells. The diatoms used in the study have varying 

cell size, shape and behaviour (aggregation and spreading) (Table 5.6). N. transitans 

var. derasa f. delicatula, N. subinflata and A. coffeaeformis initially formed the film by 
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Table 5.6. Size, shape and nature of the film observed during investigation for the diatom 
used in the study. 

Species Size (4) Shape Film type 
L B 

Amphora coffeaeformis 23 9 Cymbelloid Aggregate 
Amphora rostrata 57 17 Cymbelloid Uniform 
Navicula crucicula 10 3 Prism on elliptical base Uniform 
Navicula transitans var. derasa 1. delicatula 40 11 Prism on elliptical base Aggregate 
Navicula subinflata  17 3 Prism on elliptical base Aggregate 

spreading uniformly and later on the cells aggregated into small colonies whereas A. 

rostrata (largest in size) and N. crucicula (smallest in size) developed an uniform film. 

The induction of larval metamorphosis was higher for former than latter (Fig. 5.6). 

Hence the observed micro-scale variations in the growth pattern exhibited by an 

individual species population might play an important role in the population dynamics of 

B. amphitrite. 

In conclusion, larval assays revealed that the benthic diatom films and their components 

induced the metamorphosis in the following order: diatom films > biofilm EPS > free 

EPS for axenic diatoms suggesting that the cues offered by benthic diatoms can also 

mediate invertebrate larval metamorphosis. In the case of non-axenic diatoms, films and 

its biofilm components also promoted larval metamorphosis. However, the cues varied 

from weak to strong depending upon the species and their density in the films as well as 

the composition of extracellular polymeric substances. This investigation indicates that 

the bacteria associated with diatoms play an important role in providing cues to 

invertebrate larvae. 



Chapter 6 

Summary 
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SUMMARY 

This study illustrates the ecology of diatoms in various habitats. They are abundant in 

the phytoplankton and phytobenthos of aquatic ecosystems, whatever the latitude. 

Within the aquatic realm, diatoms further extend their habitats from the pelagic to 

benthic environment and are also found to colonize various submerged, living and 

nonliving surfaces. In each of these habitats, diatoms characterize a particular niche. 

In the marine environment, coastal regions are considered to be the most productive 

ecosystems in the world, where the environment is characterized by dramatic temporal 

fluctuations. Accordingly, the life history of phytoplankton reflects adaptations for 

survival by forming specialized resting stages in fluctuating environments. Resting 

stages are a common survival strategy in diatoms and dinoflagellates, which form 

important components of coastal regions. The fundamental question that remains 

unresolved is the factors that control their dormancy and rejuvenation. An examination 

of the planktonic and benthic stages of the diatoms and dinoflagellates, in a tropical 

estuary (Zuari estuary, Goa (India)) influenced by monsoon was carried out. Diatoms 

(85-92%) followed by dinoflagellates (7 -11%) dominated the phytoplankton 

community. Of the 137 phytoplankton species recorded, blooms of Skeletonema 

costatum, Fragilariopsis oceanica, Chaetoceros spp. and Thalassiosira spp. were 

observed on several instances. There was considerable variation in the bloom and 

occurrence pattern of these individual species. The typical fate of these blooms is to 

settle (local or distant places) onto the bottom sediments in the form of live cells or 

resting stages (Smetacek 1980, 1985, Alldredge and Gotschalk 1989, Kiorboe et al. 

1994). Other than this, the phytoplankton cells reaching the sea floor have a variety of 

fates. In the benthic environment, diatom benthic propagules dominated the 

dinoflagellates in the same order as observed in the water column, indicating different 
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seeding strategies between them. Smayda (2002) considered that diatoms and 

dinoflagellates have contrasting bloom behavior. The former are annually recurrent, 

predictable, prolonged, of high species diversity and a species succession occurs than the 

latter (Guillard and Kilham 1977, Smayda 1980). In the Zuari estuary, diatoms are not 

only dominant in numbers but also exhibit a high species count, richness and diversity 

than dinoflagellates. Considering such a scenario, the study was further focussed on the 

pattern of diatom dormancy and rejuvenation. Diatom community structure in the study 

site was closely linked to various physico-chemical and biological factors. Amongst the 

41 benthic propagules of diatoms recorded, S. costatum and F. oceanica were dominant 

and persisted throughout the year. During monsoon, stratification develops with a low 

saline layer because of riverine discharge and precipitation at the surface and an 

upwelled water (cold, saline and oxygen depleted) at the bottom. This stratification 

favoured blooms of S. costatum and F. oceanica in nutrient rich surface and bottom 

waters respectively. During minimum rains or rainfall break, the resuspended benthic 

propagules break their dormancy and develop blooms. Ensuing nitrate depletion in the 

water column, S. costatum was induced into dormancy. A 'Bimodal Oscillation Trend' 

(BOT) in the rainfall during monsoon, shifted the blooms from those adapted to low 

salinities to high salinities and vice versa, once at the onset and the other after an 

intermittent monsoon break. These observations indicated that the timing and magnitude 

of physical events like rainfall and land runoff during monsoon is critical in the 

occurrence of phytoplankton blooms of different species. It is well known that 

phytoplankton blooms stimulate zooplankton production and so on up the food chain. 

The oscillations in rainfall during monsoon can lead to shift in phytoplankton blooms. 

Such shifts in phytoplankton blooms can in turn influence trophic dynamics and 

ecosystem functioning. 
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In addition to the free-floating mode of life, the diatoms are also found to colonize a 

variety of submerged surfaces in the aquatic environment. The attached communities 

may be classified according to their substrata; thus epipelic, epipsammic, epilithic, 

epibiotic and fouling communities may be distinguished, growing on mud, sand grains, 

rocks, biological substrates (such as aquatic plants, molluscs, crustaceans, marine 

reptiles, marine mammals, marine birds) and other objects placed in the sea. Abundant 

in most benthic habitats, raphid diatoms are the most frequent early algal colonizers of 

natural and artificial substrata, where they adhere and produce copious quantities of 

adhesive mucilage during the construction of primary films i.e. microfilm. Microfilms, 

also referred to as biofilms, are highly variable in time and heterogenous in composition; 

their formation is an important step in biofouling. Microfilm mainly comprises of 

adsorbed macromolecules, attached bacteria and diatoms, all of which are enmeshed in a 

matrix of extracellular polymers. Removal of diatoms from the microfilm is perhaps the 

most critical step in evaluating the diatom community structure from the biofilm 

developed on solid substratum immersed in aquatic environment. Different tools such as 

nylon brush and ceramic scraper were employed in the present study for removal of 

microfilm diatom community. The differences in diatom abundance through the use of 

such tools makes evident that the tools employed for the removal of microfilm are 

critical. Nylon brush was found to be a better tool than ceramic scraper in removing the 

diatoms from microfilm wherein the percentage loss of diatom cells was comparatively 

higher in the later. Taking these observations into consideration, nylon brush was 

employed for the removal of microfilm developed over different substrata (fibreglass, 

glass, copper and cupronickel) from Dona Paula Bay. Evaluation of diatoms from the 

microfilm revealed a significant difference in the numbers of diatoms and diversity 

encountered on the different substrata but the species composition almost remained 
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constant. The only indication of differences in community structures are between the 

time (months/seasons) and substrata, which can be attributed to physico-chemical and 

biological changes of the ambient waters and the substratum. Temporal variations in the 

tychopelagic diatom community structure (temporarily dislodged benthic diatom 

community) of the surrounding water column were observed to exert its influence on the 

microfilm community. Such differences in the diatom community structure in the 

microfilm might offer differing signals to the settling larvae of the sedentary organisms, 

which is critical in determining the functional ecosystem of the benthic environment. 

Majority of diatoms that inhabit the submerged surfaces are able to secrete copious 

amounts of extrapolymeric substances (EPS) that are primarily comprised of 

carbohydrates (Hoagland et al 1993). These polymers play an important role in the 

ecology of intertidal mudflats and epibenthic communities. Benthic diatoms themselves 

probably benefit from the secretion of EPS in various ways, such as motility, attachment 

to surfaces, the ability to sequester toxic compounds, to capture nutrients and to protect 

against desiccation (Decho 1990). For the ecosystem as a whole, secretion of EPS by 

benthic diatoms is important because it provides a food source for other organisms (van 

Duyl et al 1999; Middelburg et al 2000) and stabilizes the sediment surface (Paterson 

1997). However, till date very little information is available on the cues offered by the 

biofilms dominated by benthic diatoms and its EPS for the settling invertebrate larvae. 

An investigation was carried out to evaluate whether the films of monospecific benthic 

diatoms and its EPS generated a similar range of cues for the cyprid larvae of Balanus 

amphitrite (dominant fouling organism) as shown with bacteria and its components. 

Experiments to evaluate the influence of epibiotic/fouling diatoms (dominant in 

microfilm) on cyprid settlement of B. amphitrite indicated that the benthic diatom films 

and their components induced the metamorphosis in the following order: diatom films > 
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biofilm EPS > free EPS for axenic diatoms suggesting that the cues offered by benthic 

diatoms can also mediate invertebrate larval metamorphosis. In the case of non-axenic 

diatoms, films and its biofilm components also promoted larval metamorphosis. 

However, the cues varied from weak to strong depending upon the species and their 

density in the films as well as the composition of extracellular polymeric substances. 

This investigation indicates that the bacteria associated with diatoms plays an important 

role in providing cues to invertebrate larvae. 

Diatoms are also found growing attached to surfaces of living organisms i.e. plants and 

animals and are termed as epibiotic diatoms. A variety of organisms form hard substrata 

in the benthic marine environment. When free space is not available, one organism 

(epibiont) grows on the other (basibiont). This process is defined as epibiosis. 

Adaptation to epibiosis by basibionts arises from three ways: tolerance, avoidance and 

defence (Wahl 1989). Many sessile marine organisms such as sponges, corals, 

bryozoans, holothurians and ascidians and mobile organisms such as most of the 

crustaceans, sea weeds and turtles keep an essentially clean body surface in the face of 

competition for space by epibionts (Davis et al. 1989; Wahl 1989; Caine 1986, Clare et 

al. 1992). Diatoms as a component of epibiotic population on horseshoe crab carapaces 

indicated that the basibiont characteristics could influence the community. Horseshoe 

crabs act as moving substrata for simple to complex communities of small marine 

organisms. Amplexed adult pairs migrate for breeding once every 2 weeks from deep 

waters towards nearshore waters during highest high tide. Female horseshoe crabs bury 

themselves to the level of the lateral eyes to lay eggs after the male crabs fertilize them. 

Tachypleus gigas (Muller) is the most abundant horseshoe crab species available along 

the Orissa coast (India). Adults reach terminal anecdysis once sexually mature and live 

with their carapace for 4 to 9 years. In spite of this, epibiosis is limited. In the current 
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investigation, differences in the epibiotic community (diatoms and macro-epibionts) 

present on horseshoe crabs according to gender were evaluated, and the macro-epibiont 

population from different regions of the carapace was mapped. In general, female 

horseshoe crabs harbored fewer epibionts than the males. Among the diatoms, Navicula 

spp., Nitzschia spp. and Skeletonema sp. were dominant in both sexes. However, the 

abundance and diversity of diatoms was greater on the carapaces of male crabs. Among 

the macro-epibionts, the acorn barnacle (Balanus amphitrite, Darwin) and encrusting 

bryozoan (Membranipora sp.) were the most dominant forms. Barnacles and bryozoans 

were greater in abundance in the 'rough' zone (cardiopthalmic region and anterior region 

of the opisthosoma). Mapping of the macro-epibionts from different regions of the 

carapace revealed differential distribution in males and females. Such differentiated 

distribution of the macro-epibionts can be related to factors such as changing habitat by 

the horseshoe crabs during breeding, mechanical abrasion and surface availability during 

mating and nesting periods, requirements of epizootic larvae and surface properties of 

the carapace (wettability and roughness). In case of females, mechanical abrasion and 

surface availability played an important role in the epibiotic community structure and 

distribution patterns. The surface wettability measurements indicated male carapace to 

be slightly more hydrophobic than the female carapace. Scanning electron microscopy 

(SEM) revealed that the male carapace was comparatively rough compared to the smooth 

carapace of the female. A comparison of surface properties of the carapace indicated 

that the male carapace is more conducive for epibiosis. These observations indicate that 

the female horseshoe crabs exhibited potential defence mechanisms against epibiosis. 

Experiments to evaluate chemical defence mechanism of the horseshoe crab indicated 

that the secretion of female horseshoe crabs showed species-specific control of diatom 
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epibiosis. This study on diatom ecology reveals that the nature of habitat determines the 

diatom community structure, which in turn decides their functional role in an ecosystem. 
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tract Horseshoe crabs act as moving substrata for 
ple to complex communities of small marine organ- 

Amplexed adult pairs migrate for breeding once 
y 2 weeks from deep waters towards nearshore wa-
during highest high tide. Female horseshoe crabs 

y themselves to the level of the lateral eyes to deposit 
while the male crabs fertilize them. Subsequently 

; are buried by the female. Tachypleus gigas (Muller) 
he most abundant horseshoe crab species above 
Liable along the Orissa coast (India). Adults reach 
Mnal anecdysis once sexually mature and live with 
r carapace for 4 to 9 years. In spite of this, epibiosis 
mited. In the current investigation, differences in the 
iiotic community (diatoms and macro-epibionts) 
;ent on horseshoe crabs, according to gender, were 
uated, and the macro-epibiont population from 
ffent regions of the carapace was mapped. In gen-
, female horseshoe crabs harbored fewer epibionts 

the males. Among the diatoms, Navicula spp., 
schia spp. and Skeletonema sp. were dominant in 

sexes. However, the abundance and diversity of 
oms was greater on the carapaces of male crabs. 
ong the macro-epibionts, the acorn barnacle (Bat- 
s amphitrite Darwin) and encrusting bryozoan 
,mbranipora sp.) were the most dominant forms. 
nacles and bryozoans were greater in abundance in 
"rough" zone (cardiopthalmic region and anterior 
on of the opisthosoma). Mapping of the macro-
iionts from different regions of the carapace revealed 
!:rential distribution in males and females. Such dif-
ntiated distribution of the macro-epibionts can be 
ted to factors such as changing habitat by the 
seshoe crabs during breeding, mechanical abrasion 

imunicated by 0. Kinne, Oldendorf/Luhe 
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and surface availability during mating and nesting 
periods, requirements of epizootic larvae and surface 
properties of the carapace (wettability and roughness). 
In the case of females, mechanical abrasion and surface 
availability played an important role in the epibiotic 
community structure and distribution patterns. The 
surface wettability measurements indicated male cara-
pace to be slightly more hydrophobic than the female 
carapace. Scanning electron microscopy revealed that 
the male carapace was comparatively rough compared 
to the smooth carapace of females. A comparison of 
surface properties of the carapace indicated that the 
male carapace is more conducive for epibiosis. 

Introduction 

In densely populated marine environments, space is of-
ten a limiting resource in epibenthic communities 
(Jackson and Buss 1975). When free space is limiting, 
living substrata may become important for epibiosis. In 
the marine environment, a variety of benthic fauna and 
flora form hard substrates in soft-bottom sediments. 
Epibiosis of such substrata (i.e. non-symbiotic, faculta-
tive association between epibionts and basibionts) 
becomes a highly valuable phenomenon for the survival 
of sedentary organisms (Wahl 1989). Some organisms 
appear to tolerate a considerable load of epibionts 
(Riitzler 1970; Davis and Wright 1989). Epibionts on the 
hosts have been indicated to have a protective value for 
the host via camouflage (Ingle 1983; Rasmussen 1973). 
Only certain biological surfaces resist colonization to 
variable degrees for more or less extended periods 
(Fletcher and Marshall 1982). Though there is consid-
erable literature on the mechanisms by which inverte-
brates deter or shed fouling organisms, there is very little 
data on natural levels of fouling in invertebrate 
communities (Davis and White 1994). 

Horseshoe crabs act as moving substrata for simple 
to complex communities of small marine organisms. 



;eshoe crabs carry a variety of epibionts on their 
-nal surface, including green algae, diatoms, coel- 
rates, flatworms, mussels, oysters, annelids, barna- 

tunicates, bryozoans, isopods, amphipods, 
.opods, pelecypods and polychaetes (Humm and 
xton 1942; Roonwal 1944; Rao and Rao 1972; 
is and Fried 1977; Mackenzie 1979: Shuster 1982; 
ies et al. 1989; Saha 1989; Debnath 1992; Key et.al . 

However, taking into account that adults reach 
inal anecdysis once sexually mature and live with 
carapace for 4 to 9 years, the intensity of epibiosis 

;ars negligible. Mikkelsen (1988) also observed that 
acles are usually seen on males, indicating a po-
al gender difference. In this investigation an attempt 
been made to explore the gender and spatial differ-
s in the epibiosis of the horseshoe crab Tachypleus 
s and to postulate the possible causative factors. 
'orseshoe crabs live in moderately deep waters and 
ate to nearshore waters for breeding. When ap-
ching the beach to nest, a female is almost always 
mpanied by a male clasping her with his modified 
s (Cohen and Brockman 1983). In India, the 
eshoe crabs Tachypleus gigas and Carcinoscorpius 
idicauda are found confined to Orissa and West 
;al coasts. Along the Orissa coast they are found 
Burhabalanga estuary and Abana. T. gigas is the 
abundant of the two species (Vijaykumar 1992; 

iterji 1994). 

dais and methods 

g specimens of Tachypleus gigas were collected near the 
ibalanga estuary, Orissa coast (Fig. 1) in March and August 
)7, and again in February and August of 1998. The horseshoe 
used in the study were haphazardly collected, amplexed pairs 
at all crabs were sexually mature and in terminal anecdysis. 
pecimens were collected during receding high tide and were 
2orted to the laboratory in seawater for the evaluation of 
ms and macro-epibionts. 
le horseshoe crabs collected were sexed. The length and width 
prosoma were measured and were used as standard morpho- 

c proxies to determine the size of the horseshoe crabs. Since the 
ace (dorsal side) was uneven, the total area was measured by 
ing it into different geometric figures like triangles and trapez-
(a quadrilateral with only one pair of sides parallel) and sum-
their areas. The dimensions of the geometric figures differed for 
ent crabs depending on the size of the carapace. 
I rface pH of live crabs was determined (six times each for 
and female carapaces) at the collection site by placing pH 
nor paper (Qualigens. pH I to 14) on humid carapaces. 
ce wettahility of 14 air-dried carapaces (seven each for male 
male carapaces) was determined by the drop-spread method 
scribed by Gerhart et al. (1992), using HPLC-grade water and 
inol. The spread of 25 p.I drops was measured using a series of 
ons of 100, 80, 60, 40, 30, 20, 10 and 0% methanol and cal-
ng the standardized harmonic mean (SHM) of the diameter 
of the drop. The SHM values strongly correlate with the 

fined polar components of surface wettahility (Gerhart et al. 
. Using polar solutions of water and methanol, the drop- 
d method can detect changes in the polar characteristics of 
ent surfaces with a sensitivity that approaches that of mea-
lents obtained with a contact angle goniometer (Gerhart et al. 
. The polar solutions used in the drop-spread method also 

Fig. 1 A Location of the sampling site where the horseshoe crabs 
Tachypleus gigas frequently migrate to the shore for breeding. B Area 
of the sampling locality marked in A 

allowed non-destructive testing of the surfaces (Gerhart et al. 
1992). 

Diatoms 

Specimens (two pairs in March 1997, three pairs each in August 
1997, February 1998 and August 1998), free of macro-epibionts, 
were collected for the evaluation of diatom communities. Quanti-
fication of diatoms associated with horseshoe crab carapaces was 
carried out by scraping the entire carapace with a nylon brush into 
a known volume of filtered seawater The scr;tped material was 
preserved in Lugol's iodine, and its diatom flora was enumerated 
by the sedimentation technique (Haste 1978). 

The diversity and evenness of the diatom community was 
evaluated (Shannon Wiener diversity index, H'). The log(x + 1)-
transformed values of diatom abundance were further analyzed 
using cluster analysis. The dissimilarity levels were measured 
through squared Euclidean distance and group average method as 
described by Pielou (1984). 

The log-transformed values of abundance of all diatoms (cells 
dm -2) were subjected to two-way analysis of variance (ANOVA), 
with unequal but proportional subclass numbers (Sokal and Rohlf 



150 

140 - 

130 - 

120 -

110-

100 

• 
• 

• 

so 

80 

. 	. 
. § . 00 

o 40 	 * Male 
.Ii, ° 	 • Female 

70 

701 

), for evaluating the differences with respect to sampling pe-
sex and the interaction of sampling period and sex (eight 

roups; four samples for each sex). 

ro-epibionts 

e evaluation of macro-epibionts, 6 pairs of crabs were used in 
1997, 15 pairs in August 1997, 15 pairs in February 1998 and 

airs in August 1998. The macro-epibiont populations from the 
al sides of the carapaces (prosoma and opisthosoma) were 
lerated. Solitary forms like barnacles (Balanus amphitrite, 
yin), false oysters (Anomia sp.) and sea anemones were counted 
represented in terms of individual counts per square decime-
Area covered by barnacles and bryozoans was determined in 
s of percentage coverage. Dimensions of the barnacles, i.e. 

rostro-carinal and latero-lateral diameters in millimeters, 
measured by using a Vernier caliper to calculate the basal area. 
1 diameter (mm) of barnacles was considered as a measure of 
o determine the growth of barnacles. The individual basal area 
used in evaluation of total area covered by barnacles. Size-
lency distribution was evaluated by grouping barnacles in 
a intervals (individuals <2 mm were considered spats). 
lapping of the macro-epibiont distribution on carapaces was 
ed out by marking the carapaces into different zones based on 
ones exposed during the nesting period in the nearshore waters 
2). The prosoma was categorized into three regions: (1) the 
opthalmic ridge (Prs 1 ), (2) the anterior prosoma up to the level 
:eral eyes (Prs 2) and (3) the two flanks of the prosoma (Prs 3 ). The 
hosoma was categorized into two regions: (1) the anterior (un-
red region; Opt 1 ) and (2) the posterior (covered region; Opt 2). 
'he arcsine transformed values of the total macro-epibiont, 
acle and bryozoan percentage coverages were separately sub-
I to two-way ANOVA with replication (Sokal and Rohlf 
). This was done in order to understand the differences asso-
d with different regions of the carapace (prosoma and opis-
)ma) versus those associated with gender. These were analyzed 
Ler using cluster analysis, to better understand the dissimilarity 

The dissimilarity level was measured through squared 
idean distance and the group average method as described by 
u (1984). 

ning electron microscopy (SEM) 

different regions of male and female horseshoe crab carapaces 
ial side) were examined by SEM to evaluate the surface char-
istics. Replicate samples from different regions (Prs h  Prs2, 
Opt 1  and Opt2) of the carapace were mounted on stubs, gold- 

and examined at 15 kV with a JEOL JSM-5800 LV scan-
electron microscope. The observations were repeated with 
male and female specimens. 

tlts 

vith all the horseshoe crabs, females were larger than 
(Fig. 3). The surface area of the carapace of 

ale horseshoe crabs was 55 to 60% more than that of 
The surface area of the prosoma was approxi-

ely 75% greater than the opisthosoma in both sexes. 
surface area of the female's prosoma and opistho-
a was 55 to 65% greater than that of the male's. 

ace properties of the carapace 

whole body is covered by tough chitinous exoskel-
L, which is sage green in color. The males were lighter 

Fig. 2 Tachypleus gigas. Carapace demarked for epibiosis evaluation 
[Pr prosoma: Prs1  cardiopthalmic region, Prs2  anterior prosoma up to 
the level of lateral eyes, Prs3  flanks of the prosoma; Opt opisthosoma: 
Opti  anterior opisthosoma (uncovered region), Opt2  posterior 
opisthosoma (covered region) 

60 	11 1 1 11 1 1 11 

120 130 140 150 160 170 180 190 200 210 220 230 

Prosoma width (mm) 

Fig. 3 Tachypleus gigas. Prosoma size of male and female horseshoe 
crabs used in the study 
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Paareppiewitigets. Searrnitigeleetrent Inieregrapirreffirmseahre 
arapaces. a Male carapace: surf ice texture is rough in Prs i , Opt i 

 Ipt2  regions. b Female carapace: surface texture is comparatively 
h. Star,shaped openings were seen in Prs i  and Prs2  regions. 
ion of Prs i , Prs2, Prs3 , Opt i  and Opt2  on the carapace is as in 

the tinge carapace (S1 'M' = 113.7 ± 1.8). The surface 
pH did not vary much between male and female 
carapaces and ranged from 8 to 8.5. 

SEM 
lor than the females. The results obtained for sur- 
wettahility indicated the male carapace to be Electron micrographs of the carapace of male and 

tly more hydrophobic (SHM = 14.5 ± 2.34) than female horseshoe crabs are shown in Fig. 4a and b, 
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ectively. SEM revealed that the male carapace was 
paratively rough as compared to the smooth cara-
of females. Star-shaped openings were observed on 

female carapace in the cardiopthalmic region and 
.erior part of the rim surrounding the cardiopthalmic 
aerior prosoma) region (Fig. 4b, Prs 1  and Prs2). 
h openings were not seen on any of the male 
Lpaces. 

Diatoms recorded from male and female horseshoe 
crabs belonged to 20 (11 pennales and 9 centrales) and 
17 (10 pennales and 7 centrales) genera, respectively. The 
diatom abundance (cells dm -2), generic diversity (H') 
and evenness values (1-f/Hma„,) were lower for females 
than for males (Fig. 5a, b). 

Pennate diatoms dominated the epibiotic community 
(Fig. 5c). Their dominance in the epibiotic community 
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Fig. 5 Tachypleus gigas. A comparison of a diatom cell abundance 
(cells dm-2  x 103), b diatom diversity (if) and evenness (H'/1-1,,,.r) and 
c ratio of pennates/centrales in male and female horseshoe crabs 
during different occasions. Error bars indicate standard deviation 

ranged from 31 to 90% in males and 52 to 93% in fe-
males. Among the pennates Navicula spp. and Nitzschia 
spp. and among the centrales Skeletonema sp. were 
dominant. Two-way ANOVA of diatom abundance 
(cells dm 2) revealed that there is a significant variation 
between the sexes and the sampling period. Interaction 
of sampling period and sexes revealed insignificant 
variations, indicating influence of sampling period to be 
equal in both the sexes (Table 1). 

Generic clustering of the diatom population revealed 
that Navicula spp., Nitzschia spp. and Skeletonema sp. 
were the most dissimilar forms encountered in both 
males and females (Fig. 6a, b). However, in the case of 
males these three forms merge with the rest of the 
community at a greater dissimilarity level (63.5), 
whereas in the case of females the merger was complete 
at lower dissimilarity level (34). 

Macro-epibionts 

Macro-epibionts consisted of coelenterate Metridium sp. 
(sea anemone), the bryozoan Membranipora sp., the 
barnacle Balanus amphitrite (Darwin) and the bivalves 
Anomia sp. (false oyster) and Crassostrea sp. Taxon 
frequency and diversity of macro-epibionts were deter-
mined on the carapaces (dorsal side) of live specimens 
during the periods of sampling. Acorn barnacles 
(B. amphitrite) and encrusting bryozoans (Membrani-
pora sp.) were the most abundant forms encountered in 
terms of coverage (Fig. 7). 

Coverage of macro-epibionts was greater on male 
carapaces than on female carapaces (Fig. 8a). The 
macro-epibiont coverage was greater on the opisthoso-
ma than prosoma (Fig. 8b, c). The telson of the horse-
shoe crab was free of macro-epibionts. The total area 
covered by macro-epibionts (which includes all forms 
recorded), when subjected to two-way ANOVA, re-
vealed that there is a significant variation between the 
genders and between the prosoma and opisthosoma of 

Table 1 Tachypleus gigas. Results of two-way ANOVA with un-
even sample sizes comparing diatom density (cells dm -2) between 
sexes (male and female) over period of sampling 

al SS MS E, 

Subgroups (8: 4 samples for 
each sex) 

7 5.9 0.8 6 5 50.005 

Sampling period (4) 3 4.1 1.4 10.4 50.001 
Sexes 1 1.6 1.6 12.4 50.005 
Sampling period x Sexes 3 0.2 0.1 0.6 ns 
Error 14 1.8 0.1 

Total 21 7.7 



63.5 

Male 

a 

o - 

4 5 14 19 18 7 13 15 16 17 20 2 11 12 3 10 6 8 

32 —

30 —

28 —

26 —

24 —

22 —

20 —

18  — 

16 —

14 —

12 —

10 — 

D
is

s
im

ila
ri

ty
  l

ev
e

l (
S

q
ar

e
d

 E
uc

lid
ea

n 
 D

is
ta

n
ce

)  

8- 

6 — 

4 — 

2— 

Female 

b 

1 21 3 	4 23 5 22 15 20 16 10 2 12 11 6 8 	9 

34 —

32 —

30 —

28 —

26 

24 —

22 —

20 —

18 

16 

14 — 

12 — 

10 — 

D
is

s
im

ila
ri

ty
  le

ve
l  (

S
q

ua
re

d  
E

u
c

lid
ea

n
  D

is
ta

nc
e)

  

- 

6 — 

4 

2 — 

5 Tachypleus gigas. Generic 
r dendograms of the  epi-
diatom community from 

le and b female horseshoe 

705 

1. Biddulphia 
2. Coscinodiscus 
3. Rhizosolenia 
4. Ditylum 
5. Melosira 
6. Skeletonema 
7. Cerataulina 
8. Navicula 
9. Nitzschia 

10. Thalassiothrix 
11. Pleurosigma 
12. Amphora 
13. Achnanthes 
14. Asterionella 
15. Licmophora 
16. Cocconeis 
17. Bacillaria 
18. Climacodium 
19. Hemidiscus 
20. Hantzschia 
21. Surirella 
22. Schroderella 
23. Cyclotella 

analysis revealed the 
be different between 
as seen in the case of 
(Fig. 9a). 

carapace (Table 2). Cluster 
I macro-epibiont coverage to 
;exes. The least dissimilarity w 
ale prosoma and opisthosoma 

Barnacle abundance (ind dm -2) and coverage was 
also greater on the male carapaces than on the female 
carapaces (Fig. 7). Barnacle coverage was less on the 
prosoma than on the opisthosoma in both the sexes 
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Tachypleus gigas. Comparison of coverage of macro-epibionts 
[ale and female horseshoe crab carapaces during different 
ing periods (a to d). Error bars indicate standard deviation 

10). ANOVA revealed a significant difference in 
acle coverage between the sexes and between the 
ama and opisthosoma of the carapace in both the 

(Table 3). Cluster analysis of barnacle coverage 
'ed a pattern similar to that of total macro-epibiont 
rage, whereby the sexes separated out as different 
ers. Male opisthosoma was the most dissimilar 
, followed by male prosoma, and the least dissimilar 
observed in the cases of female opisthosoma and 

ama (Fig. 9b). 
tapping studies revealed that the barnacle distribu- 
(both adults and spat) on male and female cara- 

was not uniform. In the case of fcmalcs, no 
acles were found on the rim surrounding the car-
Lhalmic region (i.e. the anterior portion of the 
)ma which is subjected to mechanical abrasions) 
in the posterior area of the opisthosoma (i.e. the 
(.;:)v,:rd by males) (Table 4). The abundance of 

acles was highest in the rough zone (Prs i  and Opt if 
)th female and male carapaces. 
arnacle abundance was less on female carapace than 
,ale carapace during all the sampling periods. Fewer 
acles in the 6 to 8 mm size range (reproductive size 
alanus amphitrite) were seen on females than on 
s (Fig. 11). The size-frequency distribution of bar-
s on female and male carapaces reveals that the 
itment of larvae to the carapace is high, but few 

recruits survive to maturity (as indicated by size) 
(Fig. 11). 

Encrusting bryozoans were the other dominant or-
ganisms contributing to total macro-epibiont coverage 
(Fig. 7). The bryozoan coverage was greater in the case 
of males than females (Fig. 7). Encrusting bryozoan 
coverage was found to be less on the prosoma than on 
the opisthosoma in both sexes (Fig. 12). Coverage of 
encrusting bryozoans did not vary significantly between 
the sexes, but was significantly different between the 
parts of the carapace (Table 5). Cluster analysis for 
bryozoan coverage revealed less dissimilarity in com-
parison to total macro-epibiont coverage and barnacle 
coverage. The least dissimilarity was found among 
regions rather than sexes (Fig. 9c). 

Discussion 

Horseshoe crabs are slow-growing animals having a life 
span of 1 5  to 18 years Their development to sexual 
maturity requires 9 to 10 years for males and 10 to 11 
years for females (Mikkelsen 1988). Aftcr attaining 
sexual maturity crabs are in terminal anccdysis; the 
carapace covering the body is not shed. In spite of this, 
the carapace of the horseshoe crab is comparatively free 
of epibionts. In an environment whcrc substratum 
availability is sparse in soft-bottom sediments, these 
hard-shelled organisms may serve as suitable substrata 
for epibionts. 
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Table 2 Tachypleus gigas. Results of two-way ANOVA comparing 
macro-epibiont coverage between sexes (male and female) and 
between different parts (prosoma and opisthosoma) of carapace 
(Prs prosoma; Opt opisthosoma) 

df SS MS Fs  p 

Parts (Prs & Opt) 1 189.9 189.9 14.6 5.0.001 
Sexes 1 3 555.4 3 555.4 27.4 5.0.001 
Parts x Sexes 1 712.4 712.4 5.5 50.050 
Error 180 23 394.4 129.9 

Total 183 29 561.0 

In this investigation we explored the differences in the 
epibiotic community of Tachypleus gigas, according to 
gender. The dominant diatom forms were Navicula spp., 
Nitzschia spp. and Skeletonema sp. in both the sexes 
(Fig. 6a, b). However, there were significant differences 
between the sexes in diatom abundance and diversity. 
The abundance, diversity and evenness values of dia-
toms were lower for females than for males (Fig. 5a, b). 

Among the macro-epibionts, barnacles (Balanus 
amphitrite) and bryozoans (Membranipora sp.) were 
dominant on the carapaces of both the sexes (Fig. 7). 
Both of these organisms are important constituents of 
the macrofouling community in Indian waters (Karande 
1965; Anil 1986). There were significant differences in 
coverage of macro-epibionts between the male and fe-
male carapaces. Total macro-epibiont coverage and 
coverage of barnacles and bryozoans were also lower on 
the carapace of female crabs. 

The size-frequency distribution of barnacles indicated 
that settlement does take place in high numbers, but few 
barnacles remain attached until reproductive age. This 
conclusion is drawn from the observation made earlier 
that Balanus amphitrite attains sexual maturity at a size 
(basal diameter) of 7.3 mm. B. amphitrite reaches this 
stage in about 20 to 22 d under normal submerged 
conditions (Iwaki and Hattori 1987; authors' personal 
observations). The arrow marks in Fig. 11 indicate the 
abundance of barnacles that are in this size group in the 
epibiont community of the horseshoe crab. Here again, 
the larger barnacles were greater in abundance on the 
male carapace. Mapping of the macro-epibiont popu-
lation belonging to this group also indicated consider-
able differences with different regions of the carapace 
(Fig. 2; Table 4). For both barnacles and bryozoans, the 
macro-epibiont coverage on the prosoma is less than on 
the opisthosoma. Differences in the structure of the 
epibiont community between sexes or among regions of 
the carapace may be related to: (1) changing habitat, 
(2) mechanical abrasion and surface availability, 
(3) requirements of epizootic larvae and/or (4) surface 
properties of the carapace. 

3 Tachypleus gigas. Comparison of total macro-epibiont cover- 
between male and female horseshoe crabs on a the whole Changing habitat 
)ace, b the prosoma and c the opisthosoma during different 
ding periods. Error bars indicate standard deviation 	 Tachypleus gigas is a marine species occurring on sandy 

beaches and muddy bottoms from the tide-line to depths 
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during highest high tide, and then crabs move back to 
a their natural habitat with ebbing tide. Breeding of these 

crabs is year round (Chatterji 1994). Such a habitat 
change may exert stress on the epibionts. This has been 
suggested as a problem for epizoans on sea snakes (Key 
et al. 1995), sea turtles (Caine 1986) and epizoic bry-
ozoans on the horseshoe crab Carcinoscorpius rotundic-
auda (Key et al. 1996). Desiccation and inhospitable 
depths may cause dislodgment/mortality of epibionts. 
This investigation revealed the dominance of barnacles 
and bryozoans in the epibiotic community. Balanus 
amphitrite is a eurytolerant organism, cosmopolitan in 
distribution, whose range extends to fringes of the ma-

F.Prs 	rine environment including the supra-littoral zone. 
B. amphitrite has been reported to occur to depths of 
40 m (Hutchins 1952). Owing to this broad distribution 
the physiological stresses caused by changing habitat 

b may be considered negligible. During nesting, crabs 
spend considerable time on the beach laying eggs. Bry-
ozoans are sessile, colonial animals commonly encoun-
tered in subtidal regions (Menon 1972). Menan (1973) 
also observed that Membranipora sp. generally prefer 
lower levels, i.e. 0.5 to 3 m below tidal levels. This nat-
ural distribution range indicates that subaerial exposure 
can have a negative impact on the epizoic bryozoans. In 
the case of diatoms such exposure may not markedly 
affect the community as several diatom genera are 
known to tolerate desiccation even at higher tempera-
tures, due to the production of exopolysaccharides 
which function as antidesiccants (Evans 1959; Hostetter 
and Hoshaw 1970; Davis 1972; Hoagland et al. 1993). 
On the other hand, migration of the crabs to deeper 
waters may curtail the proliferation of diatoms due to 
light limitations. 

Mechanical abrasion and surface availability 

       

M.Prs F.Opt F.Prs 

During mating, the male, which is almost always 
smaller, grasps the posterior half of the carapace of the 
female with the modified pincers of the second pair of 
feet, thus covering about 70 to 80% of the female 
opisthosoma. Macro-epibionts were not found in the 
posterior area of the carapace (i.e. the covered region) of 
females. The availability of undisturbed surface for 
macro-epibionts is less on female carapace, while the 
whole of the male carapace is exposed for epibiont col-
onization. The amplcxcd pairs remain in such a position 
for a considerable time, which further reveals that 
mating activities have the potential to prevent further 
epibiosis in the protected region of females. In the case 
of Limulus polyphemus, another species of horseshoe 
crab seen along the Atlantic and Gulf coasts of North 
America, amplcxed pairs never separate, even after 
spawning (Barnes 1980). This phenomenon of prolonged 
amplexus, in which the male remains joined to the fe-
male during non-reproductive periods, has been 
explained as a mechanism to ensure access to the female 
by the male at the timc of spawning (Rudloe 1980). 
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e 3 Tachypleus gigas. Results of two -way ANOVA comparing In the case of turtles, mating activities probably do not 
acle (Balanus amphitrite) coverage between sexes (male and markedly affect carapace communities. Both the sexes 
le) and between different parts (prosoma and opisthosoma) of have similar distributions of epibionts (Caine 1986). lace (Prs prosoma; Opt opisthosoma) 

df SS MS Fs p 

(Prs & Opt) 1 772.7 772.7 8.3 50.005 
s 1 2477.5 2477.5 26.5 50.001 

x Sexes 1 525.1 525.1 5.6 50.025 
r 180 16806.9 93.37 

183 20 582.2 

e 4 Tachypleus gigas. Intensity of macro-epibiont distribution [M male; F female; Prsi  cardiopthalmic region; Prs2  anterior 
larked areas of carapace. Observations from 46 carapaces for prosoma up to the level of lateral eyes; Prs3  flanks of the prosoma; 
sex during different sampling periods, March 1997 to August Opt]  anterior opisthosoma (uncovered region); Opt2  posterior 
. Numbers relate to the number of individuals in the case of opisthosoma (covered region)] 
acles and percentage occurrence in the case of bryozoans 

ro-epibionts Prs, Prs2 Prs 3  Opt Opt2 
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lade spat 12 ± 58 2 ± 58 1 ± 5 0.3 ± 2 0.2 ± 1 0.2 ± 1 7 ± 16 4 ± 8 2 ± 8 1 ± 7 
It 6± 11 1 ±2 4 ± 8 0.1 ± 1 1 ±3 0.1 ±2 7± 15 2 ± 7 5± 12 0.2 ± 13 
izoa (%) 15 2 15 2 24 14 33 30 28 16 

B 

P
er

ce
n

t c
ov

er
  

30 — 

25 — 

20 — 

15 — 

10 - 

5 - 

0 

Turtles amplex only during breeding season and sepa-
rate after mating so that both the sexes are exposed 
wholly for epibiosis. 

During nesting, female horseshoe crabs generally 
bury themselves to the level of the lateral eyes. Fe-
males remain in this position, with occasional digging 
movements, for some time until egg laying and ex-
ternal fertilization occurs (Cohen and Brockman 
1983). Once the fertilization is over, the female buries 
the eggs and begins to excavate the next nest. The 
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1 Tachypleus gigas. Size-frequency distribution of Balanus 
!rite on male and female horseshoe crabs during dilierent 
ng periods (arrows sexually mature size class) 

Dn developed between the sediment and carapace 
is female during nesting can dislodge or cause 
ility of epibionts on females. Burying behavior of 

basibiontslhosts adversely affects the settlement and 
survival of epibionts (Mori and Zunino 1987; Ahello 
et al. 1990; Becker and Wahl 1996). Barnacles were 
not found on the steep rim surrounding the cardio-
pthalmic region (Prs 1  and Prs2) (Fig. 2; Table 4). This 
portion of the carapace is buried in the sediment 
during the nesting period. 
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5 Tachypleus gigas. Results of two-way ANOVA comparing 
r.oark (Membranipora sp.) coverage between sexes (male and 
le) and between different parts (prosoma and opisthosoma) of 
)ace (Prs prosoma; Opt opisthosoma; ns not significant) 

df 	SS 	MS 	Fs 	p 

(Prs & Opt) 	1 
	

234.9 
	

234.9 	6.6 	.0.01 

	

1 
	

0.5 
	

0.5 	0.01 	ns 
x Sexes 	1 
	

39.4 
	

39.4 	1.10 	ns 

	

180 
	

6441.5 
	

35.8 

	

183 
	

6 716.3 

lost shore crabs exhibit grooming activities (clean-
their carapace with the aid of appendages) as a de-
e mechanism to prevent fouling. Horseshoe crabs do 
possess this capability as their appendages do not 
nd beyond the edge of the carapace. 

uirements of epizootic larvae 

erences in larval requirements for undergoing 
morphosis, for example phototaxis, surface rough- 

ness or chemistry, may influence the distribution of 
epibionts on the carapace. Most of the bryozoan lar-
vae are known to be negatively phototropic at the 
time of metamorphosis, while most of the barnacle 
larvae (cyprids) are positively phototropic (Thorson 
1964). Such differences in larval behavior have been 
used to interpret the distribution differences of bar-
nacles and bryozoans on the carapace of portunid 
crabs, e.g. Bathynectes piperitus Manning and Hol-
thuis, 1981 (Gili et al. 1993). Mapping studies in this 
investigation revealed that most of the barnacles were 
concentrated around entapophyseal pits on the poste-
rior sloping opisthosoma, and on the opercular pleu-
rite adjacent to the prosomal genal angle, along the 
prosoma longitudinal furrow and over the ophthalmic 
ridge, suggesting rugophilic (roughness seeking) and 
rhaeophilic (turbulence seeking) behavior on the part 
of the cyprid larva (Fig. 2; Table 4). Bryozoans 
concentrated closer to movable marginal spines, sug-
gesting rugophilic (groove seeking) behavior. The 
flanks of the prosoma bore bryozoans, suggesting 
geophobic (antigravitational) behavior by settling 
bryozoan larvae (Gore 1995). 

Surface properties of the carapace 

The properties of the substrata have considerable influ-
ence on the metamorphosis of barnacle and bryozoan 
larvae and are well documented in biofouling studies 
(Rittschof and Costlow 1989; Maki et al. 1989, 1990, 
1994; Anil and Khandeparker 1998). Wettability of a 
given surface plays an important role in the slime film 
formation and in attachment of settling larvae (Ritt-
schof and Costlow 1989). The results of the surface 
wettability measurement indicated the male carapace to 
be slightly more hydrophobic than the female carapace. 
The study also revealed that the micro-epibiont popu-
lation differed on male and female carapaces. Such a 
difference can also be influenced by the observed varia-
tions in the wettability. The electron microscopic evi-
dence revealed that the male carapace is comparatively 
rougher than the female carapace. Star-shaped openings 
were also observed in the female carapace in Prs i  and 
Prs2  regions, suggesting the opening of pore glands. 
Mikkelsen (1988) suggested that horseshoe crabs keep 
their surfaces clean from ectocommensals and epiphytes 
by means of a glycoprotein exudate produced by hypo-
dermal glands and secreted through the carapace. 
Females harbor large numbers of eggs on the ventral 
surface of the abdominal appendages. The eggs are 
toxic. The toxicity of the eggs has been related to the 
production of tetrodotoxin (Ho et al. 1994a, b). Strong 
alkaloids which are toxic have also been identified in the 
eggs and tissue of Tachypleus gigas and Carcinoscorpius 
rotundicauda (Mikkelsen 1988). Toxic compounds se-
creted through the carapace by means of pore canals in 
females may also play an important role in the control of 
epibiosis. 
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udy was carried out to evaluate the pattern of epi-
s in the horseshoe crab Tachypleus gigas. The results 
tis evaluation indicated that female horseshoe crabs 
or fewer epibionts compared to male horseshoe 
s. Pennate diatoms dominated the epibiotic com-
ity of micro-organisms. Among the pennates, Nayi-
spp. and Nitzschia spp. and, among the centrales, 
etonema sp. were dominant in both the sexes. Among 
macro-epibionts, acorn barnacles (Balanus amphi-
I and encrusting bryozoans (Membranipora sp.) were 
lominant forms encountered. The size-frequency of 
acles reveals that settlement takes place in large 
bers, but very few settlers grow to reproductive age. 
Iter numbers of sexually mature barnacles were 
d on the carapaces of male crabs. Results of the 
ysis of surface wettability and the scanning electron 
ographs revealed that the male carapace was more 
ophobic and rougher than the female carapace. 
ping studies revealed that the distributions of mac-
)ibionts on male and female horseshoe crabs were 
uniform. Such distinct distributions of macro-epi-
ts between genders and among regions of the cara-

may be influenced by ecological and physical 
acteristics (migratory behavior, mating and nesting 
vior, availability of undisturbed substrata during 
testing period, and wettability and roughness of the 
pace) of the basibiont as well as the requirements of 
ettling epizootic larvae. It is also possible that toxic 
pounds associated with the eggs could be secreted 
if the carapace and help in the control of epibiosis. 
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Abstract 

Despite tropical estuarine systems representing important sites for active biogeochemical 
processes, studies on dimethyl sulphide (DMS) in these systems are sparse. Here we report on 
DMS and dimethylsulphoniopropionate (DMSP) variability in relation to physicochemical 
and biological parameters for a period of 14 months in a tropical estuarine environment. 
DMS and DMSP showed high temporal variations with maximal concentrations during the 
southwest monsoon coinciding with a dinoflagellate bloom. Dinoflagellates appear to be the 
major contributors to the DMSP pool. Average DMS and DMSP concentrations (surface and 
bottom) suggested that much of the DMSP produced is converted to forms other than DMS. 
Surface DMS varied between 0.3 and 15.4 nmol dm -3  while DMSP ranged from 0.8 to 419.5 
nmol dm -3 . The DMS flux was 0.03- 1.9 1.tM m-2  d- ' (average =0.61.tM m -2  d- ') during the 
study period, that concurs well with the values reported for temperate estuaries. 
© 2003 Elsevier Science Ltd. All rights reserved. 

Keywords: Estuary; DMS; DMSP; Diatoms; Dinoflagellates 

1. Introduction 

Sulphur in the atmosphere has gained importance in the last three decades due to 
the contributions of its species to the radiation balance of the earth and to the 
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acidity of rainfall (Bates. Charlson, & Gammon, 1987; Charlson, Lovelock, 
Andreae, & Warren, 1987; Malin, Turner, & Liss, 1992). Dimethyl sulphide (DMS) 
is the most dominant sulphur gas emanating from the oceans (Bates, Cline, Gam-
mon, & Kelly-Hansen, 1987; Lovelock, Maggs, & Rasmussen, 1972). DMS is pro-
duced when dimethylsulphoniopropionate (DMSP) undergoes lysis by the action of 
DMSP lyase enzyme (DeSouza & Yoch, 1996; Kiene, 1990; Malin & Kirst, 1997). 
DMSP is produced by phytoplankton, supposedly to function as an osmolyte 
(Vairavamurthy, Andreae, & Iverson, 1985). Even though DMSP and in turn DMS 
are biogenic in origin, they do not always correlate well with chlorophyll, an indi-
cator of phytoplankton biomass. While some (Andreae, Andreae, & Schebeske, 
1994; Matrai. Cooper, & Saltzman, 1996; Yang, Liu, Li, & Zhang, 1999) have 
reported significant correlations between chlorophyll and DMS and DMSP, while 
others (Kwint & Kramer, 1996; Simo, Grimalt, & Albaiges, 1997; Townsend & 
Keller, 1996; Uher et al., 2000) have found poor or no correlations. If consistent 
correlation occurred between DMS and chlorophyll, it would have been possible to 
estimate the concentrations of DMS around the world through remote sensing. 
Inconsistent correlations, however, stemmed the idea of species specificity of DMSP. 
The species ability to form DMSP increases in the following order (Liss, Malin, & 
Turner, 1993). 

Diatoms < Dinoflagellates < Phaeocystis < Coccolithophores 

Higher abundances of DMSP and DMS are found in eutrophic coastal areas and 
in regions of upwelling than in oligotrophic open ocean waters. Most of the work 
carried out on DMS is in coastal or open ocean areas (Kettle, Andreae et al., 1999) 
with sparse data arising from estuarine areas. Dacey, Howes, and Wakeham (1985) 
studied DMSP in salt marshes and found that DMSP is easily hydrolyzed with DMS 
as the major product. Wolfe and Kiene (1993) studied microbial consumption rates 
of DMS in an estuarine sample from coastal Georgia and found that the DMS 
consumption to be as rapid as its production. However on exogenous addition of 
DMS, consumption rates are saturated below 20 'mot dm 3 . DeSouza and Yoch 
(1996) found DMSP to be metabolized to DMS and acrylate by sediment microbes 
in the Cooper River estuary. Samples from upstream sediments did not show any 
reduction in amended DMSP, indicating the absence of DMSP utilizing microbes. 
Sakka, Gosselin, Levasseur, Michaud. Monfort, and Demers (1997) found that 
under reduced ultraviolet radiation (UVR) the production rate of DMS was four 
times greater than under natural light conditions in a microcosm study in the Lower 
St. Lawrence cstuary, which was attributed to DMSP accumulation under reduced 
UVR. Tang, Rogers, Darn, and Visscher (2000) found that DMSP in seston 
(DMSPp) did not correlate with dissolved DMSP or DMS In addition during most 
times of the year zooplankton represented negligible component of particulate 
DMSP, except during the months when I empora luttgicvrtti., appeared in high 
abundance, and at these times it represented 14-72% of particulate DMSP. 

The Indian Ocean is the least studied in this respect. Hatton, Malin, and Liss 
(1999) reported concentrations of DMS, DMSP and dimethyl sulphoxide (DMSO) 
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in the western and central Arabian Sea and found the coastal waters off the coast of 
Oman to contain higher concentrations of these compounds in comparison to the 
open Sea. This region experiences seasonal reversal of winds. Between November 
and February the winds are from the northeast, while between June and September 
the winds are from the southwest. Associated with these winds is the southwest 
monsoon, which is unique to this part of the world. During the southwest monsoon 
season the Arabian Sea experiences upwelling. This process enhances primary pro-
duction and makes this area one of the most productive regions of the world's 
oceans. Very few studies on DMS in estuaries are available and these are in tempe-
rate regions (Cerqueira & Pio, 1999; Moret et al., 2000). These studies have reported 
maximal DMS concentrations during summer and its contribution to the local sul-
phur budget is negligible in comparison with anthropogenic sulphur. There is, 
however, little information available on DMS in tropical estuaries. The present aims 
to study the temporal variation of DMS and DMSP in relation to phytoplankton 
composition in a tropical estuarine environment (Zuari Estuary, Goa, Central west 
coast of India). The Zuari River is about 50 km in length and receives large amounts 
of freshwater during the southwest monsoon. The estuary experiences semi-diurnal 
tides. During the southwest monsoon the influx of river water leads to the formation 
of a salt wedge. Heavy precipitation and land runoff from June to September bring 
about large changes in temperature, salinity, flow pattern, dissolved oxygen and 
nutrients in the estuary. The southwest monsoon season (July—September) is fol-
lowed by a recovery period (the post-monsoon season, October—January) and 
thereafter a stable period (the pre-monsoon season, February—May) when the estu-
ary becomes seawater dominated. Blooms of diatoms and dinoflagellates, and 
intense zooplankton swarms are found to occur in Goa estuarine systems during 
October—November due to land runoff and coastal upwelling (Devassy, 1983). 
Goswami (1983) found that some coastal fonns of copepod intrude into the estu-
aries and proliferate under decreasing influx and increasing salinity conditions dur-
ing the post-monsoon season. Nair (1980) in a study on zooplankton production in 
the Zuari Estuary observed two peaks, one in November and the other in March/ 
April. Thus the Zuari Estuary is very dynamic in terms of physical, chemical and 
biological processes and thus offers a biogeochemically active system for the study 
of DMS and DMSP. Studies on DMS and DMSP from such dynamically active 
areas are important in DMS models. The main objective of this study is to investi-
gate temporal changes in DMS and DMSP in relation to changes in phytoplankton 
composition in an active estuarine zone. 

2. Materials and methods 

A time series study was undertaken at a fixed location in the Zuari Estuary from 
December 1999 to January 2001 (Fig. 1). Seawater samples were collected once a 
month using Niskin samplers. Sampling was done during receding high tide. Sam-
ples were collected from surface and near bottom depths. The bottom samples were 
collected 1 m above the sediment surface where the height of water column varied 
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Fig. I. Location of study site in the Zuari Estuary, Goa in the Central west coast of India. 

between 5 and 7 m depending on the tide. Subsampling was done for dissolved 
oxygen (DO), DMS, DMSP, nutrients (nitrate), salinity, phytoplankton (speciation 
and enumeration) and chlorophyll. Enough care was taken during gas sampling 
(DO, DMS and DMSP) to avoid any exchange of oxygen and DMS and no head 
space was kept. Temperature was measured using a mercury thermometer. Salinity 
samples were analysed by the Mohr-Knudsen method (Parsons & Strickland, 1965). 
Dissolved oxygen samples were analyzed by Winkler titration. Nitrate was analyzed 
using azo dye method (Parsons & Strickland, 1965). Chlorophyll a was determined 
by filtering 500 cm 3  of subsample through pre-ignited GF/C filter paper. Extraction 
of pigments was carried out for 24 h in 90% acetone at 4 °C in the dark (UNESCO, 
1994). Phytoplankton samples (1000 cm 3) fixed with Lugol's iodine (0.5% final 
concentration, Throndsen; 1978) were enumerated by sedimentation technique 
(Hasle, 1978). 

2.1. DMS and DMSP measurements 

DMS and DMSP samples were collected in dark ground glass bottles and later 
analysed using a Hewlett Packard Series II Plus Gas Chromatograph. The samples 
were preserved in dark at 4 °C until analysis. The storage time never exceeded 4 h. 
To prevent loss of DMS during filtration and any alteration in DMSP concen-
tration, samples were not filtered and thus the DMSP reported here represent total 
DMSP (DMSP•). A measured volume of a seawater sample was purged using 
nitrogen gas. Sample volume varied from 1 to 20 ml depending on the concentration 
of DMS and DMSP in different months. This was determined by 11 ial and error 
method. When the signal resulted in a plateau (i.e. very high DMS and DMSP 
concentrations) a lower volume was taken to obtain a peak, and vice versa a larger 
volume was used to increase the size of the peak (i.e. very low DMS and DMSP 
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concentrations). The stripped sulphur gases were then dried and separated on a 
Chromosil 330 column (Shenoy, Joseph, Kumar, & George, in press; Turner, Malin, 
Bagander, & Leck, 1990) and detected by Flame Photometric Detector. Following 
DMS measurement 2 ml of 10 M NaOH was added to the same samples with 
immediate purging of 20 min for hydrolysing DMSP to DMS (Turner et al., 1990). 
This results in cleavage of DMSP into DMS and acrylic acid. Tests were conducted 
earlier to find the efficiency of this method. This was done by repeated runs of the 
same sample, which gave very small peaks of DMS revealing more than 95% con-
version of DMSP to DMS during the alkaline hydrolysis. Calibration was per-
formed using DMS liquid (Merck) and ethanol (Fluka). The precision of 
measurements was found to be±0.37 nmol dm -3  (for a mean of 3.93 nmol dm -3 

 and n = 5) . 

2.2. Wind measurements 

Wind velocities used in the flux calculations were obtained from the automatic 
weather station (AWS) situated at the top of institute building, which is about 6 km 
away from the sampling point. Wind speeds (weekly averages) obtained from the 
AWS were corrected to 10 m height following Stevenson (1982). Table 1 shows the 
actual and corrected values. There was not much change in the actual and corrected 
values. On average wind values fell by 8% after depth correction. The corrected 
wind values were used to calculate the DMS fluxes. 

2.3. DMS flux calculations 

DMS fluxes were calculated using the equations given in Turner, Malin, Night-
ingale, and Liss (1996). 

FDMS = k..AC 

where FDMS = net flux of DMS; k = transfer velocity; and AC= concentration 
gradient at the air-sea interface. 

AC = Cw - (Ca .h-1 ) 

where Cw  =concentration of DMS in water; C a = concentration of DMS in air; and 
h= Henry's law constant. 

Table 1 
Measured and true winds during the study period in the Zuari Estuary 

Month Dec Jan Feb March April June July Aug Sept Oct Nov Dec Jan 
1999 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2001 

Actual 
wind m 

2.58 2.35 2.58 2.30 3.02 3.05 2.02 2.06 3.18 1.99 2.97 2.20 2.17 

Corrected 
wind m s-1 

2.47 2.29 2.47 2.19 2.85 2.78 1.84 1.84 2.87 1.74 2.69 2.03 1.93 
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Ca  is generally taken as zero, and thus 

FDMS = k.Cw 

Transfer velocity depends on wind speed and is predicted for three different wind 
regimes according to Liss and Merlivat (1986). The following equations are adopted 
for a gas with Schmidt number Sc = 600 (corresponding to CO 2  at 20 °C) are, 

kCO2  = 0.17u for u 5 3.6 smooth regime, 

kCO2 = 2.85u — 9.65 for 3.6<u 13 rough regime and 

kCO2 = 5.9u — 49.3 for u > 13 breaking wave regime 

where, u= wind speed in m s -1 . 
Transfer velocity of a gas also depends on the Schmidt number. 

kooSc -213  for u 5 3.6 

kooSc -1 /2  for u > 3.6 

Thus the transfer velocities of CO 2  are corrected for DMS using the third order 
polynomial equation for relation of SCUMS  with temperature based on measured 
diffusivity of DMS (Saltzman, King, Holmen, & Leck 1993) 

Sc = 2674.0-147.121 + 3.726, 2  — 0.038t 3  
t = temperature 

(Scums/600) -2/3 = (2.77x 10-4.12) + (0.0134 t) + 0.371 

(ScDms/600) -1 /2 = (1.49x 10 -4•t3 ) + (.0136t) + 0.474 

Therefore if 	then 

kDMS = ((2.77x 10 -4 • t 2) + (0.0134t) + 0.371 ) * kCO2 
and if u >3.6, then 

kDMS = 	.49x 10-4 • t3 ) + (.01361) + 0.474) * kCO2 

3. Results 

3.1. Temperature and salinity 

Temperature showed the highest values in March (Fig. 2). The surface water 
temperature varied from 28 to 33 °C with an average value of 29.6 °C whereas the 
bottom water temperatures varied from 22 to 32 °C with an average value of 28 °C. 
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Bottom water temperatures varied more than surface waters having low tempera-
tures in June—August. Similar trends were also seen in the case of salinity (Fig. 2). 
Surface and bottom _salinities did not show much variation throughout the year 
except during the monsoon (June—August) when surface salinity fell drastically due 
to run-off. Near equal salinities between surface and bottom in July have resulted 
from a break in monsoon (rainfall). 
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Fig. 2. Temporal variations in physicochemical parameters in the Zuari Estuary. 
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3.2. Dissolved oxygen, nitrate and chlorophyll 

The maximal variations in dissolved oxygen were seen during the southwest 
monsoon as with temperature and salinity (Fig. 2). During this period bottom oxy-
gen concentrations were low. A difference of 2.9 ml dm -3  occurred between the 
surface and bottom in July. The surface as well as bottom oxygen values averaged at 

4 ml dm-3  except from June to September when the average bottom DO values 
were 2.5 ml dm-3 . In the present study the maximal oxygen was observed in June 
2000 during which nitrate was about 10.8 limo' dm" (Fig. 2). Surface and bottom 
nitrate values were nearly the same except during the monsoon. At the beginning of 
the southwest monsoon (June) the surface nitrate was higher than the bottom 
nitrate, but in later months (August and September) the bottom nitrate was higher 
than the surface nitrate. The input of nitrate into the study area was seen not only 
during the southwest monsoon season but also during November and December 
(northeast monsoon) period. This occurred in both December 1999 and December 
2000. In addition surface and bottom nitrate values of —7 limo] dm' were also 
observed during April 2000. Temporal variations in chlorophyll a concentrations for 
surface and bottom waters are shown in Fig. 3. Except during southwest monsoon 
chlorophyll a showed little variability. During monsoon the chlorophyll levels were 

Fig. 3. Temporal variations in total phyloplankton numbers and chlorophyll concentration. 
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very high and the maximal values were found in July. Similar trends were also 
observed in terms of phytoplankton numbers. The highest cell count was observed 
during July and August. 

3.3. Phytoplankton composition 

The increase in phytoplankton numbers during June—August is largely due to 
diatoms and dinoflagellates. Diatoms dominated the phytoplankton community 
(Fig. 4), forming an annual percentage of 85% in surface and 92% in bottom 
waters, whereas dinoflagellates contributed to about 11 % in the surface and 7% in 
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Fig. 4. Temporal variations in phytoplankton. 
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the bottom. The others contributed —4 and 1%, respectively. The temporal varia-
tions in the phytoplankton densities in surface and bottom waters are shown in 
Figs. 3 and 4. Diatoms dominated phytoplankton blooms by constituting >95% of 
the total cells in March, June, August, October 2000 and January 2001 in both sur-
face and bottom waters. However, in July a mixed bloom of diatoms and dino-
flagellates was observed with these constituting approximately 85 and 15%, 
respectively. The diatom population in July contained different species such as 
Chaetoceros spp., Thalassiosira sp., Fragilariopsis sp., Leptocylindrus sp. and Tha-
lassionema nitzschioides, whereas during June and August 2000, and also in January 
2001, peaks of single diatom species (Skeletonerna costatum and Thalasiosira sp., 
respectively) was observed. 

3.4. Distribution of DMS and DMSP 

There were no systematic trends in DMS and DMSP abundances except the 
highest values observed during the monsoon season (Fig. 5). During June-Septem-
ber the surface DMS varied from 0.3 to 12.8 nmol dm' with an average value of 5.8 
nmol dm-3  while surface DMSP varied from 1 to 419.5 nmol dm -3  with an average 
value of 111.4 nmol dm -3 . During the same period bottom DMS varied from 
undetectable levels to 28.3 nmol dm -3  with a mean of 8.5 nmol dm -3, whereas that 
of DMSP from 1.37 nmol dm-3  to190.6 nmol dm -3  (average of 50.5 nmol dm-3). 
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Both surface and bottom DMS and DMSP exhibited peak concentrations in July. 
Fig. 5 shows additional peaks of DMS between November and December, and 
February and April. The surface DMS for the entire study period varied from 0.3 to 
15.4 nmol dm-3  with an average value of 5.8 nmol dm -3  while surface DMSP varied 
from 0.8 to 419.5 nmol dm-3  with an average value of 68.3 nmol dm -3 . Bottom 
DMS varied from undetectable levels to 28.3 nmol dm -3  with an average value of 
7.32 nmol dm-3  while bottom DMSP varied from 0.7 to 190.6 nmol dm -3  with an 
average value of 29.4 nmol dm -3 . 

4. Discussion 

The maximum temperature was observed in March when there was strong solar 
insolation (average solar insolation during pre-monsoon was —50 mw s -1 ). Low 
temperatures during June and August was brought about by upwelling, which was 
intense in August. The salinity variation in Fig. 2 indicates that the study area 
remains well mixed throughout the year except in southwest monsoon when a very 
strong stratification occurs. The southwest coast of India experiences upwelling 
during the southwest monsoon. Thus when the bottom was occupied by upwelled 
waters oxygen was low and nitrate was high. These signatures were pronounced in 
June. On the other hand, high nitrate can be accompanied by high oxygen in estu-
aries since freshwater discharge also supplies nutrients. Nair (1980) during a study 
on zooplankton production in the Zuari Estuary observed two peaks, one in 
November and the other in March/April. Higher zooplankton results in higher fecal 
matter, which is rich in ammonia. This ammonia in the presence of excess oxygen 
might undergo nitrification leading to high nitrate observed in the study area during 
these months. Similar observation from the study area suggested these high 
concentrations to be of local origin (Qasim & Gupta, 1981). 

During July a mixed bloom of diatoms and dinoflagellates occurred when chlor-
ophyll also reached its peak. The highs in DMS and DMSP during the monsoon 
season could be related to the mixed bloom. One of the primary reasons for the 
occurrence of mixed bloom in July with higher percentage of dinoflagellates might 
be the break in monsoon (for more than a month). The monsoon break led to an 
increase in surface salinity following the decrease in fresh water discharge. An 
increase in salinity with the fall in temperature during this season indicate upwelled 
waters. The lower temperatures might have facilitated dinoflagellates to bloom 
(Blake & Becerril, 2001). Although DMSP levels in July were much higher (420 
nmol dm -3) than the observed average (68 nmol dm -3), DMS did not show such a 
great increase (observed =13 nmol dm -3  and average = 5.8 nmol dm -3). This sug-
gested that the higher amounts of DMSP produced might have been lost through 
other mechanisms (Kiene & Linn, 2000). During the other months (November-
December, February and April) high concentrations of DMS coincide with the lows 
in total phytoplankton population (Fig. 3). DMS concentrations increase due to 
grazing activity of zooplankton (Levasseur et al., 1996; Wolfe & Steinke, 1996). As 
the zooplankton production in the Zuari estuary is high during these months (Nair, 
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1980) the high concentrations of DMS during these periods may be attributed to 
grazing activity by zooplankton. 

Moret et al. (2000) measured DMS in the surface waters at two time series stations 
in Venice Lagoon. They have reported surface DMS values ranging between 0.4 
nmol dm-3  and 16.3 nmol dm -3  with an average value of 3.7 nmol dm -3  and found 
maximal values to occur during phytoplanktonic and macro-algal blooms. Our sur-
face DMS values in the Zuari Estuary are in agreement with the values reported by 
Moret et al. (2000). Cerqueira and Pio (1999) in their work on Ria de Aveiro estuary 
in Portugal found average summer concentrations of DMS, DMSP P  and DMSPD  to 
be higher than winter concentrations by a factor of 1.8, 1.9 and 2.9, respectively. 
Our surface and bottom DMS values agree well with their summer values (5.3 ± 5.2 
nmol dm -3) and are slightly higher than winter values (2.9±2.3 nmol dm -3). Our 
surface and bottom DMSP T  values are quite high ( 3 times) in comparison to their 
DMSPT  values (11.3 and 5.2 nmol dm -3  for summer and winter, respectively). 
However, there is a very good agreement in terms of high temporal variability. In all 
three cases, high DMS and DMSP concentrations have been reported during peri-
ods of the year coinciding with phytoplankton blooms. Turner et al. (1996) have 
found a monthly mean of around 25 nmol dm -3  in May and found higher levels of 
DMS to coincide with blooms of Phaeocystis sp. Similar results have been found 
elsewhere (Dacey, Howse, Micheals, & Wakeham, 1998; Van-Duyl, Gieskes, Kop, & 
Lewis, 1998). Matrai and Vernet (1997) also reported high DMS and DMSP to have 
associated with blooms of Phaeocystis pouchetii and diatoms, where the contribution 
of diatoms to the water column budgets of DMSP and DMS appeared to be sig-
nificant. Physiological stage of the bloom is perhaps more significant in controlling 
the DMS and DMSP concentrations in seawater (Matrai & Vernet, 1997). Levasseur 
et al. (1996) observed increase in DMSP and DMS content when a phytoplankton 
succession from Skeletonema costatum to Emiliania huxleyi occurred. Obviously, 
high DMS and DMSP values are associated with phytoplankton blooms wherein the 
extent of sulphur compounds production depend largely on the prevailing species. 
The present results reveal that DMS not only shows significant temporal variation 
but also exhibits strong dependency on phytoplankton composition in the Zuari 
estuary. 

5. DMS flux from the estuary 

The DMS flux follows the same bend as that of surface DMS and wind, except 
during the southwest monsoon (Fig. 6). This is mainly due to the combined effect of 
wind velocities and higher DMS concentrations in surface waters. Temperature falls 
marginally during this period but does not seem to have any major effect on the flux 
of DMS. During June the wind velocity is quite high, but the DMS in the surface 
waters was very low and thus the DMS flux is low (0.22 pinol m 2  day 1 ). The 
opposite effect is recorded during July. even though the wind speed decreased high 
DMS concentration in the surface water led to higher DMS flux in July (0.96 mol 
m 2  day 1 ). However, DMS flux during the monsoon season is similar to those in 



D.M. Shenoy, J.S. Patil I Marine Environmental Research 56 (2003) 387-402 	399 

winter season. The highest flux (1.9 limot m -2  day-1 ) was observed in April when 
both DMS (15.4 nmol dm -3) and wind (2.9 m s -1 ) were high. The DMS flux for the 
entire period of observation varied from 0.03 to 1.9 umol M-2  day-1  having a 
average of 0.6 limo] m7 2  day-1 . This value is about five times lower in comparison 
with the DMS flux from the coastal and open Arabian Sea regions of —3 umol m -2 

 day-1  (Shenoy, 2002). Our average value of 0.6 umol m -2  day-1  is nearly double 
that of Moret et al. (2000) for the Venice Lagoon (0.34 umol m -2  day -1), but agrees 
with the summer DMS flux (-0.65 umol m -2  day-1 ) reported for Ria de Aveiro 
Estuary in Portugal (Cerqueira & Pio, 1999). On the other hand, the present flux is 
nearly two orders of magnitude less than that reported for the European coastal and 
shelf waters (32 umol m -2  day -1 ) by Turner, Malin, and Liss, (1989). It is also quite 
low in comparison to the value by Andreae (1986) for the global coastal and shelf 
zones (7.76 umol m -2  day-1 ). Kumar, Shenoy, Sarnia, George, and Dandekar 
(2002) who reported the occurrence of DMSP in marine aerosols for the first time 
have stated that under rough weather conditions the transfer of DMSP through sea 
salt aerosols can be a significant contributor of biogenic sulphur to the atmosphere. 
Thus even though the DMS diffusive flux from the Zuari Estuary is small, DMSP 
ejection to atmosphere may be significant under rough weather conditions of south-
west monsoon when DMSP levels were found to be two orders of magnitude higher. 

3.2 
- 
in  2.8 — 

2.4 — 
- 

2— 

1.6 1 

D
M

S  
Fl

ux
  (p

M
 m
'
 d-

1)
  

D'99 sooFroArAJ JAsoN oJoi 
Month 

Fig. 6. Temporal variations in wind speed and DMS flux. In the top panel open symbol indicates wind-
speed at 40 m and bold symbol at 10 m. 
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6. Conclusions 

This is the first report on DMSP and DMS from a monsoon-driven tropical 
estuarine system. The estuarine waters of Zuari exhibited significant variability in 
DMSP and DMS abundances with maximal concentrations occurring in the south-
west monsoon season. A mixed bloom of diatoms and dinoflagellates seems to be 
the chief producer of DMSP and DMS when a break in southwest monsoon occur-
red. Mean surface DMS and DMSP during the study period were found to be 5.8 
and 68.3 nmol dm-3  while the DMS flux from the estuary averaged to 0.6 .tmol 
day-1 . 
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