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Dinoflagellate forms; C) the diversity index of Diatom, Dinoflagellate and total 
phytoplankton population and D) species evenness of Diatom, Dinoflagellate and 
other algae at Station 1 (Cortalim) in Zuari estuary. 
Figure 33. Daily variations in the bloom progression of different phytoplankton 
species in relation to the pigment composition at Station1 (Cortalim) in Zuari estuary. 
Where A) Pleurosigma elongatum, B) Amphidoma nanum, C) Biddulphia regia, D) 
Asteromphalus sp., E) Asteromphalus cleveanus, F) Stephanopyxis palmeriana, G) 
Gonyaulax brevisulcatum, H) Actinoptychus senarious, I) Gyrosigma littorale, J) 
Pleurosigma angulatum, K) Protoperidinium tristylum, L) Pyrophacus horologium, 
M) Amylax trichantha, N) Actinocyclus octonarious, O) Chaetoceros laciniosus and 
P) Thalassiothrix frauenfeldii. 
Figure 34. Bray-Curtis cluster A and MDS B based on the monthly species 
abundance. Bubble plots showing the monthly variations in the abundance of 
dominant species. C) Protoperidinium lenticulatum, D) Nitzschia levidensis, E) 
Hemiaulus hauckii and F) Gyrosigma fasciola. 
Figure 35. CCA Conjoint biplot A) General phytoplankton composition and B) 
Phytoplankton species 
Figure 36. Seasonal variations in total phytoplankton cell density and biomass along 
the surface and bottom at 6 different stations in Zuari estuary during June 2008–May 
2009. A) Phytoplankton cell density at surface, B) biomass at surface, C) total 
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phytoplankton cell density at bottom and D) biomass at bottom. 
Figure 37. Seasonal distribution of different phytoplankton divisions A) total genera 
during monsoon season, B) total species during monsoon season, C) total genera 
during non-monsoon season and D) total species during non-monsoon season at 6 
different stations in Zuari estuary during June 2008–May 2009. �
Figure 38. Seasonal variations in centric and pennate forms A) total centric and 
pennate species during monsoon and B) total centric and pennate species during non-
monsoon, C) Autotrophic, Heterotrophic and Mixotrophic forms of dinoflagellate 
during monsoon and D) Autotrophic, Heterotrophic and Mixotrophic forms of 
dinoflagellate during non-monsoon period E) Diversity during monsoon, F) Diversity 
during non-monsoon and G) species evenness at six stations in Zuari estuary at 6 
stations in Zuari estuary  
Figure 39. Monthly variations in the bloom progression of different phytoplankton 
species in relation to the pigment composition at six stations in Zuari estuary. A) 
Borim surface, B) Lutolim surface, C) Chicalim surface, D) Island surface, E) Island 
bottom and F) Zuari bottom. 
Figure 40. Bray-Curtis cluster A) and MDS B) based on the monthly species 
abundance. Bubble plots showing the monthly variations in the abundance of 
dominant species (C-F). Where C_S - Chicalim surface; Z_B- Zuari bottom. 
Figure 41. CCA biplot A) General phytoplankton composition and B) Phytoplankton 
species. 
Chapter IV.  
Figure 42.A) Total number of HAB forming species at Station 1 (Captain of Ports) in           
Mandovi estuary 
Figure 42.B) Percentage distribution of HAB forming species at Station 1 (Captain of   
Ports) in Mandovi estuary. 
Figure 43. Blooms of HAB forming species with pigment composition A) 
Trichodesmium erythraeum, B) Skeletonema costatum, C) Gymnodinium splendens, 
D) Chaetoceros curvisetus and E) Cylindrotheca closterium at Station 1 (Captonain 
of Ports) in Mandovi estuary. 
Figure 44. A) Bray-Curtis cluster and B) MDS based on the monthly species 
abundance. Bubble plots showing the monthly variations in the abundance of 
dominant HAB forming species C-F. 
Figure 45. CCA biplot of HAB forming species. 
Figure 46. Total number of HAB forming species A) Total no. of genera at surface, 
B) Total no. of species at surface, C) Total no. of genera at bottom and D) Total no. 
of species at bottom in Mandovi estuary. 
Figure 47. Seasonal distribution in percentage of HAB forming species A)Monsoon 
at surface, B) Monsoon at bottom, C) Non-monsoon at surface and D) Non-monsoon 
at bottom in Mandovi estuary. 
Figure 48. Blooms of HAB forming species with pigment composition A) Ribandar 
surface, B) OldGoa Surface and C) OldGoa bottom in Mandovi estuary.�
Figure 49. Bray-Curtis cluster (A) and MDS (B) based on the monthly species 
abundance. Bubble plots showing the monthly variations in the abundance of 
dominant HAB forming species (C-E). 
Figure 50. CCA  conjoint biplot of HAB forming species. 
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Figure 51. A) Total number of HAB forming species and B) Percentage distribution 
of HAB forming species at Station 1 (Cortalim) in Zuari estuary. 
Figure 52. Blooms of HAB forming species with pigment composition A) Ditylum 
brightwelii, B) Coscinodiscus welsii, C) Rhizosolenia setigera, D) Rhizosolenia 
stolterforthii, E) Leptocylindrus danicus, F) Cylinderotheca closterium, G) Ceratium 
furca, H) Gymnodinium breve, I) Prorocentrum gracile and J) Skeletonema costatum 
at Station  (Cortalim) in Zuari estuary. 
Figure 53. Bray-Curtis cluster (A) and MDS (B) based on the monthly species 
abundance. Bubble plots showing the monthly variations in the abundance of 
dominant HAB forming species (C-F).Where Alte- Alaxandrium temarense, Gybr- 
Gymnodinium breve, Thsu- Thalassiosira subtalis and Alfu- Alaxandrium fundyense 
Figure 54. CCA biplot of HAB forming species. 
Figure 55. Total number of HAB forming species A) Total no. of genera at surface, 
B) Total no. of species at surface, C) Total no. of genera at bottom and D) Total no. 
of species at bottom in Zuari estuary. 
Figure 56. Seasonal distribution in percentage of HAB forming species A)Monsoon 
at surface, B) Monsoon at bottom, C) Non-monsoon at surface and D) Non-monsoon 
at bottom in Zuari estuary. 
Figure 57. Blooms of HAB forming species with pigment composition A) Sancval 
surface, B) Sancval Bottom, C) Zuari surface, D) Zuari bottom, E) Lutolim surface, 
F) Lutolim bottom, G) Borim surface and H) Borim bottom in Zuari estuary. 
Figure 58. Bray-Curtis cluster (A) and MDS (B) based on the monthly species 
abundance. Bubble plots showing the monthly variations in the abundance of 
dominant HAB forming species (C-F). Where Gybr- Gymnodinium breve, Bsi- 
Biddulphia sinensis, Prmi- Prorocentrum micans and Thsu- Thalassiosira subtilis 
Figure 59. CCA biplot of HAB forming species. 
Chapter V. 
Figure 60. A) Stepped chains of cells in girdle and valve views, LM; B) Whole valve 
with pointed ends, SEM; C) Outer valve structure, showing the presence of 2–3 rows 
of poroids (arrows), SEM; D) Inner valve structure with the presence of striae 
(arrowhead) and fibulae (arrow), SEM. 
Figure 61. Effect of salinity on the growth of Pseudo-nitzschia pungens isolated from 
the Zuari estuary. A) Growth curves; B) Maximum cell concentration at stationary 
phase; C) Specific growth rate and D) Effect of salinity on the rate of domoic acid 
(DA) production. 
Figure 62. HPLC chromatograms for the analysis of domoic acid (DA). A) 
Chromatogram obtained from a standard solution of pure DA in filtered seawater, 
showing peaks for the derivatization products of DA and DHKA; B) Pseudo-
nitzschia pungens culture sample (7 days old); C) Pseudo-nitzschia pungens culture 
sample spiked with standard DA solution (1 ng ml-1), showing the expected increase 
in peak height at the same retention time as DA. 
Figure 63. Change in domoic acid (DA) concentration in the “whole culture” (cells 
plus medium), expressed as ng ml-1 (� ) and fg cell-1 (� ), for Pseudo-nitzschia 
pungens growing in culture at salinities of A) 5 psu; B) 10 psu; C) 15 psu; D) 20 psu; 
E) 25 psu; F) 30 psu; G) 35 psu. 
Figure 64. Effect of Nitrate on the growth of Pseudo-nitzschia pungens isolated from 
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the Zuari estuary. A) Growth curves; B) Maximum cell concentration at stationary 
phase; C) Specific growth rate and D) Effect of Nitrate on the rate of domoic acid 
(DA) production and E) Effect of Nitrate on domoic acid per day. 
Figure 65. Change in domoic acid (DA) concentration in the “whole culture” (cells 
plus medium), expressed as ng ml-1 (� ) and fg cell-1 (� ), for Pseudo-nitzschia 
pungens growing in culture at nitrate concentrations of A) 1 µM; B) 5 µM; C) 20 
µM; D) 50 µM and E) 100 µM. 
Figure 66. Effect of Phosphate on the growth of Pseudo-nitzschia pungens isolated 
from the Zuari estuary. A) Growth curves; B) Maximum cell concentration at 
stationary phase; C) Specific growth rate and D) Effect of Nitrate on the rate of 
domoic acid (DA) production per day. 
Figure 67. Change in domoic acid (DA) concentration in the “whole culture” (cells 
plus medium), expressed as ng ml-1 (� ) and fg cell-1 (� ), for Pseudo-nitzschia 
pungens growing in culture at phosphate concentrations of A) 0.5 µM; B) 2 µM; C) 4 
µM; D) 8 µM and E) 16 µM. 
Figure 68. Effect of Silicate on the growth of Pseudo-nitzschia pungens isolated from 
the Zuari estuary. A) Growth curves; B) Maximum cell concentration at stationary 
phase; C) Specific growth rate and D) Effect of Nitrate on the rate of domoic acid 
(DA) production per day 
Figure 69. Change in domoic acid (DA) concentration in the “whole culture” (cells 
plus medium), expressed as ng ml-1 (� ) and fg cell-1 (� ), for Pseudo-nitzschia 
pungens growing in culture at Silicate concentrations of A) 5 µM; B) 20 µM; C) 80 
µM; D) 160 µM and E) 320 µM. 
Figure 70. Proposed flow chart for the production of Harmful algal blooms 

�

List of Plates 

Chapter IV. 
Plate 1. Photomicrographs of some HAB species of phytoplankton from Mandovi and 
Zuari estuaries of Goa A) Gymnodinium splendens, B) Gymnodinium breve, C) Ditylum 
brightwellii, D) Dinophysis caudate, E) Chaetoceros curvisetus and F) Alexandrium 
tamarense  
Chapter V. 
Plate 2. Chromatograms of Domoic acid (DA), showing the highest peaks. The DHKA peak 
is the internal standard (see text). A) Culture with nitrate at 100 µM; B) Culture with 
phosphate at 0.5 µM, and C) Culture with silicate at 5 µM. 
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Coastal ecosystems are known for biological productivity and high 

accessibility. They are found along the continental margins incorporating a broad 

range of habitats harboring rich bio-diversity. They are known to filter the pollutants 

from inland freshwater systems, store and cycle the nutrients and also help in 

protecting the shorelines from storms and erosion (Lauretta et al., 2000). For this 

purposes, the coastal zone is defined into (1) intertidal and (2) subtidal areas  which 

are  above the continental shelf  and adjacent lands. Coastal zones also include the 

Exclusive Economic Zones (EEZ) within the National Jurisdiction (up to 200 nautical 

miles from the coastline) (Roonwal 1997; Kennedy et al., 2002 and Barbier et al., 

2011).  

On the basis of physical characteristics coastal regions are classified as 1) 

Near shore terrestrial – This includes Dunes, Rocky and Sandy shores etc. 2) 

Intertidal – Estuaries, Lagoons, Salt pans, Mangrove forests etc. 3) Benthic – Kelp 

forests, Seagrass beds, Coral reefs etc.  4) Pelagic – Open waters above Continental 

shelf, Free standing fish farms etc. (Lauretta et al., 2000). Diagrammatic 

representation of the zonations in the marine ecosystem is shown in Fig. 1. 

 

 

 

 

 

 

 

 

 
 Figure 1. Zonations in Marine ecosystem. (MHWS - Mean high water spring, MLWS 

- Mean Low water spring) (Source: http://www.dfo-mpo.gc.ca). 



22 

�

Amongst the intertidal region Estuaries are the most productive and highly 

diverse ecosystem on the earth. They are the potential source of food for human 

beings as well as used as shelters by many commercially viable fish and shellfish. In 

recent years these estuarine system is under immense stress due to rapid growth of 

population density and economic activities. Hence regular monitoring of the estuarine 

system has become necessary. 

 

1.1. Estuaries   

Estuaries with their associated river systems form an integral part of the 

inshore waters. They have a free connection with the open sea and within which 

freshwater derived from land drainage dilutes seawater measurably. Estuaries 

represent a stressful and harsh habitat defined by fluctuating salinities and 

temperature for the organisms since it is a mixing ground for freshwater and seawater. 

In spite of the extreme conditions, estuaries are fertile and excellent nursery grounds 

for variety of commercially important fishes and prawns (Malone and Chervin 1979; 

Elser et al., 1986; Kurupartkina 1991 and Piontkovski et al., 1995).  

Different estuarine habitat and ecological processes within estuaries are 

affected by hydrological components which are associated with freshwater and 

marine inputs. Particulate material brought in by freshwater influx from the watershed 

sinks in the estuary due to decrease in flow. The inflow of seawater from the ocean 

moves interior along the estuary bottom, retaining these sinking particles and 

stratifying the water column thereby affecting the “health” of the estuary if the 

retained particles are contaminants or toxins (McCarthy et al., 1974; Durbin et al., 
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1975; Walsh et al., 1978; Kurupartkina 1991; Piontkovski et al., 1995 and Kennedy 

et al., 2002). 

Estuaries often harbor marshes or coastal wetlands that contain plants that are 

tolerant to varying salinity. Coastal marshes in the sub-tropical and temperate regions 

support grasses or similar plants which are supplemented by microscopic algae on 

their surfaces. Salt marshes are replaced by salt-tolerant shrubs i.e. mangroves in the 

intertidal zone. Growth of these plants depends on the sediment received from the 

land. The existence of extensive tracts of marshes or Mangroves vegetation is known 

to protect the adjoining land as well as human populations from stormy water 

produced during hurricanes and coastal storms. Marshes outreach the excess nutrients 

and contaminants in runoff thereby protecting the nitrogen-sensitive sea grass which 

play an important role in coastal food webs (McCarthy et al., 1974; Durbin et al., 

1975; Walsh et al., 1978 and Lauretta et al., 2000). 

Dobson and Frid 1998 classified estuaries based on water circulation the way 

that layers of water are formed within the estuary into four types are:  a) Salt Wedge 

Estuary, b) Partially Mixed Estuary, c) Well mixed estuary and d) Fjord - type 

Estuary. He has also classified estuaries based on geological features as 1) Coastal 

Plain Estuary, 2) Tectonic Estuary, 3) Bar - Built Estuary and 4) Fjord. 

 

1.2. Importance of estuaries to mankind 

Estuaries are commercially important as they provide financial benefits for 

fisheries, tourism as well as related recreational activities as well as support public 

infrastructures such as ports and harbors required for transportation and shipping . 
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Estuaries represent a stressful and harsh habitat defined by fluctuating salinities and 

temperature for the organisms since it is a mixing ground for freshwater and 

seawater. In spite of the extreme conditions, estuaries are fertile and excellent 

nursery grounds for variety of commercially important fishes and prawns. Tropical 

and temperate estuaries are known for their biological productive. Salt marshes and 

mangroves are important producers in the tropical estuaries. 

(http://www.biologyreference.com). 

The animal productivity is supported by primary production which is 

increased due to nutrients received through runoff. Kennedy et al., 2002 have 

reported considerable increase in the commercial harvesting shellfish as well as fish 

due to their dependence on estuaries for spawning as well as feeding. Estuaries are 

also recognized as recreational centers (Environmental Health Center, 1998). Halpern 

et al., 2008 have reported Estuaries and coastal most globally threatened ecosystem. 

Estuaries are vulnerable to human activities such as shore land reconstruction for 

housing, recreational, agricultural and transportation. Growing population is also 

exerting more pressure on the resources derived from these ecosystems. 

1.3. Factors affecting functioning of estuaries 

The abundance and distribution of population within estuaries are influenced 

by the physico-chemical and biological factors. Which are as follows:  

Tides: Gravitational forces by the Moon and Sun together with the rotation of the 

earth cause rise and fall in the sea level which promotes flushing of estuary 12.42 

hours. In and out movement of salt water and fresh water results in to cleansing 
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effect. Erosion, deposition and sediment transport are also caused by the movement of 

tidal water (www.soes.soton.ac.uk). 

Light : Light is the major factor having direct correlation with photosynthesis. Entire 

food web is directly governed by this process. 

Temperature: Abundance and distribution of organism is governed by this abiotic 

factor. Metabolism, vegetative and reproductive growth of plants is affected by 

temperature. Migratory behavior of phytoplankton is the response to the temperature 

in many species (www. userpages.umbc.edu). 

Oxygen: Due to mixing of both fresh and saline water and constant inflow oxygen 

levels in the estuary are high. The primary production increases when sediment is 

enriched with nutrients. This can result into hypoxic or anoxic zone formation which 

controls the distribution of organisms (Kaiser et al., 2005). 

Nutrients: Major nutrients like Nitrogen, Phosphorus and Silicate are essential for 

the growth. Trace nutrients include Iron, Magnesium, Copper, Nickel etc are required 

for the metabolic activities. Increase in the nutrients level by means of land run-off 

may lead to eutrophication (www.soes.soton.ac.uk). 

Salinity: Estuarine area is known for continuous fluctuations in the salinity which are 

due to the tidal cycles. Evaporation and precipitation also play important role in 

determining salinity. The community structure varies from head (Fresh water) to 

mouth (Saline). (www.userpages.umbc.edu).  

Turbidity:  Turbidity is the optical characteristics of water which describes the clarity 

of water column. Turbidity results from influence of dissolved organic matter from 
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sewage treatment plants and washes out from construction sites, shoreline erosion 

which includes suspended particulate matter in the water column. Turbidity is usually 

high in tidal driven areas specially estuaries. It limits light penetration in to the water 

column there by hampering process of photosynthesis. Benthic algae dominated 

intertidal part of the estuary while uppermost section of the water column is 

dominated by phytoplankton (Cloern 1997).  According to Wilson and Parkes 1998 

estuarine species are detritivorous and obtain their energy from organic matter present 

in the sediment or from suspension. So deposit feeders and filter feeders play major 

role in transferring energy. 

Biotic factors include living organisms like phytoplankton, zooplankton, other 

organisms includes bivalves, crabs, fishes etc. Out of this phytoplankton plays a very 

important role in the food chain of the estuary.  

1.4. Role of Phytoplankton 

Life in the estuarine system can be divided into three different categories: the 

benthos, the nekton and the plankton. The benthos group consists of bottom dwelling 

organisms which are either sedentary or can cover a distance with the help of 

appendages (eg. crustaceans, gastropods). The nekton consists of those organisms that 

can maintain their position and move against the local currents (eg. fish, squids). On 

the other hand, the planktonic group consists of those organisms that drift according 

to the wind and currents. Though some of them are motile, the motility is weak in 

comparison to the prevailing movement of the water. Plankton consists of 

phytoplankton, which includes the plant life and zooplankton, which includes the 

animal life (Huntchinson 1967 and Valiela 1984).  
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Phytoplankton is the autotrophic, microscopic, free floating plant community 

and are the primary producers of the aquatic ecosystem forming the base of marine 

food web which sustains zooplankton, fish and ultimately human beings. 

Phytoplankton are found mostly in the euphotic zone (i.e. the upper 100 m) of the 

water column of ocean so as to absorb solar energy required for the process of 

photosynthesis (Mann 1982).  

Depending on the size Malone, 1980 and Kawaguchi et al., 2001 classified 

phytoplankton as picophytoplankton (<5 mm), nanophytoplankton (>5 mm to <10 

mm), microphytoplankton (>10 mm to <20 mm) and macrophytoplankton (>20 mm). 

Phytoplankton belongs to the following taxonomic groups. Taxonomic features of 

these groups are given below.   

·  Bacillariophyta:  They are known as Diatoms unique feature of cells is that they 

are enclosed within a cell wall made of silica  called a frustule. Diatoms are 

unicellular, colonial. The major pigments present are carotenoids and fucoxanthin. 

Diatoms are broadly divided into Centrales or Centricae and the Pennales or 

Pennatae, depending on the structure and sculpture on their cell walls (Tomas et al., 

1997). 

Centrales - The valves of the centric diatoms has radiating sculpture either central or 

lateral, without raphe and without movement. Examples include Coscinodoscus, 

Thalassiosira etc. 

Pennales- The valves are arranged along median line. They are elongate and 

bilaterally symmetrical. Examples include Navicula, Pleurosigma. 
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·  Dinophyta: Dinoflagellates are diversified group of organisms which move 

around in water with the help of their cilia or flagellae. The cells bear paired flagellae 

which arise in close proximity, usually with one flagellum trailing behind the cell and 

lying in a groove (sulcus) and the ribbon like transverse flagellum also lying in a 

groove (cingulum or girdle). Wing like extensions of the body probably assist 

floatation in some genera. The major pigment present is peridinin. Dinoflagellates are 

further divided depending on the mode of their nutrition as autotrophs, heterotrophs 

and mixotrophs (Stoecker 1999). Among the autotrophic planktonic organisms, 

Dinophyta come next in importance to the Bacillariophyta (Tomas et al., 1997).  

·  Cyanophyta: The members of this class are distinguished from all other algae in 

being the absence of an organized nucleus, lacking nuclear membrane and 

chromosome, instead a central body is present.  They are known as cyanobacteria. 

Besides chlorophylls, the chloroplast contains a blue green pigment known as 

phycocyanin also present. Planktonic blue green algae are unicellular, colonial or 

filamentous in habit.  In the inshore environments, blooming of one filamentous form, 

Trichodesmium spp. is a common phenomenon, causing discolouration of water and 

sometimes harmful affects to the aquatic organisms. Filamentous blue green algae 

possess specialized cells called Heterocyst. These are thought to be concerned with 

nitrogen fixation (Tomas et al., 1997). 

·  Chlorophyta: The members of this class are having grass green, pale yellow 

chromatophores. Starch is the customary form of storage of the products of 

photosynthesis. The motile cells exhibit the same features and possess a number of 
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equal flagella (commonly 2 or 4) which arise from the front end of the swarmers. Eg.: 

Chlorella, Nannochloropsis and Tetraselmis (Tomas et al., 1997).  

·  Chrysophyta: This includes silicoflagellates, small star shaped organisms 

characterized by the possession of a skeleton taking the form of framework of 

silicious rods, arranged in diverse ways and with intervening spaces of definite shape. 

Outside this skeleton is a delicious layer of cytoplasm and containing a number of 

bright yellow to brownish yellow discoid chromatophores containing xanthophylls 

and carotene as accessory pigments. Representative genera are Dictyocha, 

Distephanus (Tomas et al., 1997). 

·  Haptophyta: The members of this class are golden yellow or brown flagellates 

measuring less than 10 microns. The flagellates will have one to two flagella which 

arise from the front end. Carotene and xanthophylls pigments are dominant other than 

chlorophyll. Eg.: Isochrysis and Chromulina (Tomas et al., 1997). 

Growth of the phytoplankton is controlled by the physical and chemical 

environment and is very sensitive to the changes taking place in the environment. 

Because of the quick response to changing environmental conditions phytoplankton 

are considered as bioindicator. The major factors affecting phytoplankton growth in 

an estuary are the dynamic changes in salinity, tidal-flushing, pH, turbidity of the 

water column. Even the concentrations of dissolved gases, trace metal concentrations 

and nutrients so also various organic compounds are known to be affecting the 

photosynthesis by phytoplankton. Combination of some of these factors provides 

optimal conditions for this phytoplankton to transform into blooms (Tilstone et al., 
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1994 and Tan et al., 2006). Process of bloom initiation and formation during the 

favorable conditions is shown in Fig. 2.  

 

 

Figure 2. Environmental conditions that lead to harmful algal blooms (HABs) 

(Source: http://ian.umces.edu). 

 

1.5. Harmful Algal Blooms (HABs) 

Phytoplankton is very important component of marine food web contributing 

around 40% of the world’s primary productivity (Folkowisky 1984). About 7% of 

marine phytoplankton out of approximately 5,000 species are known for formation of 

algal blooms. This includes Dinoflagellates, Diatoms, Silicoflagellates 

Raphidophytes, Premensiophytes and (Sournia 1995). About ~ 2% of them are 

harmful or toxic (75%) contribution is by dinoflagellates (Smayda 1997). Algal 
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blooms are of two types harmful and non-harmful. Harmful algal blooms (HABs) 

occur when the algal cells in the marine or fresh water grow out of proportion causing 

economic loss and severe impacts on marine life and human health (Anderson and 

Garrison 1997 and Hallegraeff et al., 2003). Bloom forming species are divided into 

two types toxic species and non-toxic species which are shown schematically in Fig. 

3.  

Toxic: Toxins of certain algal species reach humans through food chain and cause 

several gastrointestinal as well as neurological sicknesses which are detailed in Table 

1. 

Non-toxic: This includes two types 

Species that produce harmless water discolorations are capable of forming dense 

blooms resulting into sevier fish kill and invertebrates due to oxygen depletion 

(Gonyaulax polygramma, Scrippsiella trochoidea, Akashiwo sanguinea, 

Trichodesmium erythraeum and Noctiluca scintillans. 

Species that are harmful to invertebrates and fish as they damage or clog the gills 

however these are non-toxic to humans (Chaetoceros convolutes, C. concavicorne, 

Chattonella marina and Prymnesium parvum). 

First International Conference (1974) addressed the research related to the 

Toxic Dinoflagellate Blooms. However the Fourth International Conference (1989) 

concluded that the increase in the global bloom distribution is due to human activities. 

So many international programmes were created to study the harmful algal blooms 

(Hallegraeff et al., 2003). 
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The occurrences of HAB species are linked to impact of weather conditions 

on water parameters like temperature, salinity, nutrient concentrations, currents, 

monsoonal pattern and geomorphology of the place (Tilstone et al., 1994 and Tan et 

al., 2006). The frequency of harmful algal blooms (HABs) is increasing across the 

world and their effects are noticed by ecosystems managers, scientists and the general 

public. Understanding of the bloom dynamics requires interdisciplinary studies 

(Hallegraeff et al., 2003) 
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Table1. HAB species producing type of toxin, syndromes and symptoms associated with it in human beings  

Phytoplankton species Type of 
toxin 

Type of toxic 
effect/ 
Syndrome 

Associated foods 
(transvectors) 

Symptoms in Human 
beings 

References 

 Alexandrium 
catenella, Alexandrium 
tamarense,  Alexandrium  
fundyense Pyrodinium 
bahamense var. 
compressum 

Neurotoxin 
(Saxitoxin) 

Paralytic 
shellfish 
poisoning (PSP) 

Bivalve shellfish, 
primarily scallops, 
mussels, clams, 
oysters and certain 
herbivour fish and 
crabs 

Diarrhoea, nausea, 
vomiting leading to 
paraesthesia of mouth 
and lips 

Cembella, A.D. 
(1998); Taylor, F.J.R., 
2003 and Azanza et 
al., 2001 

Karenia brevis, K. 
papilionacea, K. 
selliformis and K. 
bidigitata 

Brevetoxin Neurotoxic 
Shellfish 
Poisoning (NSP) 

Bivalve shellfish, 
primarily scallops, 
mussels, clams, 
oysters 

Diarrhoea and 
vomiting, tingling and 
numbness of lips, 
tongue and throat; 
muscular  aches and 
reversal of the 
sensations of hot and 
cold  

Watkins et al., 2008 
and Landsberg, J. H. 
(2002) 

Dinophysis acuta, D. 
acuminata, D. caudata, 
D. fortii, D. novegica, D. 
mitra, D. rotundata, D. 
sacculus and 
Prorocentrum lima 

Okadaic acid Diarrhetic 
shellfish 
poisoning (DSP) 

Bivalve shellfish, 
primarily scallops, 
mussels, clams, 
oysters 

Nausea, vomiting, 
abdominal pain, chills, 
headache, fever 

Baden et al., 1995 and 
Music et al., 1973 

Contd. 
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(Adopted from Hallegraeff et al., 2003) 

Table 1 contd. 

Phytoplankton species Type of 
toxin 

Type of toxic 
effect/ 
Syndrome 

Associated foods 
(transvectors) 

Symptoms in Human 
beings 

References 

Pseudo-nitzschia 
australis, P. 
delicatissima, P. 
multiseries, P. 
pseudodelicatissima, P. 
pungens and P.seriata 

Domoic acid Amnesic 
shellfish 
Poisoning (ASP) 

Bivalve shellfish, 
primarily scallops, 
mussels, clams, 
oysters and fish 

Diarrhoea, vomiting, 
abdominal pain and 
neurological problems 
such as confusion, 
memory loss and 
comma 

Bates, S.S and Trainer, 
V.L. 2006; Trainer et 
al., 2008 and Lefebvre 
and Robertson, 2010  

Gambierdiscus toxicus, 
Coolia spp., Ostreopsis 
spp., Prorocentrum spp. 

Ciguatoxin, 
Maitotoxin, 
Scaritoxin 

Ciguatera Fish 
Poisoning (CFP) 

Large reef fish eg. 
grouper, red snapper, 
barracuda 

2-6 hrs: abdominal 
pain, Nausea, vomiting, 
Diarrhoea, 3 hrs 
paraesthesia 

Swift A and Swift T, 
1993; Schep et al., 
2010 

Anabena circinalis, 
Microcystis aeruginosa, 
Nodularia spumigena 

Anatoxin, 
Microcystin 
and 
Nodularin 

Cyanobacterial 
toxin poisoning 

Fish and Shellfish gastro-intestinal and 
hay fever symptoms or 
pruritic skin rashes 

Stewart et al., 2008 
and Stewart et al., 
2006 

Pfiesteria piscicida and P. 
shumwayae Ptychodiscus 
brevis 

Aerosolized 
Brevetoxin 

Estuarine 
associated 
syndrome 
(Through 
aerosol) 

Aerosolized seawater Acute eye irritation, 
acute respiratory 
distress (non-
productive cough, 
rhinorrhea) 

Fleming et al., 2007 
and Baden DG, Mende 
TJ., 1982 
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Figure 3. Schematic representation of different types of HABs (adopted from 
http://products.coastalscience.noaa.gov/pmn/_images/habdiagramlg.gif)�

ASP - Amnesic shellfish Poisoning   PSP- Diarrhetic shellfish poisoning  

NSP- Neurotoxic Shellfish Poisoning     CFP- Ciguatera Fish Poisoning 

DSP- Diarrhetic shellfish poisoning 
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1.6. Literature Review 

Study on the algal blooms is gaining more importance day by day as 

this phenomenon is increasing all over the world. Usually phytoplankton 

blooms appear depending on the health of the estuarine system and oceans in 

which they are present (Francis et al., 1878; Clarke et al., 2006 and Acharyya 

et al., 2012). Extensive work has been carried out on different aspects of 

estuarine ecosystem around the world. Phytoplankton population, distribution, 

composition, abundance and variations with respect to its ecology is well 

studied for the east coast of India. Achuthankutty et al., 1981 studied the 

plankton composition along Shastri and Kajvi estuaries observed more 

phytoplankton composition during pre-monsoon period. Study on the 

phytoplankton variation in respect to seasonal and tidal influence was carried 

out by Chandran 1985 in gradient zone of Vellar estuary. Phytoplankton 

bloom study along the east coast of India was carried out by Mani et al., 1986 

in Vellar estuary and De et al., 1991 in Hoogly estuary. Diurnal variations in 

phytoplankton along Rushikulya estuary were studied by Gouda et al., 1989. 

Work on phytoplankton community was reported along the Gopalpur estuary 

by Padhi M. and Padhi S., 1999. Study on the diversity of phytoplankton was 

undertaken in the Vellar estuary by Rajasega et al., 2003. Seasonal variations 

in phytoplankton distribution was undertaken along the east coast in Maipura 

estuary by Panigrahi et al., 2005 and Palleyi et al., 2008 showed seasonal 

variations in phytoplankton abundance in Brahmani estuary of Orissa. In the 

case of Mahanadi estuary highest phytoplankton biomass and cell density was 
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reported during post-monsoon season Naik et al., 2009.  Periyanayagi et al., 

2007 studied the phytoplankton relation with respect to environmental 

pollution in Uppanar estuary. Work on biodiversity of phytoplankton by 

Palleyi et al., 2011 was reported along the Dharma river estuary. The study on 

the distribution and occurence of diatom community was done by 

Shashikumar et al., 2002 in the Dakshina Kannada estuary in Karnataka. 

Eswari et al., 2002 reported the distribution and abundance of phytoplankton 

in the Chennai estuarine waters.  

Pattern of phytoplankton distribution and composition with respect to 

seasonality is well studied along the west coast India considerable work has 

reported the distribution pattern and composition of phytoplankton with 

respect to seasonality. Gopinathan et al., 1974 studied the seasonal abundance 

of phytoplankton in Cochin back waters. Another study by Devassy and 

Bhattathiri 1974 was in relation with ecology of phytoplankton. Work on 

distribution of phytoplankton in Cochin back waters was carried out by 

Jayalakshmy et al., 1986 and Gopinathan et al., 1994. Seasonal variations in 

phytoplankton distribution were undertaken along the east coast in Netravathi 

estuary by Gowda et al., 2001. Monsoonal effect on the phytoplankton 

distribution in presence of fresh water influx been studied by Jyothibabu et 

al., 2006 and Madhu et al., during 2007 in Cochin back waters. Study on the 

influence of hydro chemical parameters on phytoplankton distribution was 

carried out in the Tapi estuary by George et al., 2012.  Work on the 

dinoflagellate community along the Mumbai Jawaharlal Nehru port was done 
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by D'costa et al., 2008 and also studied diatom community dynamics in the 

year 2010.  

As far as the Goa coast (west coast, India) is concerned, considerable 

studies have been carried out with respect to phytoplankton distribution, 

diversity, primary production and community structure.  Bhargava and 

Dwivedi 1974 reported diurnal variations in phytoplankton pigments. 

Goswami and Singbal 1974 studied the ecology of phytoplankton in the 

Mandovi and Zuari estuaries. The seasonal distribution of phytoplankton 

pigments was studied by Bhargava and Dwivedi 1976 along Mandovi and 

Zuari estuarine complex of Goa. Bhattathiri et al., 1976 worked on the 

primary production at different trophic levels in Mandovi and Zuari estuaries. 

Study on the phytoplankton production is also carried out by (Devassy 1983 

and Krishna Kumari et al., 2002). Bhargava et al., 1977 recognized 

contribution of nanoplankton to primary production in the Mandovi and Zuari 

estuaries. Diel changes in phytoplankton population were carried out by 

Devassy and Bhargava 1978 in Mandovi and Zuari estuarine complex. 

Devassy and Goes 1988 studied the phytoplankton structure in the same 

estuaries. Garg and Bhaskar 2000 and Redekar and Wagh 2000, studied the 

diatom fluxes. Mitbavkar and Anil 2002 worked on the temporal and spatial 

variations in the diatoms of microphytobenthic community in Mandovi 

estuary. Matondkar et al., 2007 studied the phytoplankton for their diversity, 

biomass and primary production in Zuari and Mandovi estuaries of Goa. 

Temporal variations in benthic propogules along Zuari estuary was studied by 
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Patil and Anil 2008. Mitbavkar and Anil 2008 and Patil and Anil 2011, deal 

with the seasonal variations in phytoplankton community with respect to 

fouling diatoms in the Zuari estuary.  

The events of HABs are reported all around the world.  The first HAB 

event was by Noctiluca scintillans and Skeletonema costatum in 1933, 

reporting the death of Razor clams and some shellfish in China (Fei 1952).  

Allen 1946 reported red tide waters in La Jolla Bay. Bell 1961, reported the 

blooms of Coscinodiscus convolutus and C. concavicornis along the west 

coast of U.S.  and also noticed the penetration of setae into the gills causing 

fish death due to suffocation from excessive mucus production.   

Bloom of Prorocentrum minimus was observed in the Bohai sea of 

China in 1977 which lasted for twenty days covering 560 Km2 area caused 

mass mortality of fish, causing losses to the local fishery (Hua 1989). During 

1952 – 1998 around 322 HAB events were documented along China (Yan et 

al., 2000). PSP outbreak was caused by bloom of Alexandrium minutum 

leading to the mortality of fish and bivalve in the southern Chile (Koray Tufan 

1992). Bates et al., 1989 observed the bloom of Pseudo-nitzschia pungens in 

Prince Edward Island which produced potent neurotoxin called Domoic acid 

(DA) leading to the series of human illness and deaths after consumption of 

mussels contaminated by DA. Fish mortality caused by bloom of Cerataulena 

pelagic (diatom) was reported in New Zealand by Taylor et al., 1985. Dundas 

et al., 1989 reported mortality of wild and caged fish due to massive and 

unpredicted bloom of Chrvsochromulina polylepis in the Scandinavian waters.  
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The outbreaks of Dinophysis cf. acutum in Thermaikos Gulf in Greece 

reported by Mouratidouet 2004 where he detected the presence of DSP toxin 

in mussels.  Ichthyotoxic dinoflagellate bloom by Karlodinium veneficum was 

reported in the River estuary, North Carolina in October 2006 (Hall et al., 

2008). Naz and Siddiqui 2012 reported bloom of potentially harmful diatom 

Coscinodiscus wailesii in Pakistan.  

Saxitoxin produced by dinoflagellate Pyrodinium bahamense var. 

bahamense was found in the fish tissues in the IRL (India River Lagoon) 

Florida USA (Landsberg et al., 2006 and Abbott et al., 2009). Paralytic 

Shellfish Poisoning (PSP) associated with unknown toxin produced by 

Alexandrium tamarense was detected from sea food in 2003, Korea (Shin et 

al., 2008).  

Anthropogenic disturbances are found to be often associated with HAB 

events which are mainly due to nutrient loading (Pearl 1997; Smayda 1990 & 

2005; Anderson et al., 2002 and Verity 2010). Jennifer et al., 2010 reported 

bloom of Cyanobacteria in the Florida bay as result of due to nutrient loading. 

Fresh water discharge during monsoon season enhances the nutrients loading 

which promotes the phytoplankton blooms (Admiraal et al., 1990; Yan et al., 

2000; Scavia and Bricker 2006 and Bricker et al., 2008).   

Around 101 cases of HABs have been reported from both the coasts of 

India during 1908 to 2009 and their predominant in the west coast of India. It 

was observed that majority of the blooms appeared just after the withdrawal of 

South West monsoon (D'Silva et al., 2012). Blooms of dinoflagellates 
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dominated towards west coast and diatoms towards east coast (D'Silva et al., 

2012).   Aiyar 1936 reported pink colouration to water due to Noctiluca 

miliaris with no fish mortality along the Madras coast, Tamil Nadu. Chacko 

1942 reported bloom of cyanobacteria Trichodesmium erythraeum along 

Krusadai Island where as mortality of fishes and Holothuria atra was reported 

from Southern coast of Pamban Tamil Nadu. Gulf of Mannar, Chidambaram 

and Unny 1944, reported bloom of Trichodesmium erythraeum along with fish 

and crabs mortality. Blooms of diatom Rhizosolenia alata and Rhizosolenia 

imbricata were observed along inshore waters off Mandapam, by Raghu 

Prasad 1956. Raghu Prasad 1953 and 1958 reported bloom of Noctiluca 

miliaris in Palk Bay, Mandapam–Tamil Nadu. Bloom of Trichodesmium 

erythraeum was reported by Ramamurthy 1968, 1970 and 1973 along Porto 

Novo, Tamil Nadu. Bloom of diatom Asterionella japonica was observed with 

greenish–brown discolouration of coastal waters along Off Vishakhapatnam, 

Andhra Pradesh (Subba Rao 1969).  

Joseph 1975 reported bloom of Noctiluca miliaris in Vellar Estuary, 

Tamil Nadu. Blooms of Trichodesmium thiebautii was observed with Fish 

mortality along the Gulf of Mannar, Tamil Nadu (Chellam and Alagarswami 

1978).  Silas et al., 1982 reported one death and several hospitalizations due to 

the consumption of Meretrix casta in Vayalar village, Tamil Nadu. Mani et 

al., 1986 found bloom of along Vellar Estuary, Tamil Nadu. Choudhury and 

Panigrahy 1989 observed greenish-brown patch of Asterionella glacialis 

bloom along Gopalpur, Orissa coast. Sargunam and Rao 1989 in Kalpakkam, 
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Tamil Nadu reported bloom of Noctiluca miliaris. Panigrahy and Gouda 1990 

observed bloom in Rushikulya estuary caused by Asterionella glacialis Orissa 

coast. Blooms of Asterionella glacialis, Coscinodiscus centralis, 

Coscinodiscus excentricus and Thalassiothrix fraunfeldii were found in 

Bahuda estuary, Orissa coast by Mishra and Panigrahy 1995. Satpathy and 

Nair 1996, Off Kalpakam, Tamil Nadu reported bloom of A. glacialis but no 

fish mortality was found. Blooms of Noctiluca scintillans imparted green 

colouration to water along Port Blair Bay, Andamans (Eashwar et al., 2001). 

Jyothibabu et al., 2003 observed blooms of T. erythraeum with brownish-

yellow colouration of water with no fish mortality along Tamil Nadu and Off 

Kolkata. In Minnie bay, Port Blair–Andamans, green colouration was 

observed to Water, due to bloom of Noctiluca scintillans by Dharani et al., 

2004. Sasamal et al., 2005 observed dark-brown discolouration of water due 

the bloom of Asterionella glacialis in the Gopalpur estuary. Blooms of 

Noctiluca scintillans was reported by Mohanty et al., 2007 caused red 

discolouration and oxygen depletion in water column.  Bloom of 

Trichodesmium erythraeum imparted yellow-green colouration of water 

however fish mortality was not reported (Satpathy et al., 2007) Bloom caused 

by Noctiluca scintillans in the Gulf of Mannar was dark-green in colour and 

due to lack of oxygen there was bleaching of corals  and death of marine fauna 

(Gopakumar et al., 2009). 

In India along the west coast massive fish mortality was observed 

along the Malabar to south Kanara (Hornell J., 1908, 1917 and Hornell and 
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Nayudu 1923) and also observed discoloration of water due to blooms of 

Ditylum sp., Thalassiosira sp. and Dinoflagellate species. Bhimachar and 

George (1950) reported that although there was no fish death fishes avoided 

the area. Which lead to the break and sudden setback for the fisheries industry. 

Subrahmanyan (1954) in Calicut, North Kerala found bloom of Hornellia 

marina, giving green discolouration, along with fish and faunal mortality. 

Prakash and Sarma 1964 reported bloom of dinoflagellate Gonyaulax 

polygramma which observed virtual exclusion of zooplankton. Blooms of 

Trichodesmium erythraeum and T. hildebrontii were observed in Ullal, off 

Mangalore by Prabhu et al., 1965. Trichodesmium erythraeum bloom was 

reported in Laccadive Island by Qasim 1970. However Nagabhushanam 1967 

observed the adverse effects of Trichodesmium erythraeum bloom were on 

Tuna fisheries in Minicoy Island, Lakshadweep. Devassy 1974 reported bloom 

of diatom of Fragilaria oceanica Off Kaikani, Mangalore. Deavssy and 

Bhattathiri 1974, observed blooms of Nitzschia sigma and Skeletonema 

costatum in Cochin backwaters, Kerala. Verlancar 1978 associated the bloom 

of T. erythraeum, with the swarming of Physalia along Ratnagiri–Mangalore.  

Off Quilon, Kerala, Venugopal et al., 1979, found bloom of Noctiluca 

milliaris associated with red discoloration of water. In Kumble estuary, 

Mangalore coast Paralytic Shellfish Poisoning outbreak was observed where 

the causative organism was not known (Karunasagar et al., 1984), which 

leading to one deaths and hospitalization after intake of clams Meretrix casta. 

Intense green colouration of water was observed due to N. miliaris bloom 
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along Mangalore by Katti et al., 1988. Segar et al., 1989 in Mangalore 

reported unknown causative species, with lowest levels of PSP found in 

shellfish. Karunasagar, 1993, reported bloom of Gymnodinium nagasakiense 

in fish farm Kodi, Karnataka he also reported the fish mortality. Dharamtar 

Creek, Mumbai found bloom of Skeletonema costatum by Tiwari and Nair 

1998. Karunasagar et al., 1998 reported the deaths of seven persons as well as 

hospitalization of around 500 people due to the Outbreak of PSP after the 

consumption of bloom affected Peridinium indica in Vizhinjam, Kerala coast. 

Naqvi et al., 1998, reported Noctiluca sp. bloom, causing severe 

mortality of fish due to oxygen depletion in Cochin–Calicut, off Kerala coast. 

Nayak and Karunasagar, (2000) reported Moraxella like bacteria associated 

with bloom of N. milliaris along off Mangalore. Green colouration to water by 

N. scintillans was also reported by Matondkar et al., 2004 in Porbander 

(Gujarat) coast. HABs of Cochlodinium polykrikoides and Karenia brevis 

were observed along Kerala coast (The Hindu and, The Hindustan Times, 

2004). Sahayak et al., 2005, off south Thiruvananthapuram, Kerala coast 

reported N. miliaris, causing red discolouration of water. The Stench of 

Cochlodinium polykreikoides was observed along the southern Malabar Coast 

by (Ramaiah et al., 2005). Brownish-red discolouration of water due to 

Coscinodiscus asteromphalus var. centralis bloom was reported along Off 

Kodikkal–Calicut, Kerala coast by Padmakumar et al., 2007. A bloom of some 

dinoflagellates includes Karenia mikimotoi during which mass mortality of 

fish was observed (Iyer et al., 2008 and Madhu et al., 2011) along Kerala 
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coast. Deep-green colouration of water due to N. miliaris Off Gujarat was 

observed by Padmakumar et al., 2008a. Microcystis aeruginosa bloom was 

observed along Chalakudy River in Central Kerala by Padmakumar et al., 

2008b.  Santhosh Kumar et al., 2010 another bloom of same species was 

found with discolouration of water causing skin irritation and itching.  

Non-harmful bloom of Protoperidinium sp. was reported Mangalore 

coast (Sanilkumar et al., 2009). Bloom of Raphidophyte Chattonella marina 

was observed with effect on fishery along Calicut to Tellicherry, Kerala 

(Jugnu and Kripa 2009). Bloom adding Brick red discoloured water with no 

fish mortality was reported Off Kochi, Kerala caused by N. scintillans 

(Padmakumar et al., 2010a). T. erythraeum bloom was found Off Kollam, 

Kochi and Kannur, Kerala coast (Padmakumar et al., 2010b). Karenia 

mikimotoi imparted intense brownish colouration to water in Cochin bar 

mouth, Kerala by Madhu et al., 2011. Rusty brownish-red discolouration of 

water due to Coscinodiscus marina in Off Kochi, Kerala reported by 

Padmakumar et al., 2011. Many cysts of toxic dinoflagellate species has been 

reported in the sediments along south west of India during the Southwest 

monsoon period (Godhe et al., 2000; Karunasagar et al., 1990 and D’costa et 

al., 2008). 
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1.7. Mandovi-Zuari estuarine complex of Goa 

Mandovi and Zuari rivers together with Cumbarjua canal form the 

major estuarine system of Goa.  They are located between 15° 21’and 15° 

31’N and 73° 45’and 73° 49’E.  Both the rivers originate in Sahyadri hills in 

Western Ghats and come under the influence of South West monsoon. These 

estuarine systems receives large amount of runoff from June to September 

(south west monsoon).  As a result these estuaries become fresh water 

dominated during monsoon.  Goa receives 80% of its total rainfall from June 

to August. Mandovi gets freshwater throughout the year through its tributaries 

while Zuari receives most of its fresh water during the monsoon. Summer and 

monsoon are the two distinct seasons that determine the extent of saline and 

freshwater (Shetye et al., 2007). During peak monsoon season, the estuary is 

predominantly freshwater, which later slowly becomes saline. Salinity is an 

important factor governing the growth of phytoplankton (Qasim et al., 1972). 

The decline in salinity is accompanied by an increase in nutrients during the 

onset of monsoon season, which is an important factor controlling the 

distribution, abundance, and productivity of phytoplankton (Devassy and Goes 

1988 and Krishna Kumari et al., 2002). Generally, tropical estuaries with 

moderately low salinities support a greater phytoplankton population than 

those with a higher salinity (Desikachary and Rao 1972 and Qasim et al., 

1972). 

Another unique feature of the rivers along the west coast of India is the 

phenomenal tides that they are subjected to. As a consequence, these rivers 
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experience large influxes of seawater which have a significant impact on 

circulation, salinity as well as water column turbidity caused by the 

disturbance of bottom sediments (Devassy and Goes 1988; Shetye et al., 2007 

and Vijith et al., 2009). On account of this free mixing of coastal seawater 

with freshwater, these rivers represent a stressing habitat for phytoplankton 

growth defined by large fluctuations in salinity, nutrients, light and 

temperature (Devassy and Goes 1988).  

With rapid increase in population and in industrialization during the 

last few decades, the estuarine channels have come under increasing stress due 

to anthropogenic activities. It is suspected that these activities could be 

causing irreversible changes in the chemistry and biology of the estuaries. In 

recent years the anthropogenic activities have increased in these estuaries 

(Goldar and Benerjee 2004; Alagarsamy Rengasamy 2006; Sawant et al., 

2007; and Maya et al., 2011). This has lead to the increase in the macro-micro 

nutrients concentration specially nitrate and phosphate, suspended particulate 

matter, and trace elements (Pradhan and Shirodkar 2009). Such conditions are 

known to promote the algal blooms. Following are the reports of algal blooms 

in coastal and near-shore waters of Goa. 

Trichodesmium erythraeum (Cyanobacterium) bloom was reported 

with no fish mortality in the coastal and near-shore waters of Goa 

(Ramamurthy et al., 1972 and Devassy et al., 1978). Dinoflagellate bloom by 

Noctiluca miliaris was reported imparting green colouration to water followed 

by decrease in fish catch in the estuarine waters of Mandovi and Zuari and 
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also along the off Goa coast (Devassy and Nair 1987; Matondkar et al., 2004 

and Sanilkumar et al., 2009). Bloom of coccolithophore C. polykrikoides 

occurred which coincided with fish mortality in the off Goa region (O’Herald 

2001).   

Another important characteristic feature of these estuaries is the 

presence of thick mangrove vegetation along their banks which makes this 

area high in biological productivity (Selvakumar et al., 1980; Parulekar et al., 

1982 and Devassy 1983). As discussed earlier there is considerable increase in 

the anthropogenic activities like construction of jetties, ship building and boat 

traffic (cruising), mining activities, sewage discharge, agricultural runoff 

which is known to alter the phytoplankton composition and production of 

blooms.  
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1.8. Objectives of the present study 

Phytoplankton flora of Mandovi and Zuari estuary is well studied for 

its diversity, distribution and ecology. Studies also provide some information 

on primary production and biomass of phytoplankton. But HAB producing 

species did not receive the required attention. No study reveals a complete 

picture on Inter and Intra variability in the distribution of HAB species. No 

study has monitored exact effect of salinity and nutrients on temporal 

dynamics of HAB species based on regular and frequent field studies which 

are actually required for getting exact floristic picture and to know bloom 

events. There is no laboratory evidence to prove the effect of environmental 

factors on the production of toxins by HAB species from Goa. So to fill up 

these gaps present study is focused at following objectives  

1. Distribution of Phytoplankton with respect to HABs in Mandovi – 

Zuari complex 

2. Ecology of Phytoplankton with respect to HABs in Mandovi – Zuari 

complex  

3. Laboratory Experiments on Toxic species of Pseudo-nitzschia pungens  

4. Prediction of HABs in Mandovi – Zuari estuarine system 

Based on the field study, laboratory analysis and experiments conducted the 

present thesis is divided into Five Chapters. Summary and bibliography is also 

given. 

�
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2.1. Introduction 

Estuaries and their associated river systems form an integral part of 

inshore waters. Despite extreme conditions, estuaries are fertile and provide 

excellent nursery grounds for a variety of commercially important fishes and 

prawns. The Mandovi estuary, on the west coast of India, is one of the life 

lines of Goa which stretches up to 40 km inland. Although partially 

landlocked, the Mandovi estuary is exposed to constant flushing and flooding 

by the semidiurnal tides, influencing the environmental features of the area 

(Vijith et al., 2009). The flow in the estuarine system is regulated by the 

incoming tide at the adjacent Zuari estuary, which reaches the Mandovi River 

through the Cumbarjua canal. The flow is reversed during the outgoing tide.  

Summer and monsoon are the two distinct seasons that determine the 

extent of saline and fresh water. During peak monsoon season, the estuary is 

predominantly fresh water, which later slowly becomes saline. Salinity is an 

important factor governing the growth of phytoplankton (Qasim et al., 1972 

and Shetye et al., 2007). The decline in salinity is accompanied by an increase 

in nutrients during the onset of monsoon season, which controls the 

distribution, abundance and productivity of phytoplankton (Devassy and Goes 

1988 and Krishna Kumari et al., 2002). The tropical estuaries with moderately 

low salinities are known to support a greater phytoplankton population 

(Desikachary and Rao 1972; Qasim et al., 1972 and Bhargava and Dwivedi 

1976). 
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The present study attempts for understanding the intra - inter 

variability in phytoplankton population in relation to environmental factors in 

Mandovi estuary. Study also reports the stratifications in salinity and nutrients 

due to tidal and monsoonal seasonality along the Mandovi estuary affect the 

temporal dynamics of phytoplankton species composition, abundance, and 

spatial distribution. Study also represents the seasonal occurence of 

phytoplankton blooms along the study area.  

 

2.2. Materials and Methods 

2.2.1. Study area: The Mandovi estuary along the west coast of India is a 

tropical and located between 15�21' N and 73�45' E. Mandovi along with the 

Zuari river and the Cumbarjua canal, forms the major estuarine system of the 

State of Goa (Fig. 4). Across the coastal plains of the west coast of India, the 

Mandovi and the Zuari rivers are important conduits for freshwater run-off 

from the slopes of the Sayhadri hills into the Arabian Sea. During the 

southwest monsoon (SWM, summer) freshwater run-off is greatest, usually 

from end of June to early September, during which most rivers along the west 

coast of India become freshwater dominated (Vijith et al., 2009). Mandovi 

estuary was sampled during the year 2007-2008 for period of one year, which 

comprised of monsoon (June to September 2007) and non-monsoon (October 

to May 2008) season.  
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2.2.2. Sampling:  

1) Daily sampling carried out at a fixed station at fixed time (11:00hrs) 

sampling station 1 (Captain of Ports) and during sampling only surface water 

was collected because during the highest high-tide, the maximum depth at the 

sites was 6m. Daily sampling was undertaken to study the effect of monsoon 

driven changes in environmental factors on phytoplankton population in more 

precise manner. 

 2) Fortnightly sampling were carried out along transect which consisted of 

three stations [Station 2-Verem (mouth of the estuary); Station 3-Ribandar 

(middle reach) and Station 4-OldGoa (upper reach)] (Fig. 4).  Both surface and 

bottom samples were collected. 

2.2.3. Sample collection and Laboratory analysis: Water samples for 

Physico-Chemical and Biological parameters were collected using Niskin 

sampler. The samples were immediately transported in plastic carboys under 

cold and dark conditions for further processing at the laboratory.  

·  Physico-Chemical parameters: 

Temperature: Water surface and bottom temperature was obtained from 

portable CTD (Conductivity- Temperature-Depth) profiler. 

Salinity:  Salinity was measured using a salinometer with salinity range 0 to 

(Atago S/Mill, Japan); ~100; resolution 1 between 10 and 20 °C. 

Rainfall: Rainfall over the entire west coast of India was obtained from the 

India Meteorological Department (http://www.imd.gov.in). 
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Tides: Tidal heights were reported by means of Tide information from tide 

tables by Survey of India.  

 River discharge: River discharge rate in to both the Mandovi and Zuari 

estuaries was obtained from the River Navigation Department of Goa. 

Dissolved oxygen: Winkler’s method (Strickland and Parsons 1972) was used 

to determine DO. 

Nutrients: Water samples were stored at -200c before analysis. Major nutrients 

such as NO3-N), nitrite (NO2-N), phosphate (PO4-P) and silicate (SiO3Si) were 

analyzed using standard procedures outlined from (Strickland and Parsons 

1972). 
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Figure 4. Study map of Mandovi and Zuari estuary. Where       - Daily sampling 

stations    and       - Fortnightly sampling stations. In Mandovi Daily sampled 

station – Captain of ports; Fortnightly sampled stations are Verem, Ribandar and 

OldGoa. In the Zuari estuary Daily sampled station – Cortalim; Fortnightly 

sampled stations are Chicalim, Island, Sancval, Zuari, Lutolim and Borim. 
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·  Biological parameters: 

Phytoplankton enumeration: Water samples for phytoplankton taxonomy were 

placed in 500-mL opaque plastic bottles and fixed with 2% Lugol’s iodine. 

Samples were then allowed to settle for 2 weeks. Sample was concentrated to 

5–10 mL volume by carefully siphoning the top layer of the sample with 

silicon tubing one end of which was covered with 10� m nytex mesh which 

then deepened inside the bottle without disturbing the bottom layer. One mL 

of each concentrate was counted using a Sedgwick-Rafter chamber, under an 

Olympus® 86 inverted microscope (Model IX 50) at 200x magnification. 

Phytoplankton abundance was expressed as cells L-1. Identification of 

Phytoplankton were identified using standard taxonomic literature 

(Subrahmanyan (1959), Tomas (1997), Horner (2002) and Hallegraeff 

(2003)). 

Phytoplankton biomass and Pigments: High Performance Liquid 

Chromatography (HPLC) method outlined by Wright et al., 1991 and Bidigare 

and Charles 2002 was used to analyze phytoplankton biomass estimated as 

chlorophyll (Chl) a, and other pigments. Before HPLC analysis, the Filters 

were extracted in 90% acetone, overnight under cold and dark conditions and 

finally sonicated. To eliminate the particulate debris from the sample, it is 

filtered through 0.2 mm, 13mm PTFE filters. To aliquots of 1ml of the 

pigment extract 0.3 ml of distilled water was added in a 2 ml amber vial and 

allowed to equilibrate for 5 min before injecting into an HPLC (Agilents 1100 

series) equipped with a diode array detector. The mobile phase was a gradient 
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mixture of three solvents: Solvent A - 80:20, v: v; methanol: 0.5M ammonium 

acetate aq., pH 7.2; 0.01% BHT, w: v; Solvent B - 87.5:12.5, v: v; acetonitrile: 

water; 0.01% BHT, w: v and Solvent C - ethyl acetate. The eluent gradient 

program of Wright et al., (1991) as adapted by Bidigare and Charles (2002) 

and Parab et al., 2006 was used to separate pigments in a C-18 reverse-phase 

column. Chlorophylls (a, b and c), xanthophylls and carotenoids were detected 

by their absorbance peaks at 436 nm and identified by comparison with the 

retention times of standard pigments obtained from DHI® Water and 

Environment, Denmark, and Sigma Aldrich Chemicals®USA.  

2.2.4. Data analyses: The physico-chemical parameters and phytoplankton 

data are analysed using software’s STATISTICA 6.0, StatSoft, OK, USA and 

PRIMER (version 6). Spatial and temporal variation in environmental 

parameters was determined by two way Analysis of Variance (ANOVA) with 

Tukey’s Post Hoc test. Principle Component Analysis (PCA) was performed 

on the normalized environmental data to show the spatio-temporal variations 

of the parameters in the study area. Bray-Curtis similarity index and Multi 

Dimensional Scaling (MDS) was constructed based on the phytoplankton 

abundance. From the cluster and MDS analysis different divisions were 

grouped and the species contributing greater to this division were determined 

using SIMPER. Canonical Correspondence Analysis (CCA) (ter Braak 1995) 

was performed to evaluate the temporal variations in the effect of the 

environmental characteristics of the water column on the phytoplankton 
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communities at Mandovi and Zuari, using the Multi-Variate Statistical 

Package (MVSP) program version 3.1 (Kovach 1998). 

2.3. Results 

Station 1 (Captain of Ports) Daily sampled 

2.3.1. Physico-chemical parameters 

Temperature: Throughout the study period temperature varied from 24.23 - 

32.46oC. Highest temperature was reported during the post-monsoon period 

and lowest temperature was observed during monsoon period (Fig. 5A). 

Salinity: During study period, salinity varied from 0 – 36 psu. In the monsoon 

season salinity ranged between 0-35 psu and post-monsoon period it varied 

from 30 psu – 37 psu (Fig. 5A).  

 Rainfall: The maximum rainfall throughout the study period was 202.70 mm 

with an Maximum was observed in the month of July (30th July 2007) (Fig. 

5A). 

Tides:  Tide height varied from 0.04-2.31 m with average of 1.6 m and 

SD±0.58. (Fig. 5A). 

River discharge: Discharge rate ranged between 70-1580 m3 S-1. The highest 

discharge rate of 1580 m3 S-1 was observed in the August during the monsoon 

period when the rainfall was heavy (Fig. 5C).  

Dissolved oxygen: Dissolved oxygen varied from 2.86-7.38 mg L-1. Highest 

concentration was observed during monsoon period 7.4 mg L-1 and minimum 

of 3.1 mg L-1 during post-monsoon period (Fig. 5B). 
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Nitrate (NO3-N): Nitrate is one of the important elements required for the 

growth of the phytoplankton. In the present study its concentration varied from 

0.1- 25.61 µM. Highest nitrate concentration was reported during inter-

monsoon period. During the monsoon period nitrate ranged between 0.50-

20.12 µM. (Fig. 5B). 

Nitrite (NO2-N): Nitrite concentration ranged between 0.2-1.8 µM in the 

present study. Highest concentration of nitrite was reported during inter-

monsoon period (Fig. 5B). 

Phosphate (PO4-P): During the study period phosphate concentration varied 

from 0.16 -6.13 µM with average of 2.1 and SD ± 1.42. Maximum of 6.13 µM 

and minimum of 0.5µM of concentration phosphate was observed during the 

monsoon period (Fig. 5B). 

Silicate (SiO3-Si): During entire study period silicate concentration varied 

from 0.06 -132.84 µM. Highest concentration of silicate was reported during 

monsoon and inter-monsoon period. In the case of inter-monsoon period 

concentration ranged between 11.6-132.8 µM where as in the monsoon period 

it varied from 9.8 - 132.84 µM (Fig. 5B).  

Correlation between the environmental parameters: The linear correlation 

coefficients between the physico-chemical variables of monthly data are given 

in Table 2.1. Temperature was positively related with salinity (r=0.78; p< 

0.05), while dissolved oxygen negatively correlated with salinity (r=0.5; p< 

0.05) and temperature (r= -0.97; p< 0.05). Nitrate, nitrite, phosphate and 

silicate showed significant correlation with discharge rate (Nitrate r= 0.89; p< 
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0.05, nitrite r=0.42; p< 0.05, phosphate r=0.88; p< 0.05 and silicate r=0.78; p< 

0.05). Tidal height correlated with nutrients and rainfall. Dissolved oxygen 

also showed correlation with nutrients, rainfall, tide height and discharge rate 

and negatively correlated with salinity and temperature. 

Principal Component Analysis (PCA): The PCA was carried out to find 

influence of parameters on the environment of the study area. In PCA, the 

Eigen values were used to determine numbers of principal components (PCS) 

were to be maintained for further study. A scree plot for the Eigen values 

indicated distinct change of slope mainly after fourth Eigen values. Hence first 

four PCs were retained, as they indicated 98.3% of the variance (Table 2.2; 

Fig. 6). The first principal component (PC1) suggested 79.5% of the variance 

which was influenced by temperature and salinity positively while nitrate, 

nitrite, phosphate, silicate, rainfall, tidal height, oxygen and water discharge 

rate negatively loaded. Post-monsoon season showed highest rating on the first 

PC1. While monsoon showed highest scoring on PC2, PC3 and PC4 and 

therefore, it can be concluded that second, third and fourth components are 

strongly influenced by temporal variability where PC2 and PC3 explained 

11.7% and 6.1% of the variability (Table 2.3; Fig. 6). PC2 showed positive 

loading of nitrite and dissolved oxygen. PC3 showed positive loading of 

nitrite, silicate and rainfall. PC4 explained 1.5% with positive loading of tidal 

height, temperature and discharge rate. 
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Table 2.1. Correlation matrix between the environmental parameters p<0.05 

 Salinity Nitrate Nitrite Phosphate Silicate Rain fall Tide 
Height 

Temperature Dissolved 
Oxygen 

River 
discharge 

Salinity 1.00          

Nitrate -0.95 1.00         

Nitrite -0.23 0.39 1.00        

Phosphate -0.95 0.91 0.21 1.00       

Silicate -0.95 0.97 0.33 0.90 1.00      

Rain fall -0.71 0.80 0.26 0.63 0.86 1.00     

Tide Height -0.91 0.97 0.51 0.89 0.93 0.75 1.00    

Temperature 0.78 -0.84 -0.74 -0.77 -0.80 -0.52 -0.88 1.00   

Dissolved 
Oxygen -0.85 0.90 0.66 0.80 0.88 0.65 0.92 -0.97 1.00  

River 
discharge -0.87 0.89 0.42 0.88 0.78 0.47 0.89 -0.82 0.82 1.00 

�

�

Table 2.2: Results of Principal Component Analysis 

Variable PC1 PC2 PC3 PC4 

Salinity 0.336 0.241 0.146 0.216 

Nitrate -0.349 -0.12 0.042 0.181 

Nitrite -0.178 0.777 0.219 0.191 

Phosphate -0.325 -0.238 -0.295 -0.139 

Silicate -0.341 -0.191 0.196 -0.247 

Rain fall -0.267 -0.254 0.749 0.242 

Tide Height -0.348 0.011 0.012 0.29 

Temperature 0.323 -0.343 0.113 0.364 

Dissolved oxygen -0.338 0.218 0.024 -0.402 
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Water discharge -0.317 0.02 -0.478 0.606 

Eigen values 7.95 1.17 0.61 0.15 

Variation (%) 79.5 11.7 6.1 1.5 

Cumulative variation 

(%) 79.5 91.2 97.3 98.8 

 
 

Table 2.3 Principal Component Sores 

Sample SCORE1 SCORE2 SCORE3 SCORE4 
May_2007 2.29 0.455 0.867 0.804 
June_2007 -1.24 -0.103 2.21 -6.18E-02 
July_2007 -4.12 -0.87 -0.508 -1.05E-02 
Aug_2007 -4.36 -1 -0.206 0.3 
Sep_2007 -3.92 -0.523 0.102 -0.406 
Oct_2007 -2.21 2.03 -0.952 0.547 
Nov_2007 -0.307 2.56 0.179 -0.62 
Dec_2007 2.22 -0.388 -0.303 -0.113 
Jan_2008 2.24 -0.376 -0.281 -0.153 
Fab_2008 2.28 -0.375 -0.309 -0.321 
Mar_2008 2.21 -0.348 -0.281 -0.102 
Apr_2008 2.28 -0.588 -0.285 9.27E-02 
May_2008 2.65 -0.467 -0.234 4.47E-02 
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Daily Sampling 
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Figure 5A. Daily variations in physico-chemical parameters (Tide height, Salinity, 
Temperature and Rainfall) at station 1 (Captain of ports) in Mandovi estuary 
during June 2007- May 2008.  
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Figure 5B. Daily variations in physico-chemical parameters (Nitrate, Nitrite,    
Silicate, Phosphate and Dissolved Oxygen) at station 1 (Captain of ports) in 
Mandovi estuary during June 2007- May 2008.  
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           Figure 5C. Monthly variations in water discharge in Mandovi estuary 
during     June 2007- May 2008.  
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Figure 6. Principal Component Analysis based on environmental parameters and 
months.
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Stations 2-4 - Fortnightly sampled 

2.3.2. Physico-chemical parameters 

Temperature: Temperature did not show much variation at three stations. At surface 

maximum temperature was reported at Ribandar with an average of 31.66 oC and SD 

± 0.03 oC (Fig. 7A) during non-monsoon season. At bottom Ribandar reported 31.52 

oC with an SD ± 0.01 oC in non-monsoon period (Fig. 7B).  

 

Dissolved Oxygen (DO): Verem reported maximum DO of 6.84 mgL-1 with an 

SD±0.71 mgL-1 during monsoon period at surface (Fig. 7C). Maximum concentration 

of DO 6.24 mgL-1 with an SD± 0.71 mgL-1 was found at Verem bottom during 

monsoon period (Fig. 7D). 

 

Salinity: Salinity decreased from Verem to OldGoa. Maximum salinity was observed 

at bottom then at surface. OldGoa reported maximum of 29 psu with an SD ± 1.41 

psu at bottom during non-monsoon period (Fig. 7E and F).  

 

Nitrate: Maximum concentration of nitrate was reported at Verem station in 

comparison to OldGoa and Ribandar. Highest concentration of 18.28 µM with SD± 

0.34 µM being reported at Verem surface during monsoon period (Fig. 8A). At 

bottom maximum concentration of 19.23 µM with SD± 0.63 µM was observed at 

Verem during monsoon period (Fig. 8B).  
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Nitrite: At surface maximum concentration of nitrite with an average of 3.23 µM with 

SD± 0.71 µM was observed at OldGoa (Fig. 8C). At bottom Verem reported 

maximum concentration of 3.32 µM with SD± 0.64 µM during monsoon season (Fig. 

8D). 

Phosphate: Phosphate concentration decreased from Verem to OldGoa stations. At 

surface maximum concentration of 3.28 µM with SD± 0.30 µM was observed at 

Ribandar during monsoon period (Fig. 8E). At bottom maximum of 4.96 µM with 

SD± 0.07 µM was observed at Verem during monsoon (Fig. 8F). 

 

Silicate: Silicate concentration followed opposite trend it increased from Verem to 

OldGoa stations. Highest concentration was observed at surface then at bottom at all 

the stations. Maximum silicate concentration was reported at OldGoa surface with an 

average of 132.84 µM and SD± 52.60 µM during monsoon period (Fig. 8 G and H). 

 

Correlation between the environmental parameters: Pearson’s Correlation analysis 

for the environmental parameters is given in Table 2.4. Salinity was correlated with 

temperature (r= 0.89; p< 0.05), but showed significant negative correlation with 

nitrate (r= -0.78; p< 0.001), phosphate (r= -0.76; p< 0.05), silicate (r= -0.84; p< 0.05). 

Dissolved oxygen was positively related with nitrite (r= 0.69; p< 0.05). All the 

nutrients were significantly correlated with each other. Nitrate showed significant  

Principal Component Analysis (PCA): In PCA, the Eigen values are used to know the 

number of Principal Components (PC) that can be retained for further study. Scree 

plot of the Eigen values obtained showed change of slope after third Eigen value. 
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Therefore the first three PCs were retained as they explained 95% of the total 

variability in environmental parameters (Table 2.5; Fig. 9). The PC 1 accounted for 

67.8% of the variability and showed positive loading of salinity and temperature. 

Whereas nutrients like (Nitrate, nitrite, phosphate and silicate) and dissolved oxygen 

was negatively loaded on the first axis. The second principal component (PC 2) 

accounted for 22.1% of the variability. Nitrate and silicate had the highest positive 

loading on the PC2 axis. The third principal component (PC3) accounted for 5.3% of 

the variability. Nitrate, nitrite, phosphate, silicate and salinity showed positive 

loading. While all the three stations (Verem, Ribandar and OldGoa) monsoon season 

had the highest scoring on PC2 and PC3 Table 2.6. 

Analysis of Variance (ANOVA): Summary of the environmental parameters is given 

in Table 2.7. Annual changes in temperature were typical of tropical estuary and 

showed significant variation between season (p = 0.0001; Table 2.7). Tukey’s post 

hoc test for differences showed that the temperature was highest at Ribandar station 

during the non-monsoon season. Salinity showed spatio-temporal variations with (p < 

0.00001). Tukey’s post hoc test for differences showed salinity at Verem were 

significantly high at bottom during non-monsoon period (Table 2.7). In the case of 

nutrients nitrate was significantly high at Verem during monsoon season (p < 

0.00001; Table 2.7).  Phosphate was considerably high during monsoon at bottom of 

Verem station, where as silicate was high at OldGoa during monsoon period. High 

dissolved oxygen was observed at Verem surface during monsoon period. 
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Table 2.4. Correlation matrix between the environmental parameters p<0.05 

 Nitrate Nitrite Phosphate Silicate Salinity Dissolved 
oxygen 

Temperature 

Nitrate 1.00       
Nitrite 0.56 1.00      

Phosphate 0.95 0.69 1.00     
Silicate 0.83 0.26 0.73 1.00    
Salinity -0.88 -0.39 -0.76 -0.84 1.00   

Dissolved 
oxygen 0.30 0.69 0.35 -0.12 -0.27 1.00  

Temperature -0.86 -0.38 -0.82 -0.85 0.89 -0.08 1.00 
�

Table 2.5: Results of Principal Component Analysis 

Variable PC1 PC2 PC3 

Nitrate -0.448 0.027 0.023 

Nitrite -0.288 -0.542 0.543 

Phosphate -0.435 -0.081 0.336 

Silicate -0.388 0.372 0.095 

Salinity 0.421 -0.126 0.541 

Dissolved Oxygen -0.157 -0.705 -0.530 

Temperature 0.419 -0.221 0.091 

Eigen values 4.75 1.55 0.37 

Variation (%) 67.8 22.1 5.3 

Cumulative variation 

(%) 67.8 90.0 95.3 

Table 2.6 Principal Component Scores 

Sample SCORE1 SCORE2 SCORE3 

V_S_Monsoon 2.29 0.455 0.867 

V_B_Monsoon -1.24 -0.103 2.21 

V_S_Postmonsoon -4.12 -0.87 -0.508 

V_B_Postmonsoon -4.36 -1 -0.206 

R_S_Monsoon -3.92 -0.523 0.102 

R_B_Monsoon -2.21 2.03 -0.952 
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R_S_Postmonsoon -0.307 2.56 0.179 

R_B_Postmonsoon 2.22 -0.388 -0.303 

O_S_Monsoon 2.24 -0.376 -0.281 

O_B_Monsoon 2.28 -0.375 -0.309 

O_S_Postmonsoon 2.21 -0.348 -0.281 

O_B_Postmonsoon 2.28 -0.588 -0.285 

 

Table 2.7: Factorial ANOVA result showing the variation of environmental data 

between station (3), season (2) depth (2) and their interaction. F statistic and 

probability (p) 

Parameters F P 
Temperature        Station 
                            Season 
                            Station x Season 

28.68 
28.20 
29.54 

0.0001 
0.07 
0.03 

Salinity                Station 
                            Season 
                            Depth 
                            Season x Depth 

25.32 
30.45 
24.04 
30.66 

<0.0001 
<0.00001 
<0.0001 
<0.00001 
 

Nutrients: 
Nitrate                  Station 
                             Season 
                             Station x Season 
 
Nitrite                   Season 
                             Station x Season 
 
Phosphate            Station 
                             Season 
                             Depth 
                             Season x Depth 
 
Silicate                  Station 
                              Season 
                              Station x Season 

 
5.87 
11.36 
12.94 
 
1.58 
2.07 
 
1.71 
2.4 
1.72 
2.81 
 
54.21 
74.42 
94.99 
 

 
0.03 
<0.00001 
0.02 
 
<0.00001 
0.03 
  
0.03 
<0.00001 
0.001 
0.0002 
 
0.004 
<0.00001 
<0.0001 
 

Dissolved Oxygen       Station 
                                     Season 
                                     Depth 
                                    Season x Station 

4.43 
4.07 
4.04 
5.41 

<0.0001 
0.003 
0.01 
0.00002 
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Figure 7A-F. Monthly variations in physico-chemical parameters (Dissolved Oxygen (DO), 
Temperature and Salinity) at stations 2,3 and 4 (Verem, Ribandar and OldGoa) in Mandovi estuary 
during June 2007- May 2008. Where A) Surface Temperature, B) Bottom Temperature, C) Surface 
DO and D) Bottom DO, E) Surface Salinity and F) Bottom Salinity. 
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Figure 8A-H. Monthly variations in physico-chemical parameters (Nitrate, Nitrite, 
Phosphate and Silicate) at stations 2, 3 and 4 (Verem, Ribandar and OldGoa) in Mandovi 
estuary during June 2007- May 2008. Where A) Surface Nitrate, B) Bottom Nitrate, C) 
Surface Nitrite, D) Bottom nitrite, E) Surface Phosphate, F)Bottom phosphate, G) Surface 
Silicate and H) Bottom Silicate. 
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Figure 9. Principal Component Analysis based on environmental parameters and stations 
where V_S- Verem Surface, V_B- Verem Bottom, R_S- Ribandar Surface, R_B - Ribandar 
bottom, O_S- OldGoa surface and O_B – OldGoa bottom. 
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Station 1 (Captain of Ports) Daily sampled  

2.3.3. Phytoplankton community structure 

Biomass and cell density:  Daily variations in biomass and cell density along the Mandovi 

estuary are given in Fig.10.  Phytoplankton cell density and biomass coincided with each 

other. Throughout the study period phytoplankton biomass varied from 0.22 - 14.16 mgm-3. 

In the case of pre-monsoon period biomass was in the range of 5.1-9.83 mgm-3 with an 

average of 7.37 mgm-3. Inter-monsoon i.e. in the month of June phytoplankton biomass 

varied from 0.61-14.16 mgm-3 and an average of 5.17 mgm-3 .The 14.16 mgm-3 is the 

highest biomass throughout study period observed on 19th June 2007.  During monsoon 

period (July-November) biomass was in the range of 0.22-7.71 mgm-3 with an average of 

2.28 mgm-3. In the case of post-monsoon season total biomass varied from 0.434-7.237 

mgm-3 with an average of 2.71 mgm-3. Total phytoplankton cell density throughout study 

ranged between 0.05-6.63 X 104 Cells L-1. During pre-monsoon period cell density ranged 

between 1.71-3.93 X 104 Cells L-1 and an average of 3.05 X 104 Cells L-1 .In the inter-

monsoon period (June 2007) phytoplankton cell density varied from 0.28-6.63 X 104 Cells 

L-1 with an average of 2.15 X 104 Cells L-1. Monsoon season recorded cell density in the 

range of 0.05-6.48 X 104 Cells L-1 and average of 0.86 X 104 Cells L-1. During post-

monsoon cell density varied from 0.12-6.55 X 104 Cells L-1 average of 0.90 X 104 Cells L-1. 

Phytoplankton composition: All together 322 species with 91 genera of phytoplankton were 

collected from station-1. List of the phytoplankton collected is given in Table 2.8. 

(Bacillariophyta - 58 genera with 196 species, Dinophyta- 23 genera with 114 species, 

Cyanophyta- 2 genera with 3 species, Dictyochophyta- 1 genus with 1 species, 
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Chrysophyta- 3 genera with 3 species, Haptophyta- 1 genus with 1 species and 

Chlorophyta- 3 genera with 3 species). The seasonal distribution in the phytoplankton 

population was observed. During pre-monsoon period 57 genera with 124 species were 

observed (Bacillariophyta - 40 genera with 86 species, Dinophyta - 15 genera with 35 

species, Chrysophyta - 1genus with 1 species and Cyanophyta - 1 genus with 2 species).  

During inter-monsoon period i.e. June total 68 genera with 158 species were recorded 

(Bacillariophyta - 47 genera with 116 species, Dinophyta - 17 genera with 37 species, 

Chrysophyta - 2 genera with 2 species, Cyanophyta - 1 genus with 2 species and 

Chlorophyta - 1genus with 1species). Monsoon period total 257 species with 83 genera 

(Bacillariophyta - 55 genera with 160 species, Dinophyta - 19 genera with 87 species, 

Chrysophyta - 3 genera with 3 species, Cyanophyta - 2 genera with 3 species, Chlorophyta 

- 3 genera with 3 species and Haptophyta - 1 genus with 1 species). During post-monsoon 

total 184 species with 72 genera were observed (Bacillariophyta - 52 genera with 132 

species, Dinophyta - 17 genera with 48 species, Chrysophyta - 2 genera with 2 species and 

Cyanophyta - 1 genus with 2 species). During consecutive pre-monsoon period all together 

55 genera with 92 species of phytoplankton were recorded. Group wise representation was 

as follows: Bacillariophyta - 42 genera wit 69 species, Dinophyta - 11 genera with 20 

species, Cyanophyta - 1 genus with 2 species and Chlorophyta - 1 genus with 1 species 

(Fig. 11A and B).  

Percentagewise seasonal distribution for Bacillariophyta is given in Fig. 12A and for 

dinoflagellate in Fig. 12B. Diatoms (Bacillariophyta) consisted of 58% centrales and 42% 

pennales during pre-monsoon; 42% centrales and 58% pennales in inter-monsoon season; 

44% centrales and 56% pennales in monsoon season; Post-monsoon showed 48% centrales 
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with 58% pennales and pre-monsoon 2008 58% centrales and 42% pennales.  

Dinoflagellates consisted of  highest number of autotrophic forms (37%) was found during 

the pre-monsoon period, heterotrophic forms (38%) found during monsoon; and post-

monsoon period and mixotrophic forms (55%) were reported during pre-monsoon period of 

2008.  

Diversity: Total diversity decreased from pre-monsoon period 2007 to the pre-monsoon 

period 2008. The highest average total diversity of 4.11 was observed during pre-monsoon 

period with SD ± 0.54. The average diatom diversity of 3.81 was highest during the inter-

monsoon period with SD ± 0.51.  Dinoflagellate diversity was highest during pre-monsoon 

period with average of 2.48 and SD± 0.48. Other algae also showed highest diversity of 

0.35 during the pre-monsoon season (Fig. 13A). 

Species evenness: The highest species evenness of diatom was reported during inter-

monsoon period with average of 0.78 and SD ± 0.08. Dinoflagellate species evenness was 

highest during pre-monsoon period 2008 with average of 0.89 and SD ± 0.15 (Fig. 13B). 

Phytoplankton blooms and its pigment composition: At station 1 i.e. Captain of Ports 

blooms of nine phytoplankton species were observed. These blooms were either mixed 

species or single species. Seasonality was reported in the occurrence of these blooms 

forming species which leads to succession of species. Mixed species bloom of three centric 

species Coscinodiscus marginatus (12,426 Cells L-1), Coscinodiscus radiatus (13,414 Cells 

L-1) and Thalassiosira eccentrica (12,654 Cells L-1) was observed (Fig. 14A, B and C). 

During this bloom period pigments like fucoxanthin (4.474 mgm-3); Chl C2 (1.967 mgm-3) 

and � -carotene (8.293 mgm-3) were found in very high concentration.  Another bloom peak 

of Coscinodiscus marginatus with cell counts of 14,010 Cells L-1 was found in the same 
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season. Monsoon period witnessed blooms of three species. The mixed species bloom of 

Chaetoceros subtilis (13,702 Cells L-1) and Chaetoceros fragile (9690 Cells L-1) was 

reported. The pigment composition of this mixed species bloom peaks consists of Chl b 

(1.255 mgm-3); Chl C2 (1.428 mgm-3); fucoxanthin (1.925 mgm-3) and � -carotene 5.428 

mgm-3 (Fig. 14D and E). Another bloom peak of Chaetoceros subtilis was observed with 

cell counts of 11,340 Cells L-1 and consists of Chl C2 (0.726 mgm-3); fucoxanthin (1.145 

mgm-3) and � -carotene 4.568 mgm-3 (Fig. 14E).  The bloom of Thalasionema nitzschoides 

with cell counts of 10,144 Cells L-1 was reported during this season. During this bloom 

pigment composition was made up of Chl C2 (1.128 mgm-3); fucoxanthin (1.761 mgm-3) 

and � -carotene 4.445 mgm-3 (Fig. 14F). Post-monsoon observed bloom of Streptotheca 

thamensis with cell counts of 13,560 Cells L-1. Bloom composed of Chl b (0.989 mgm-3); 

fucoxanthin (2.375 mgm-3) and � -carotene 2.873 mgm-3 (Fig. 14G). Bloom of Chaetoceros 

laciniosus (10,322 Cells L-1) was observed during pre-monsoon of 2008. Pigment 

composition of peak was Chl b (7.509 mgm-3); fucoxanthin (1.182 mgm-3) and � -carotene 

1.398 mgm-3 (Fig. 14H). The blooms of Thalassiothrix frauenfeldii found in two seasons 

(post-monsoon and pre-monsoon) during the study period (Fig. 14I). The highest bloom 

peak with cell counts of 12,616 Cells L-1 was reported during the post-monsoon period 

which was accompanied with pigment concentration of Chl b (4.113 mgm-3); fucoxanthin 

(1.155 mgm-3) and � -carotene 3.016 mgm-3 respectively.  

Temporal variations in phytoplankton flora: Bray-Curtis cluster analysis grouped the 

sampling months into four groups based on the distribution of dominant phytoplankton 

species (Fig. 15A). The pre and inter-monsoon months (May_2007 and June_2007) formed 

group I with similarity values of 85%. Group II includes all monsoon months (July - 
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November) which is a major along with Group III includes post- monsoon months 

(December- April) clustered at 79.56% similarity. MDS also showed similar pattern of 

grouping of the months (Fig. 15B). The results of SIMPER analysis are summarized in 

Table 2.9. Group I showed the complete dominance of Thalassiosira anguste during pre 

and inter-monsoon period accounted to 35% of the dissimilarity observed (Fig. 15C). 

Monsoon season showed the dominance of C. fragile was responsible for clustering of 

monsoon months and its dissimilarity with other groups (Fig. 15D). March did not cluster 

with any group (Group IV) mainly due to the dominance of Streptotheca thamensis (Fig. 

15E).   In general, the phytoplankton flora was dominated by few species and most of them 

persisted throughout the study period. However, the abundance of some species showed 

marked temporal fluctuation. The first community of the area was characterized by the 

dominance of Thalassiosira condensata and Coscinodiscus nitidus (Fig. 15F and G) 

reported during monsoon season. A shift in the community was observed during the post-

monsoon period. This community was characterized by exceptional high counts of 

Thalassiothrix frauenfeldii and S. thamensis (Fig. 15H and I). The community composition 

changes were primarily caused by drastic decline in the dominant species. Of all the species 

Thalassiothrix frauenfeldii and S. thamensis dominated the community throughout the 

study period but was most dominant during the post-monsoon period. 

Effect of environmental variables on phytoplankton population: The effect of 

environmental variables on the Total phytoplankton density, Total diatom density, Total 

dinoflagellate density, Total other algae density, Chl a, Chl b, Chl c2, Fucoxanthin and 

Peridinin is shown in the CCA biplot (Fig. 16A).  In the CCA biplot, 2 axes explaining 

68.71% and 87.4% of the relationship between general phytoplankton composition and 
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environmental variables (Table 2.10). Nitrite, rainfall and water discharge were most 

important variables influencing Total phytoplankton density, Total diatom density, Total 

dinoflagellate density, Total other algae density and Chl a distribution. In addition to these 

variables like salinity, nitrate, silicate and tide height also affected the distribution of Total 

dinoflagellate density, Chlc2 and peridinin.  The accompanying species biplot recorded the 

preference of species for particular environmental variable (Fig. 16B), 4 axes explaining 

54.65% and 78.17% of relation between phytoplankton community and environmental 

variables (Table 2.10). Nitrate influences the distribution of species like Nitzschia 

angularis, Nitzschia sp., Pleurosigma angulatum, Bacillaria paxillifer, Chaetoceros 

decipiens, Thalassiothrix frauenfeldii and Streptotheca thamensis are all diatom. 

Environmental variables like salinity, phosphate, nitrite, silicate, tide height, temperature 

and water discharge plays role in influencing the distribution of diatom species like 

Coscinodiscus nitidus, Stauroneis amphioxys, Navicula directa, Chaetoceros fragile, 

Chaetoceros subtilis and Thalasionema nitzschoides whereas dinoflagellates include 

Amylax triacantha, Gonyaulax kofoidii, Pyrophacus horologium and Protoperidinium 

tristylum. Salinity in combination with nutrients like nitrate, nitrite, silicate and water 

discharge affected the distribution of Chaetoceros decipiens, Chaetoceros laciniosus and 

Thalassiothrix frauenfeldii. Species like Coscinodiscus nitidus, Stephanopyxis palmeriana, 

Gonyaulax kofoidii, Protoperidinium tristylum and Chaetoceros lorenzianus showed 

preference for elevated level of silicate, rainfall, tide height and water discharge. 
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Table 2.8. List of Phytoplankton species in Mandovi Estuary during the year 2007-2008.  

Phytoplankton Taxa Captain of Ports Verem Ribandar OldGoa 
Genera/species Mon Pmon Mon Pmon Mon Pmon Mon Pmon 
 S S S B   S     B S B S B S B S B 
Bacillariophyta  
Acanthochiasma fusiformis + + + + + - + + - - - - + - 
Acanthochiasma serulata + + - + + - - + - - + - - + 
Achananthes brevipes + - - - - - - - - - - - - - 
Achananthes longipes + + + - - - + + + - - + + + 
Actinocyclus octonarius + + + + + + + + + + + + + + 
Actinoptychus senarius + + + + + + + + + + + + + + 
Amphiprora alata + + - - - - - - - - + - + - 
Amphiprora surirelloides + + + + + + + + + + + + + + 
Amphora graeffi + + + + + + + + + + - + + - 
Amphora hyalina + + - - - - - - - + - - - - 
Amphora ostreria + + - - - - - - - - + + - - 
Amphora ventricosa + - - - - - - - + + + + - - 
Amphora sp. - + - - - - - - - + - - - - 
Asterionella japonica + + + + + + + + + + - + + - 
Asteromphalus flebellatus + + + + + + - + + + + - - + 
Asteromphalus heptactis + - - + + - + + - - - - - - 
Asterolampra marylandica - - - - - - - - - + - - - - 
Bacillaria paxillifer + + - - - + - - - + + + + + 
Bacteriastrum furcatum + + + + + - - + + + + - + - 
Bacteriastrum hyalinum + + - - - - - - - - - - - - 
Biddulphia aurita + + + + + + + + + + + + + + 
Biddulphia regia + + - - - + + + + + - - - + 
*Biddulphia mobilensis + + - - - + - - - + + - + - 
*Biddulphia sinensis + + + + + + - + + + + - + + 
Calonies liber - - - - - - - - - - + - - - 
Calonies linearis + + + + + + + + + + + + + + 
Calonies rectangulata + + - - - - - - - - - + - - 
Calonies subsalina + - - + + - - - - - - - - - 
Calonies westii + + - - - + - - + + - - - + 
Campylodiscus echeneis - + - - - - - - - - - + - - 
Cerataulina turgida + + + + + + - + + - - - + - 
Chaetoceros breve + + - + + - - + - + - - + - 
Chaetoceros coaractatus + - + + + - - - - - - - - - 
Chaetoceros compressum + - - - - - - - - - - - - - 
*Chaetoceros concavicornis - + - - - - - - - - - - - - 
*Chaetoceros curvisetus + + + + + + + + + + + - + + 
Chaetoceros decipiens + + - + + - - - - - - - - - 
Chaetoceros densum + - - - - - - - - - - - - - 
Chaetoceros diversum + + - + + + - + + - - - - - 
Chaetoceros exospermum - + - - - - - - - + - - + - 
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Chaetoceros fragile + - + - - - - - - - - - - - 
Chaetoceros laciniosus + + + + + + - + + + - - + + 
Chaetoceros lorenzianus + + + + + + - + - + + - + - 
Chaetoceros messanense + + + + + + - + - - - - - + 
Chaetoceros mitra + - - - - - - - - - - - - - 
*Chaetoceros peruvianus + + - - - - - - - - - - - - 
Chaetoceros psuedocrinitum + - - - - - - - - - - - - - 
Chaetoceros radicans - + - - - - - - + - - - - - 
Chaetoceros seiracanthus + - - - - - - - - - - - - - 
*Chaetoceros sociale + - - - - - - - - - - - - - 
Chaetoceros subtile + - + - - - - - - + - - - - 
Chaetoceros tortissimum - + - - - - - - - - - - - - 
Chaetoceros wellei + - - - - - - - - - - - - - 
Chaetoceros sp. - + - - - - - - - - - - - - 
Corethron criophilum + + - + + - - - + - - - + - 
Climacosphenia elongata + + + + + - + + - - + + - - 
Climacosphenia moniligera + + + + + - + + + + + + + + 
Cocconies disculus + + + + + + + +  + + + + + 
Cocconies disculoides - + - - - + + - + + - - + + 
Cocconies psuedomarginatus - - + - - + - - - -  - - - 
*Coscinodiscus centralis + + + + + + + + + + + + + + 
*Coscinodiscus concinnus + - + - - - - - - - - - - - 
Coscinodiscus granii + + + + + + + - + + + + + + 
Coscinodiscus occulus + + + + + + + + + + + + + + 
Coscinodiscus occulus iridis + - - - - - - - - - - - - - 
Coscinodiscus radiatus + + + + + + + + + + + + + + 
Coscinodiscus marginatus + + + + + + + + + + + + + + 
Coscinodiscus nitidus + + + + + + + + + - + + + + 
Coscinodiscus nodulifer - + - - - - + - + - - - - - 
*Coscinodiscus wailesii + + + + + + + + + + + + + + 
*Cylinderotheca closterium + + + + + + + + + + + + + + 
Detonula pimula + + + + + + - + + - - - - - 
Diplonies bombus + - - - - - - - - - - - - - 
Diplonies crabro + + + - - + - - - + - - + - 
Diplonies chersonensis + - - - - - - - - - - - - - 
Diplonies didyma + - - - - - - - - - - - - - 
Diplonies smithii + + - - - - - - - - - - - - 
Diplonies notabilis - - - - - - - - - - - - + - 
Diplonies robustus - - - - - - - + - - + - - - 
*Ditylum brightwelii + + + + + + + + + + - + + + 
Donkinia recta - + - - - - - - - - - + - - 
*Eucampia zoadicus  + + + - - - - + - - - - + - 
Fragillaria cylindrus + + + + + - - + - - - - - - 
Fragillaria oceanica + - + + + + - - + + + + + + 
Fragillariopsis kergulensis - - - - - - - - - - + - - - 
Gramatophora undulata + + - - - - + + + - + + - - 
Guinardia flaccida + - - - - - - - - - - - - - 
Groentvedia elliptica - + - - - - - - - - + - - - 
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Gyrosigma bolticum + + + + + - - - - + + + - - 
Gyrosigma fascicola + + + - - + + - + + + + + + 
Gyrosigma hippocampus + - + + + - + + - - - - - - 
Gyrosigma littorole + + + + + - - + + + + + + + 
Gyrosigma wansbeckii + + + + + + + + + + + + + + 
Hemiaulus hauckii + - - - - - - - - - - - - - 
Hemiaulus sinensis + + - - - - + - + + - - - + 
*Leptocylindrus danicus + + + + + + + + + + + + + - 
Leptocylindrus meditterenian - + - - - - - - - - - - - - 
*Leptocylindrus minimus + + + + + + + - + + + + + + 
Melosira moniliformis + + + + - + + + + + + + + + 
Melosira nummuloides + + - - + - - - - - - - - - 
Navicula calida + - + - - - + - - - + + - - 
Navicula clavata + + + - - - - - - - - - - - 
Navicula clementis + - - - - - - - - - - - - - 
Navicula crucigera + - - - - - - - - - - - - - 
Navicula cruciculoides - - - - - - - - - - - + - - 
Navicula directa + + + + + + + + + - + + + + 
Navicula distans + - + - - - - - - - - - - - 
Navicula dissipata - - - - - - + - - - - - - - 
Navicula elegans + + + - - - - + - - + - + - 
Navicula hyalina + - - - - - + - - - - - - - 
Navicula florinae + + + + + + + + + + + + - + 
Navicula forcipata + - - - - - - - - - - - - - 
Navicula granulata - - + + + - - - - - - - - - 
Navicula hennedyii - - - - - - - - - - - - + - 
Navicula iyra - - - - - - - - - - - - - + 
Navicula lundstromii + - - - - - - - - - - - - - 
Navicula macunosa + + + + + + + + + + + + + - 
Navicula marina  + + - - - - - - - - - - - - 
Navicula membrancea + + + - - - + - - - + - + - 
Navicula palperbralis + + - - - - - + + - - - - + 
Navicula perplexa + - - - - - - - - - - - - - 
Navicula scopulorum + + - - - - - - - + - + - + 
Navicula tuscula + + - - - - - - - - - - - - 
Navicula vanhoeffenii + - - - - - - - - - - - - - 
Navicula sp. - + - - - - - - + + - - + - 
Navicula sp.1 - - - - - - - - - - - - - + 
Navicula sp.2 - - - - - + - - - - - - + - 
Navicula sp.3 - - - - - - - - - - - - + - 
Nematodinium armatum + - - - - - - - - - - - - - 
Nitzschia acuminata + + - - - + - - + - - - - + 
Nitzschia angularis + + + + + + - + + + + + + + 
Nitzschia bilobata + - + - - - - - - - - - - - 
Nitzschia frigida - + - - - - - - -  + - - - 
Nitzschia levidensis + + + + + - - + - - - - + - 
Nitzschia longissimum + - + + + - + + - - + + - - 
Nitzschia marina + + - - - - - - - - - - - - 
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Nitzschia navicularis + + + + + + - + + - + + - - 
Nitzschia panduriformis + - - - - - - - - - - - - - 
Nitzschia plana - + - - - - - + - -  + + - 
Nitzschia sigma + - - - - - - - - - + + - - 
Nitzschia virgata + + - - - - - - - - - - - - 
Nitzschia sp. - + - - - + - - + - - - + - 
Okedinia inflexa + - - - - - + - - - + + - - 
Paralia sulcata + + + + + - - + + - - - - - 
Pinnularia ambigua + + + + + + + - + + + + + + 
Pinnularia angulatum + + - - - + - - - - - - + + 
Pinnularia cruciformis - + - - - - - - - - - - - - 
Pinnularia rectangulata + + + + + + - + + + - - + + 
** Pseudo-nitzschia multiseriata + + - - - + - - + + + - + + 
** Pseudo-nitzschia pungens + + - - - + - - + + - - + - 
** Pseudo-nitzschia seriata + + + + + + + + + + - + + + 
Planktoniella sol + + + + + - - - - - - - - - 
Pleurosigma aestuarii + + + - - - - + - - - - - + 
Pleurosigma angulatum + + + + + + + + + + - + + + 
Pluerosigma cuspidatum + + - - - + - + - + + + + - 
Pleurosigma elongatum + + + + + - + + - - - + + + 
Pleurosigma marinum + + - - - + - - + - - - - - 
Pleurosigma strigosum + - - - - - - - - - - - - - 
Pleurosigma vanheurckii - - - - - - - - - - + + - - 
Podosira stelliger - - - - - - - - - - - - + - 
Rhaphonies amphiceros - - - - - - + - - - - + - - 
*Rhizosolenia alata - + + + + - - - - - - - - - 
Rhizosolenia calcaravis + - - - - - - - - - - - - - 
*Rhizosolenia delicatula  + + + + + + - + + - - - - - 
*Rhizosolenia fragilissima + - - - - - - - - - - - - - 
Rhizosolenia hebetata - - + + + - - + - - - - - - 
Rhizosolenia imbricata  + + + + + + + + + + + + + + 
Rhizosolenia robusta + + - - - - - - - - - - - - 
*Rhizosolenia setigera + + + - + + - + + + - + + + 
*Rhizosolenia stolterforthii + + + + + - - + - - - - - - 
Roperia tesselata + + - - - + - - - - - - - - 
Scoliotropis latestriata - + - - - - - - - - - - - - 
*Skeletonema costatum + + + + + + + + + + + + + + 
Stauroneis amphioxys + + + + + - + + + + + + + - 
Stephanopyxis palmeriana + + - - - + - - - - - - - - 
Streptotheca tamensis + + + + + + - - + + - - + + 
Suriella comis - - - - - - - - + - - - - - 
Suriella fastuosa + - - - - - - - - - - - - - 
Suriella gemma - + - - - - - - + - - - + - 
Suriella ovata + + + - + + - + + + + + + + 
Suriella ovalis + + + + + + + + + + + - + + 
Suriella smithii + + - - - - - - - - - - - - 
Suriella striatula - - - - - - - + - - - - - - 
Suriella sp. - + - - - - - - - - - - - - 



�

�

Thalasionema nitzschoides + + + + + + + + + + - + + + 
Thalassiosira anguste + - - - - - - - - - - - - - 
Thalassiosira condensata + - + - - - - - - - - - - - 
Thalassiosira eccentricus + + + + + + + + - + + - - + 
*Thalassiosira rotula + - - - - - - - - - - - - - 
Thalassiothrix frauenfeldii + + + + + + - + + + + + + + 
Thalassiothrix longissima + + + + + + + + + + - - + + 
Tropidonies gausii + - - - - - - - - - - - - - 
Tropidonies lepidoptera - - - - - - - - - - + - - - 
Tropidonies pusilla + - - - - - - - - - - - - - 
Triceratium favus + + + + + + - + - + + - + + 
Dinophyta               
Amphidoma nanum + + + + + + + + + + + + + + 
Amphisolenia bidentata - + - - - - - - - - - - - - 
Alexandrium acatenella - - - - - + - - - - - - - - 
** Alexandrium catenella + - - - - - - - - - - - - - 
** Alexandrium ostenfeldii + + - - - - - - - + - - + + 
Amylax triacantha + + + - - + - - + + + - + + 
Bernadinium sp. - + - - - - - - - - - - - - 
Berghiella josephinae - - - - - - - - - - - - + - 
Ceratium breve - - - + + - - - - - - - - - 
Ceratium bexacanthum + - - - - - - - - - - - - - 
Ceratium deflexum + - - - - - - - - - - - - - 
Ceratium digitatum - + - - - - - - - - - - - - 
Ceratium dens + - - - - - - - - - - - - - 
*Ceratium furca + + + + + + + + + + + - + + 
Ceratium lineatum - + - - - + - - - + - - - - 
Ceratium longipes + - - - - - - - - - - - - - 
Ceratium longirostrum + + - - - - - + - + - + - - 
Ceratium lunula + - - - - - - - - - - - - - 
Ceratium symmetricum + - + + + - - - - - - - - - 
Ceratium tripos + + - - - - - - - - - - - - 
Ceratium vultur + - + + + - - - - - - - - - 
** Dinophysis acuminata + - - - - - - - - - - - - - 
Dinophysis argus + - - - - - - - - - - - - - 
Dinophysis bastata - - + - - - - - - - - - - - 
Dinophysis brevisulcus - - - - - + - - - - - - - - 
** Dinophysis caudata + + + - - + - - - - - - - - 
Dinophysis exigua + - - - - + - - - - - - - - 
Dinophysis expulsa + - - - - - - - - - - - - - 
** Dinophysis fortii + - - - - - - - - - - - - - 
Dinophysis infundibula + + - - - + - - + + - - + + 
**Dinophysis mitra + - - - - - - - - - - - - - 
Gonyaulax brevisulcatum + - + - - - - - - - - - - - 
Gonyaulax digitale + - - - - - - - - - - - - - 
Gonyaulax diegensis - - - - - - - - - - - - + - 
Gonyaulax fragilis + - - - - - - - - - - - - - 
Gonyaulax kofoidii + + + + + + - - + + - - + + 
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Gonyaulax milneri + + - - - - - - + - - - - - 
Gonyaulax pacifica + - - - - - - - - + - - - - 
Gonyaulax pavillardi - - + - - - - - - - + - - - 
*Gonyaulax polygramma - + - - - - - - - + - - + + 
Gonyaulax polyedra - - + + + - - - - - - - - - 
Gonyaulax sp. - - - - - + - - - - - - - - 
** Gymnodinium breve + - + + + - - - - - + - - - 
Gymnodinium gracile + + + - - - + + - - + + - - 
** Gymnodinium mikimotoi - + - - - - - - - - - - - - 
** Gymnodinium splendens + +  + - - + - - + - - - + + 
Gyrodinium esturiale + - - - - - - - - - - - - - 
*Gyrodinium spirale + + + - - + - + - + + - - + 
Heteroaulacus polyedricus + - - - - - - - - - - - - - 
Heterodinium doma + - - - - - - - - - - - - - 
Heterodinium milneri - - - - - - - + - - - - - - 
Ornithoceros magnificus + - - - - - - - - - - - - - 
Ornithoceros quadratus - + - - - - - - - - - - - - 
Oxytoxum scolopax + - + - - - - - - - - + - - 
Peridinium letissimum + - - - - - - - - - - - - - 
Podolampus palmipes - - - - - - - - - + - - - - 
** Prorocentrum cordatum + + - + + + - - - - - - + - 
** Prorocentrum dentatum + - - - - - - - - - - - - - 
*Prorocentrum gracile + + + + + + + - + + - - + + 
Prorocentrum lenticeps - - + - - - - - - - - - - - 
*Prorocentrum micans + + + + + + + - + + - - - + 
Prorocentrum minimus + + + + + - - + - - - - - - 
Prorocentrum tristylum + - - - - - - - - - - - - - 
Protoperidinium acbromaticum - + - - - + + - + + - - + + 
Protoperidinium abei - + - - - - - - - - - - - - 
Protoperidinium angustum + - - - - - - - - - - - - - 
Protoperidinium conicum + - - - - - - - - + - - - - 
Protoperidinium corniculum + - - - - - - - - - - - - - 
Protoperidinium curtipes - + - - - - - - - - - - - - 
Protoperidinium biconicum + + - - - - - - - - - - - - 
Protoperidinium cerasus - + - - - - - - - - - - - - 
Protoperidinium cressipes + - - - - - - - - - - - - - 
*Protoperidinium depressum + + + + + + + + + + - + - + 
Protoperidinium divergens + + - - - - - - - - - - + - 
Protoperidinium granii + + - - - - - - - - - - - - 
Protoperidinium inflatum + - - - - - - - - - - - - - 
Protoperidinium lenticeps + - - - - - - - - - - - - - 
Protoperidinium lenticulatum + - - - - - - - - - - - - - 
Protoperidinium letissimum + - - - - - - - - - - - - - 
Protoperidinium leonis + - - - - - - - - - - - - - 
Protoperidinium longicolum - - - - - - - - - - - - + - 
Protoperidinium minisculum + - - - - - - - - - - - - - 
Protoperidinium oceanicum - + - - - - - - - - - - - - 
Protoperidinium orientale - + - - - - - - - - - - - - 
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Protoperidinium paradoxum - - - - - - - - - - + - - - 
Protoperidinium persicum + - - - - - + + - - - - - - 
Protoperidinium pyrum + + - - - - - - - - - - - - 
Protoperidinium pyriformae + - - - - - - - - - - - - - 
Protoperidinium reticulatum + - - - - - - - - - - - - - 
Protoperidinium simulum + - - - - - - - - - - - - - 
Protoperidinium sourniai - + - - - - - - - - - - - - 
*Protoperidinium steinii + - - - - - - - - - - - - - 
Protoperidinium subinermae + + + - - - - - - - - - - - 
Protoperidinium subpyriformae - + - - - - - - - - - - - - 
Protoperidinium trachoideum + - - - - - - - - - - - - - 
Protoperidinium tristylum + + + + + + + + + + - - + + 
Protoperidinium sp. - + - - - - - - - - - - - - 
Pyrocystis noctiluca + + + + + - + + - + + + - - 
Pyrodinium scibilleri + - - - - - - - - - - - + - 
Pyrodinium sp. + - + - - - - - - - - - - - 
Pyrophacus horologium + + + + + + + + + + + + + + 
Pyrophacus vancompoae + - - - - - - - - - - - - - 
*Scripsiella trachoidea + + + + + + - - + - + + + - 
Chlorophyta               
Actinomonas morabilis - + - - - - - - - - - - - - 
Chlorella sp. + - - - - - - - - - - - - - 
Haptophyta               
Corymbellus sp. + - + - - - - - - - - - - - 
Chrysophyta               
*Dictyocha fibula + + + + + + + + + + + - + - 
Dinobryon balticum - - - + + - - - - - - - - - 
Dinobryon porrectum + - - + + - - - - - - - - - 
*Distephenus speculum + + - + + + - + + + - - + + 
Goslleria sp. - + - - - - - - - - - - - - 
Scenedesmus sp. + - - + + + + + - - + - - - 
Cyanophyta               
*Trichodesmium erythraeum + + + + + + + - + + + + - + 
Trichodesmium thibautii + + + - - - + - - - + + + + 

 

(Mon-monsoon; Pmon-Post-monsoon; + - Present; - - Absent; *- Harmful species, **- Toxic species, S-

Surface, B-Bottom) 
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Table 2.9. SIMPER analysis based on group obtained from cluster and MDS ordination 
showing the species that contributed to the differences among the groups Av. Abund: 
average abundance; Av. Diss: average dissimilarity; Contrib: Contribution  
 

Av dissimilarity  25.66                 Group I            Group II 
Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Thalassiosira anguste 7.09 0 2.49 19.69 9.7 9.7 
Actinoptychus senarius 8.04 4.13 1.37 9.15 5.34 26.75 
Coscinodiscus granii 6.64 3.98 0.93 4.65 3.62 51.99 
Pleurosigma elongatum 6.29 3.98 0.81 3.59 3.15 61.99 
Coscinodiscus occulus 6.62 4.41 0.78 3.7 3.03 65.02 
Av dissimilarity  33.10                 Group I            Group III 
Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Thalassiosira anguste 7.09 0 2.63 17.07 7.96 7.96 
Stephanopyxis palmeriana 5.91 0.61 1.98 3.48 5.98 13.93 
Coscinodiscus nitidus 4.49 0 1.66 4.96 5.01 29.8 
Thalassiosira eccentrica 7.89 3.67 1.57 15.57 4.73 39.48 
Coscinodiscus marginatus 7.94 3.95 1.48 5.72 4.47 48.59 
Coscinodiscus occulus 6.62 3.95 0.99 4.15 3 79.9 
Av dissimilarity  23.11                 Group II            Group III 
Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Coscinodiscus nitidus 4.97 0 2.03 11.52 8.8 8.8 
Chaetoceros decipiens 0.87 3.81 1.4 1.35 6.07 14.87 
Pleurosigma angulatum 2.93 6.28 1.37 1.89 5.94 20.81 
Amylax triacantha 5.92 5.25 0.65 1.76 2.83 68.04 
Pyrophacus horologium 5.54 4.25 0.62 1.99 2.7 70.74 
Coscinodiscus marginatus 5.36 3.95 0.62 1.79 2.68 73.42 
Av dissimilarity  36.98                 Group I          Group IV 
Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Coscinodiscus marginatus 7.94 0 2.73 32.09 7.37 7.37 
Nitzschia sp. 0 7.9 2.71 25.85 7.34 14.71 
Bacillaria paxillifer 0 7.88 2.71 25.85 7.32 22.03 
Chaetoceros decipiens 0 7.12 2.45 25.85 6.61 28.64 
Thalassiosira anguste 7.09 0 2.44 15.93 6.59 35.23 
Pleurosigma elongatum 6.29 0 2.16 97.08 5.84 41.07 
Thalassiosira condensata 4.89 0 1.7 1.51 4.6 50.81 
Av dissimilarity  34.16                 Group II          Group IV 
Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Nitzschia sp. 0 7.9 2.97 48.58 8.69 8.69 
Chaetoceros decipiens 0.87 7.12 2.36 3.12 6.9 15.59 
Bacillaria paxillifer 2.03 7.88 2.21 2.99 6.46 22.05 
Nitzschia angularis 1.01 6.61 2.1 2.51 6.15 28.2 
Coscinodiscus marginatus 5.36 0 2.02 5.78 5.9 34.1 
Navicula directa 5.31 0 1.99 6.86 5.83 39.93 
Coscinodiscus nitidus 4.97 0 1.87 11.21 5.46 45.39 
Navicula florinae 4.77 0 1.79 5.81 5.24 50.63 
Av dissimilarity  24.95                 Group III          Group IV 
Species  Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Nitzschia sp. 1.08 7.9 2.74 2.75 10.99 10.99 
Stephanopyxis palmeriana 0.61 6.54 2.38 4.17 9.52 20.52 
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Table 2.10.�Cumulative constrained percentages of the 2 axes extracted in the CCA analysis for 
general phytoplankton composition and 4 axes extracted in the CCA analysis for phytoplankton 
species 
 

 
Factors Axis 1 Axis 2 Axis 3 Axis 4 

General phytoplankton composition 68.707 87.399   
Phytoplankton species 31.754 54.646 67.113 78.172 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chaetoceros lorenzianus 2.49 7.25 1.93 1.93 7.73 28.24 
Streptotheca thamensis 3.56 7.91 1.74 10.14 6.97 35.22 
Coscinodiscus marginatus 3.95 0 1.58 6.38 6.33 48.2 
Navicula directa 3.96 0 1.57 1.65 6.29 54.5 
Chaetoceros decipiens 3.81 7.12 1.39 1.36 5.55 60.05 
Thalassiothrix frauenfeldii 7.18 6.05 0.46 1.27 1.85 84.32 
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Daily Sampling 
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Figure 10. Daily variations in Chl a and phytoplankton cell density at Station 1(Captain of 

ports) during 2007-2008 in Mandovi estuary. 
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Figure 11. Seasonal variations in A) Total number of phytoplankton genera and B) Total 

number of phytoplankton species at Station 1 (Captain of Ports) in Mandovi estuary. 
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Figure 12. Percentage distribution of A) Centric and pennate forms of diatom and B) 

Dinoflagellate forms at Station 1 (Captain of Ports) in Mandovi estuary. 
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Figure 13. Seasonal variations in A) the diversity index of Diatom, Dinoflagellate and total 
phytoplankton population and B) species evenness of Diatom, Dinoflagellate and other 
algae at Station 1 (Captain of Ports) in Mandovi estuary. 
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Figure 14. Daily variations in the bloom progression of different phytoplankton species in relation to the 
pigment composition at Station1 (Captain of Ports) in Mandovi estuary. Where A) Chaetoceros fragile, B) 
Chaetoceros laciniosus, C) Chaetoceros subtilis, D) Coscinodiscus radiatus, E) Coscinodiscus marginatus, 
F) Thalasionema nitzschoides, G) Thalassiosira eccentricus, H) Thalassiothrix frauenfeldii and I) 
Streptotheca thamensis. 
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Figure 15. Bray-Curtis cluster (A) and MDS (B) based on the monthly species abundance. Bubble 

plots showing the monthly variations in the abundance of dominant species (C-G). 

 

 

 

 

 

 

 

 

 

    

 

 

       

 

 

          Figure 16. CCA Conjoint biplot (A) General phytoplankton composition and (B) Phytoplankton species. 
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Stations 2-4 - Fortnightly sampled 

 

2.3.4. Phytoplankton community structure 

 

Phytoplankton biomass and cell density: Total phytoplankton cell density and biomass 

showed seasonal distribution. Total cell density and biomass increased from Verem to 

OldGoa stations. At surface maximum cell density of 7.01 X 104 Cells L-1 with an SD± 

3.96 X 104 Cells L-1 was observed at OldGoa station during non-monsoon period 

(Fig.17A). Whereas biomass was highest with an average of 8.22 mgm-3 with an SD± 4.70 

mgm-3 was reported at OldGoa during monsoon season (Fig.17B). At bottom maximum 

total phytoplankton cell density was observed at Ribandar with an average of 4.47 X 104 

Cells L-1 and SD± 3.33 X 104 Cells L-1 (Fig.17C). Total biomass was highest at OldGoa 

with an average of 7.27 mgm-3 and SD± 4.70 mgm-3 during non-monsoon season (Fig. 

17D).��

Phytoplankton composition: All together 209 species with 80 genera of phytoplankton were 

collected from station- 2-4. List of phytoplankton observed is given in Table 2.8 Section 

wise distribution of phytoplankton is as follows. 

 Lower section - 66 genera with 156 species 

Middle section- 65 genera with 143 species 

Upper section- represents 70 genera 149 species.   
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Total diatom cell density was highest during non-monsoon period in the month of March at 

all three sections (Fig. 18A).  Lower section reported highest of 2.10 X 104 cells L-1 during 

non-monsoon period and 0.56 X 104 cells L-1 was observed in the month of September 

during monsoon period (Fig.18A). Middle section reported highest of 3.62 X 104 cells L-1 in 

the month of March, while 0.55 X 104 cells L-1 was reported in the month of October 

(Figure 18A). In the case of upper section highest of 4.92 X 104 cells L-1 was found in the 

month of March (Fig. 18A). During monsoon period the highest of 0.45 X 104 cells L-1 was 

reported in the month of November. In the case of dinoflagellate total density at lower 

section was reported highest of 0.31 X 104 cells L-1  in the month of September and 0.17 X 

104 cells L-1 was during non-monsoon period in the month of December (Fig. 18B). Middle 

section showed highest during monsoon period 0.15 X 104 cells L-1 in the month of August 

(Fig. 18B). At upper section dinoflagellate cell density (0.24 X 104 cells L-1) was highest 

during non-monsoon period in month of March. While 0.17 X 104 cells L-1 was observed in 

July during monsoon period (Fig. 18B). 

Division-wise percentage distributions at the 3 stations are given in Fig. 19A–19D�  

Bacillariophyta formed the highest proportion (66% - 82%) at the upper, middle and lower 

reaches during the monsoon and non-monsoon season. Dinophyta did not show much 

variation in the percentage distribution of genera and species along the three sections. Only 

during the monsoon period the percentage of genera and species were > 20% at the lower 

section. During the non-monsoon period the percentage of genera were > 20% at all the 

three sections, while that of species percentage was > 20% at lower section only. Members 

of the Haptophyta were present only at the lower reach, with 2% of the genera and 1% of 

the species during the monsoon; they were absent during the non-monsoon period. 
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Chromophyta were present at all stations during the monsoon and non-monsoon periods, 

with 2-3% of the genera and 1-2% of the species. Chrysophyta were present only at the 

lower section during both seasons, with 2% of the genera and 2% of the species. 

Chlorophyta and Cyanophyta were represented at all three stations during the monsoon. 

Chlorophyta was not represented in the middle and upper sections during the non-monsoon 

period (Fig. 19A-D). 

In total Bacillariophyta consisted of 60 Centrales and 88 Pennales (Table 2.8). From 

this total composition, only the families having more genera and species are considered. In 

the case of Four families of centrales were: Chaetocerotaceae (13 species, 2 genera), 

Coscinodiscaceae (8 species, 1 genus), Thalassiosiraceae (6 species, 4 genera), and 

Rhizosolenia (6 species, 1 genus). Pennales included Achnanthaceae (5 species, 3 genera), 

Cymbellaceae (5 species, 1 genus), Naviculaceae (41 species, 6 genera), Bacillariophyceae 

(14 species, 4 genera), and Surirellaceae (7 species, 2 genera). In general, the centric 

diatoms decreased from the lower section (Verem) to the upper section (Old Goa), whereas 

the pinnate diatoms followed the opposite trend (Fig. 20A and B). 

The percentage distribution of dinoflagellate along the three stations of Mandovi 

estuary is given in Fig. 21A. The autotrophic forms increased from lower region to upper 

region (31% to 41%). Whereas heterotrophic and mixotrophic forms increased from Verem 

to Ribandar and decreased towards OldGoa station. Highest mixotrophic forms (43%) and 

heterotrophic 36% were reported at Ribandar.  

Phytoplankton Diversity: During the study period, diversity ranged between 2.61 and 3.46. 

The highest diversity was found at the lower section in August. The lowest value was 

observed at the middle section in April (Fig. 21B). 
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Phytoplankton species evenness: Highest species evenness at all the three stations was 

found during inter-monsoon period and lowest was reported during the pre-monsoon period 

(Fig. 21C).  

Blooms of Phytoplankton species and its pigment composition: At Ribandar (Middle 

region) two blooms were observed during the post-monsoon season at surface. The bloom 

peak of Streptotheca thamensis was observed during post-monsoon period with cell counts 

of 13560 Cells L-1. Pigment composition of this peak was Chl b (0.989 mgm-3); 

fucoxanthin (2.375 mgm-3) and � -carotene 2.873 mgm-3 (Fig. 22A). The bloom of pennate 

diatom Thalassiothrix frauenfeldii with cell counts 13,498 Cells L-1 was observed. Pigment 

composition consists of fucoxanthin 0.57 mgm-3 (Fig. 22A). At bottom mixed species 

bloom of Bacillaria paxillifer and Streptotheca thamensis appeared on the same day. 

Bacillaria paxillifer showed total cell density of 19,320 Cells L-1 and Streptotheca 

thamensis reported cell counts of 28,000 Cells L-1. Pigment composition of this bloom was 

Chl C2 (0.73 mgm-3) and fucoxanthin (2.60 mgm-3) (Fig. 22B). The bloom of 

Thalassiothrix frauenfeldii was also observed at bottom with cell counts of 12,280 Cells L-1 

with the presence of Chl C2 0.77 mgm-3. Towards the upper region (OldGoa) at surface 

bloom peak of Streptotheca thamensis was observed during post-monsoon period with cell 

counts of 32,400 Cells L-1 (Fig. 22C). At bottom again bloom of Streptotheca thamensis 

was observed with cell count of 12,860 CellsL-1. The pigments present were Chl C2 (0.47 

mgm-3) and fucoxanthin (1.45 mgm-3) Fig. 22D.  

Spatio-Temporal variations in phytoplankton: Seasonal abundance was subjected to Bray-

Curtis cluster analysis and MDS ordination (Fig. 23A). The data based on the average 

abundance exhibited four clusters (Fig. 23B). Cluster I is formed at 50% of similarity 



�

�

which includes the monsoon season of (Ribandar-Surface, OldGoa- surface and bottom). 

Cluster II represents the monsoon season at Verem- Surface formed at around 30% of the 

similarity. Cluster III formed at around 40% similarity includes (Monsoon season at 

Verem-bottom and Ribandar-bottom and Post-monsoon season at Ribandar-bottom). 

Cluster IV includes post-monsoon season (Ribandar-bottom, OldGoa-surface, OldGoa-

bottom, Verem-surface and Verem-bottom). SIMPER analysis (Table 2.11) showed species 

which contributed to the similarity of groups formed in cluster. In Cluster-I showed the 

similarity with Gymnodinium gracile (29.19%), Nitzschia longissima (3.3%) and 

Amphidoma nanum (26.56%) (Fig. 23C). The second Cluster formed showed similarity 

with Protoperidinium inflatum (8.34%), Chaetoceros subtile (8.19%) (Fig. 23D) and 

Pyrophacus horologium (10.55%). Species which contributed to third Cluster-III was 

Navicula directa (6.48%) (Fig. 23E). Cluster-IV showed the dominance of post-monsoon 

species which were Streptotheca thamensis (17.32%), Bacillaria paxillifer (5.98%) and 

Pleurosigma angulatum (10.56%) (Fig. 23F) formed. 

Effect of environmental variables on phytoplankton population: CCA biplot with 2 axes 

explained 68.66% and 86% of the relationship between phytoplankton composition and 

environmental factors of three stations in Mandovi estuary. Eigen values of axis 1 

(� 1=0.073) and axis 2 (� 2=0.018) (Table 2.12). The CCA showed a high correlation 

between nitrite and temperature on the first axis. Nitrate, salinity, silicate and dissolved 

oxygen correlated on second axis. Nitrite and temperature were favorable factors for the 

density of dinoflagellates and other algae (excluding diatoms). Chl C2 was also found to be 

favorably influenced by Nitrite and temperature of all algae. Chl a and fucoxanthin were 

influenced by nutrients like nitrate, silicate, salinity and dissolved oxygen (Fig. 24A). CCA 
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biplot of phytoplankton species (Fig. 24B) depicts effect of environmental factors on its 

distribution. Environmental parameters like temperature, salinity, dissolved oxygen and 

nutrients are affecting the distribution of phytoplankton species. The species distribution on 

the CCA ordination graph indicated a strong influence of some of the environmental 

variables on the distribution of some of the phytoplankton species. For eg. Actinocyclus 

octonarious, Melosira moniliformis, Gyrosigma fasciola, Pinnularia angulatum, 

Amphidoma nanum, Gymnodinium gracile and Protoperidinium acbromaticum showed 

close association with phosphate, silicate, salinity and dissolved oxygen. Bloom forming 

species viz Thalassiothrix frauenfeldii, Streptotheca thamensis, Bacillaria paxillifer were at 

the centre of the ordination plane indicating complete influence of both the physical and 

chemical factors for their distribution.  
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Table 2.11. SIMPER analysis based on group obtained from cluster and MDS ordination 
showing the species that contributed to the differences among the groups Av. Abund: 
average abundance; Av. Diss: average dissimilarity; Contrib: Contribution  
 

Av dissimilarity        79.93           Group I            Group II 
Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Gymnodinium gracile 0 28.99 9.46 1.94 11.84 11.84 
Stauronies amphioxys 38.38 10.46 9.04 2.78 11.31 23.15 
Amphidoma nanum 0 24.61 7.81 3.26 9.77 32.92 
Pyrophacus horologium 22.92 0 7.39 15.49 9.24 42.16 
       
Av dissimilarity            69.71       Group III            Group I 
Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Gymnodinium gracile 0 28.99 14.15 1.99 20.3 20.3 
Amphidoma nanum 0 24.61 11.51 3.43 16.51 36.81 
Actinocyclus octonarious 22.33 9.95 5.65 2.59 8.11 44.92 
Thalassiothrix frauenfeldii 28.28 15.13 5.38 1.05 7.72 52.64 
Av dissimilarity       77.48            Group II            Group III 
Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Stauronies amphioxys 38.38 0 13.69 6.56 17.67 17.67 
Pyrophacus horologium 22.92 0 8.18 6.56 10.55 28.22 
Actinocyclus octonarious 0 22.33 7.79 5.04 10.05 38.27 
Protoperidinium inflatum 18.11 0 6.46 6.56 8.34 46.61 
Chaetoceros subtilis 17.8 0 6.35 6.56 8.19 54.8 

Chaetoceros laciniosus 18.33 1.67 5.87 7.53 7.57 62.37 
Av dissimilarity  79.63                 Group I          Group IV 
Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Gymnodinium gracile 0 28.99 8.17 2.11 10.26 10.26 
Streptotheca thamensis 27.93 0 8.08 1.91 10.15 20.42 
Thalassiothrix frauenfeldii 42.64 15.13 7.46 5.37 9.37 29.79 
Pleurosigma angulatum 25.55 1.72 6.23 1.79 7.83 37.62 
Chaetoceros laciniosus 20.93 0 5.83 3.66 7.33 44.95 
Amphidoma nanum 5.57 24.61 5.44 1.78 6.83 51.77 
Actinocyclus octonarious 26.04 9.95 5.14 1.72 6.45 58.23 
Av dissimilarity  72.00                 Group II          Group IV 
Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Stauronies amphioxys 38.38 2.68 8.32 4.45 11.55 11.55 
Streptotheca thamensis 0 27.93 6.71 1.78 9.32 20.87 
Actinocyclus octonarious 0 26.04 5.52 1.38 7.67 28.54 
Pleurosigma angulatum 0 25.55 5.5 1.56 7.64 36.19 
Pyrophacus horologium 22.92 1.86 4.86 4.28 6.75 42.94 
Protoperidinium inflatum 18.11 0 4.21 6.28 5.85 48.78 
Chaetoceros subtilis 17.8 0 4.14 6.28 5.75 54.53 
Bacillaria paxillifer 0 19.07 3.96 1.08 5.5 60.03 
Av dissimilarity  66.64                 Group III          Group IV 
Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Streptotheca thamensis 1 27.93 8.62 1.93 12.94 12.94 
Pleurosigma angulatum 1.11 25.55 6.83 1.79 10.25 23.19 
Chaetoceros laciniosus 1.67 20.93 5.81 3.19 8.72 31.92 
Thalassiothrix frauenfeldii 28.28 42.64 5.61 1.73 8.42 40.34 
Actinocyclus octonarious 22.33 26.04 5.35 2.64 8.03 48.37 
Bacillaria paxillifer 0 19.07 4.98 1.15 7.47 55.85 
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Melosira moniliformis 12.9 11.65 4.13 1.39 6.2 62.04 
Nitzschia angularis 7.86 11.46 3.15 1.22 4.72 66.77 

 
          
 
Table 2.12. Cumulative constrained percentages of the 2 axes extracted in the CCA analysis for   general 
phytoplankton composition and 4 axes extracted in the CCA analysis for phytoplankton species 

 
 

Factors Axis 1 Axis 2 Axis 3 Axis 4 
General phytoplankton composition 68.66 86   
Phytoplankton species 33.803 57.734 77.385 87.346 
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Figure 17. Seasonal variations in total phytoplankton cell density and biomass along the 
surface and bottom at 3 different stations in Mandovi estuary during June 2007–May 2008. 
A) Total phytoplankton cell density at surface, B) biomass at surface, C) total 
phytoplankton cell density at bottom and D) biomass at bottom. 
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Figure 18. Seasonal variations in A) total diatom cell density and B) total dinoflagellate   

cell density at 3 different stations in Mandovi estuary during June 2007–May 2008. 
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  Figure 19. Percentage distribution of different phytoplankton divisions A) total genera 
distribution during monsoon season, B) total species distribution during monsoon season, 
C) total genera distribution during non-monsoon season and D) total species distribution 
during non-monsoon season at 3 different stations in Mandovi estuary during June 2007–
May 2008.  
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Figure 20. Variations in centric and pennate forms A) total centric and pennate genera and 
B) total centric and pennate species at 3 different stations in the Mandovi estuary. 
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Figure 21. Variations in A) Autotrophic, Heterotrophic and Mixotrophic forms of 
dinoflagellate, B) Diversity and C) species evenness at 3 different stations in the Mandovi 
estuary. 
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Figure 22. Monthly variations in the bloom progression of different phytoplankton species 
in relation to the pigment composition at three stations in Mandovi estuary. Where A) 
Streptotheca thamensis bloom at Verem surface, B) Streptotheca thamensis and 
Thalassiothrix frauenfeldii bloom at Ribandar surface, C) Streptotheca thamensis, 
Bacillaria paxillifer and Thalassiothrix frauenfeldii  bloom at Ribandar bottom, D) 
Streptotheca thamensis bloom at OldGoa surface and D) Streptotheca thamensis bloom at 
OldGoa bottom. 
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Figure 23. Bray-Curtis cluster A) and MDS B) based on the monthly species abundance. 
Bubble plots showing the monthly variations in the abundance of dominant species C) 
Nitzschia longissimum, D) Chaetoceros subtile, E) Navicula directa and F) Pleurosigma 
angulatum. Where V_S - Verem surface; V_B- Verem bottom;  R_S- Ribandar surface; 
R_B- Ribandar bottom; O_S- OldGoa surface and O_B- OldGoa bottom 
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Figure 24. CCA Conjoint biplot A) General phytoplankton composition and B) Phytoplankton 
species. 
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2.4. Discussion 

During the SWM of 2007, rainfall over the entire west coast of India was normal, 

(India Meteorological Department, 2008). As with any normal monsoon year, the rainy 

season of 2007, extended from June to September with small breaks of sunshine. This is in 

contrast to a bad monsoon year, where in total rainfall may be in a range of 1500-2000 mm, 

and breaks in between rainy spells can last for several days at a stretch. Therefore our 

observations are considered as representative of a normal monsoon year and as baseline 

data for studies future aimed at understanding the consequences of climate-mediated 

changes in rainfall patterns predicted for the Indian subcontinent which is also in agreement 

with Goswami et al., 2006.  

Devassy and Goes (1988) reported that phytoplankton in the Mandovi estuary are 

not nutrient limited at any time of the year as compared to most other estuaries along the 

west coast of India. Our results suggest that this is especially true following the onset of the 

SWM where land runoff causes a large influx of nutrients. The >10 fold fluctuation in 

phytoplankton cell numbers (0.1 - 6.6 x 104 cells L-1) and the large changes in 

phytoplankton biomass (~14 mg m-3) and in phytoplankton community composition 

observed by us on time scales of a day was largely associated with abrupt changes in 

salinity and the surge in available nitrate.  

Several ecological factors are known to regulate the dynamics of phytoplankton in 

response to the changing estuarine gradients (Underwood et al., 1998; Leland et al., 2001; 

Quinlan and Philips 2007 and Martin et al., 2007). The Mandovi estuary is governed by the 

monsoon regime. Breaks in the monsoon and daily tidal variations create changing nutrient 

and salinity zones, which are instrumental in affecting the adaptability of phytoplankton 
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population composition (Qasim et al., 1972; Devassy and Goes, 1988 and Matos et al., 

2011). During the monsoon season, the Mandovi estuary gets flushed by fresh water 

entering upstream, which leads to an extreme drop in salinity conditions (Shetye et al., 

2007). The salinity of the upper section was found to be in the range of 0-23 psu. Remnants 

of fresh water brought in by monsoonal runoff are moved downstream and mixed with the 

saline water at the lower section (Shetye et al., 2007). This results in variations in salinity 

with ranging from 3-32 psu at the middle section. At the lower section towards the mouth 

of the estuary, salinity varies from 4-36 psu. The distribution of nutrients in the Mandovi 

estuary is greatly influenced by land runoff during monsoon leading to flushing of nutrients 

into the estuary, with additions from anthropogenic activities and sediment re-suspension 

(DeSousa 1983; Martin et al., 2007). Nitrate was found to be higher (18.76 µM) at the 

lower section during the monsoon period. Nitrite and phosphate followed a similar pattern. 

However changes in the silicate concentration are influenced by the tides. A significantly 

high silicate concentration (129.7 µM) was reported at the upper section.  

The highest phytoplankton cell density (5.17 X 104 cells L-1) and biomass (7.68 mg 

Chl a m-3) were reported during the non-monsoon period at the upper section, where the 

cell density was dominated by diatoms. Whereas the phytoplankton diversity was greater 

during the monsoon season (3.46) compared to the non-monsoon season (3.21). This may 

be attributed to changes in species composition reflecting the species preference to 

different salinity range and also on part by phytoplankton from fresh water source (Qasim 

et al., 1972; Devassy and Goes, 1988 and Krishna Kumari et al., 2002). The results of the 

present study showed more than a double number of the species of phytoplankton, i.e. 209 

species, including 148 diatoms, 53 dinoflagellates and 8 other algae. This is basically due 
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to the difference in the sampling strategy. In comparison to earlier study by Devassy and 

Goes (1988) recorded 82 species of phytoplankton from the Mandovi and Zuari estuarine 

complex during 1979 to 1980. Another study (Krishna Kumari et al., 2002) reported still 

lower number of 49 species. However the adjacent Zuari estuary 136 species (83 diatoms, 

44 dinoflagellates and 9 other algae) were reported (Patil and Anil 2011) which is still 

lower compared to our study. 

Phytoplankton community of the Mandovi estuary was dominated by 

Bacillariophyta with 71% of the total phytoplankton abundance. This was followed by 

Dinophyta, Dictyochophyta, Chrysophyta and Cyanophyta, each with 25% or less of total 

abundance. Similar observations were recorded in previous studies, where diatoms and 

dinoflagellates were the most abundant groups of marine phytoplankton (Latif et al., 2013; 

Patil and Anil 2011; Pednekar et al., 2011 and Pednekar et al., 2014). Other estuaries also 

reported dominance of Bacillariophyta. The high species abundance of Bacillariophyta 

reported at the middle and upper sections during the monsoon period can be related to the 

high concentration of silicate and nitrate that is flushed out from the mangrove swamps 

towards the upper section of the estuary, which then eventually leadings to the diatom 

growth. Underwood et al., 1998; Tanaka and Choo 2000 observed that the distribution of 

diatom depends on gradients in the salinity and nutrients. Moreover nutrient uptake by the 

diatoms during the monsoon period is known to decrease in nutrient concentration during 

the non-monsoon period (Patil and Anil 2008 and Pednekar et al., 2012). Bacillariophyta 

were dominated by Pennales over Centrales in the entire Mandovi estuary. Many pennate 

diatoms are regarded as benthic and are often dominant in shallow and turbulent waters 
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(Sahu et al., 2012 and Shams et al., 2012). Within the estuary, pennate diatoms increased 

from the lower to the upper sections while reverse trend was observed for the centric forms. 

Dinophyta showed little difference in the distribution along all three sections and 

seasons due to their multiple adaptive strategies to environments. Highest cell density of 

dinoflagellates (0.15 X 104 cells L-1) during the monsoon season in the upper sections of 

Mandovi estuary can be correlated to high concentration of phosphate and nitrate. Similar 

observations are also made by (Desousa 1983; Martin et al., 2007 and Maya et al., 2011).  

Species composition and distribution are dependent on many environmental factors. 

Although phytoplankton flora in Mandovi is represented by high number, 26 species at the 

lower section and 24 at middle and upper sections represented significantly high cell 

density of (> 1000 cells L-1). The monsoon period supported the growth of oligohaline (0-

15 psu) phytoplankton community which included Chaetoceros subtilis, Coscinodiscus 

granii and C. radiatus (centric) and Nitzschia longissima (pennate) and the dinoflagellate 

Amphidoma nanum, with cell counts > 1000 cells L-1 only during the monsoon period 

towards the lower and middle sections of the estuary indicating the role of increased 

concentrations of nutrients in the water column, originating in part from the resuspension 

of sediments during the rains. However Huang et al., (2004) reported high counts of 

Nitzschia longissima during the dry season in the Pearl River estuary. Patil and Anil (2008) 

also reported Nitzschia longissima in surface waters of the adjacent Zuari estuary during 

the monsoon period. Species like Stephanopyxis palmeriana, Amylax triacantha and 

Thalassiosira anguste etc. were observed only during inter-monsoon season and monsoon 

period which related to river discharge. These species are not estuarine originated and 

brought inside during South West monsoon period through flushing of estuary.  
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Dinoflagellates were especially abundant at the upper section during the non-

monsoon period which was dominated by autotrophic forms. The autotrophic marine 

dinoflagellate Gymnodinium gracile was detected only during the monsoon period and 

found to grow in mesohaline conditions with low salinity (15-25 psu) and high levels of 

phosphate and humic acids in the present study. However Gymnodinium has been reported 

to grow in both fresh and marine waters (R� n�  et al., 2010). Other dinoflagellates like 

Protoperidinium inflatum, Protoperidinium tristylum and Pyrophacus horologium were 

present only at the lower section during October-November with high cell density (D’ 

Costa et al., 2008 and Madhu et al., 2011). A bloom of Protoperidinium was first reported 

by Sanilkumar et al., (2009) in October along the west coast of India where nutrients were 

abundant. Whereas  Growth of pennate diatoms such as Stauroneis amphioxys, Nitzschia 

angularis and Bacillaria paxillifer showed positive correlation with high concentrations of 

nutrients, especially nitrate and silicate (Pednekar et al., 2012 and Pednekar et al., 2014) in 

the  lower and middle sections of Mandovi estuary during monsoon period.  

Centric diatoms like Chaetoceros laciniosus and Streptotheca thamensis, and 

pennate diatoms Nitzschia angularis, Pleurosigma angulatum and Bacillaria paxillifer 

were reported only during non-monsoon period (December-May) where salinity ranged 

from 25-35 psu and showed positive relation with salinity and negative correlation with 

nutrients confirming the observations made by Admiraal et al., (1990); Polat and I� ik, 

(2002); Alp and Sen, (2010) and Sahu et al., (2012).  However Smayda and Reynolds 2001 

and Saunders 2011 reported that by adopting K-type growth strategy diatoms can grow in 

stressful conditions. Nitzschia angularis, Pleurosigma angulatum, Streptotheca thamensis 

are examples of large cells capable of exploiting low nutrient concentrations, e.g. by 
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storing nutrients (Quinlan and Philips 2007). The centric diatom Streptotheca thamensis 

showed very high cell density in March at all the stations, when total phytoplankton cell 

density and biomass were also elevated and its presence is an indication of organic 

pollution (Sahu et al., 2012 and Naik et al., 2009).  

The present study reports high counts of Protoperidinium acbromaticum in the 

month of March towards the upper section for the first time form India. Their growth is 

known to be favored in environments that are rich in fulvic and humic acids, and other 

dissolved organic compounds, which constitute the bulk of the estuarine colored dissolved 

organic matter (CDOM) pool agreeing with Hair and Bassett 1973; Goni et al., 2003 and 

Suzumura et al., 2004.  

Highly diverse species of centric diatoms including Actinocyclus octonarious, 

Chaetoceros lorenzianus and two pennate diatoms Thalassiothrix frauenfeldii and 

Chaetoceros lascinious are euryhaline and eurythermal species that proliferate rapidly in 

estuarine conditions. Large centric diatoms like Actinocyclus octonarious and Chaetoceros 

lorenzianus have a low surface to volume ratio and begin multiplying during the monsoon 

period when the nutrient concentration is high, an environment conducive for their growth. 

Thalassiothrix frauenfeldii were present in high numbers during the non-monsoon period, 

perhaps due to their high surface to volume ratio and thus their ability to absorb nutrients 

rapidly, when nutrient concentrations are low and the salinity is optimum (Achary et al., 

2010; Kükrer and Bü� yükisik 2013 and Shams et al., 2012). Diatom genera like 

Thalassiothrix and Chaetoceros are known to produce resting cells and spores under both 

silicate and nitrate limitation. These end up in the surface sediments, where they can 

eventually grow into vegetative cells under nutrient-rich, illuminated conditions (Çetin and 
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Sen 2004; Chen et al., 2009 and Koçer and 	 en 2012), leading to their growth during both 

seasons. 

The Mandovi estuary is a highly dynamic ecosystem, where phytoplankton 

communities can change drastically from day to day. The most important drivers of 

changes in the phytoplankton community composition within the Mandovi estuary were 

clearly salinity and nutrient combination. The abrupt decrease in salinity following the first 

monsoonal showers and rapid increase in nitrate concentration was responsible for the 

increase in phytoplankton biomass observed over our study period. Although our sampling 

site is not necessarily representative of the entire estuary, it does appear that the Mandovi 

estuary closer to its mouth is largely a diatom dominated system for most part of the year, 

with the exception of a brief period during the Post-monsoon, when the increase in salinity 

and associated changes in the environment appear to favor dinoflagellate growth.  During 

the peak of the monsoon when the estuary was at its freshest, phytoplankton biomass was 

lower side, but surprisingly the community was made up of the largest number of species. 

Similar observations are also reported from other regions of Donana marshland from (SW 

Spain) and Paraibado Sul river estuary in (SE Brazil) by Reyes et al., (2008) and Costa et 

al., (2009), where species richness is driven by the influence of the fresh water flow in to 

the estuary. A bloom of nine phytoplankton species has been reported during daily 

sampling period which throws more insight on the progression of each bloom species.  

The present annual study showed on the seasonal dynamics of phytoplankton 

supported a greater phytoplankton cell density and biomass during the non-monsoon period 

at the upper section (OldGoa), whereas the species diversity was high during monsoon 

period at the lower section (Verem). Study found substantially large number of 

phytoplankton species (209) from this estuary is attributed to the sampling frequency.  

Bacillariophyta dominated the phytoplankton population with 
  70% of the total number of 

genera and species at middle and upper sections during both the seasons. 26 dominat 

species with cell density of > 1000 cells L-1 were observed in the present study, 

representing four types of species adaptation with respect to changes in salinity and nutrient 

concentration. First type oligohaline e.g. Chaetoceros subtilis, Coscinodiscus granii and 

Amphidoma nanum representing the monsoon season. Gymnodinium grcile was found to 
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grow in mesohaline conditions in the present study with salinity range of 15-25 psu. 

Species like Streptotheca thamensis and Protoperidinium acbromaticum found to 

proliferate only during the non-monsoon period with high cell density at upper section in 

the present study. Fourth type is euryhaline species Actinocyclus octonarious and 

Thalassiothrix frauenfeldii were found to grow through the study period. The presence of 

certain species like Streptotheca thamensis is proposed to be used as an indicator of water 

quality of the Mandovi estuary. 
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3.1. Introduction 

 Zuari river flowing westward along with Mandovi estuary is the foremost estuarine 

complex of Goa, India. This estuary is located along the central west coast of India and 

influenced by the southwest monsoon regime. The maximum rainfall received by this 

region is during the monsoon period (June - September) leading to rise in River discharge 

and therefore referred to as monsoonal regions (Shetye et al., 2007 and Vijith et al., 2009). 

Monsoonal estuaries are unique and remain in unsteady state for most of the time in 

comparison with that of temperate estuarine systems (Anand Subha et al., 2014). 

 Mormugao port is located along Zuari estuary is known for anthropogenic 

activities.  It is leading in exporting of iron ore (Sivadas et al., 2011). There are two 

Sewage Treatment Plants (STPs) located on side, one at Mormugao Headland, near the 

mouth of Zuari and other one by side of the mouth of the estuary at Baina. Along the 

southern bank of Zuari in the Mormugao Port, there are ship building industries, yards, 

workshops, etc. and various other anthropogenic activities. The anthropogenic wastes 

generated in this regime includes washing from ships, cleaning, scraped paints and oil and 

various other domestic wastes which are primarily discharged into the Zuari estuary 

(Shirodkar et al., 2012 and Anand et al., 2014).      

 Above mentioned activities have influence on the water quality and productivity of 

the Zuari estuary (Patil and Anil 2008 and Pradhan and Shirodkar 2009). It is know that 

productivity of the estuarine ecosystem depend on the phytoplanktons which regulate the 

quality of the estuarine waters due to their quick response to environmental changes. 

According to Devassy and Goes 1988 Patil and Anil 2008 and Pednekar et al., 2011 the 
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abundance and composition of phytoplankton are closely associated to various physical 

(temperature, light, rainfall, salinity and tide), chemical (nutrients and dissolved oxygen) 

and biological (grazing) factors.   

Zuari estuary is tide dominated and is influenced by monsoon (Qasim and Sengupta 

1981).  During South West monsoon due to high influx there is decrease in the salinity and 

increase in nutrients and turbidity affecting the growth of the phytoplankton. Fresh water 

enters through the mouth of the estuary leading to decrease in salinity, increase in nutrients 

and turbidity levels (Devassy and Goes 1988). Changes associated with the southwest 

monsoon have pronounced effects on the community of marine phytoplankton and food 

web (Bhattathiri et al., 1976; Devassy and Goes 1988 and Patil and Anil 2011). During this 

period, large amount of freshwater the mainly from the river, land run off and precipitation 

is added to the estuary which is changing the physico- chemical properties water.  So there 

are no systematic studies have been undertaken so far in this estuary focusing on the 

Spatio-temporal variations of phytoplankton population. So to address this knowledge gap 

one year extensive daily observations were carried out at fixed station in the mid-estuary 

region and transect along estuary to examine the inter and intra seasonal variability in the 

phytoplankton biomass and distribution which are regulated by monsoon driven rainfall 

and consequent discharge pattern  in the estuary.  
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3.2. Materials and Methods 

3.2.1. Study area 

Zuari is located along central-west coast of India between 15�31' N and 73°49’E.  It 

is tropical and active aquatic ecosystem with a strong seasonal incline, in terms of plankton 

assemblages and environmental variables mainly due to coupling of biological and 

physico-chemical factors (Shetye et al., 2007). The Zuari River originating in the Western 

Ghats is extending up to 70 km before joining the Arabian Sea. The  mouth of estuary  is 

about  ~5.5 km with depth about ~5–6 m. Sampling was carried out during the year 2008-

2009 for period of one year, which comprised of monsoon (June to September 2008) and 

non-monsoon (October to May 2009) season. 

3.2.2. Sampling: Two types of sampling methods were used.  

1) Daily sampling was carried out at a fixed station and at fixed time (11:00hrs) for station 

1 (Cortalim) and during sampling only surface water was collected because of its shallow 

depth.  

2) Fortnightly sampling was carried out along transect which consisted of six stations 

[Station 2-Chicalim (mouth of the estuary); Station 3-Island and Station 4-Sancval (lower 

reach); Station 5-Zuari (middle reach); Station 6-Lutolim and Station 7- Borim (all at the 

upper reaches)] were selected (Fig. 4.).  Both surface and bottom samples were collected. 

3.2.3. Sample collection and Laboratory analysis: Physico-chemical and biological 

parameters remained same as in Chapter II.  

3.2.4. Data analyses:  Data analyses of physic-chemical and biological parameters are 

given in Chapter II. 
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3.3. Results 

Station 1 (Cortalim) - Daily sampling 

3.3.1. Physico-chemical parameters 

Temperature: Throughout the study period temperature varied from 26.99 – 31.64oC with 

an average of 30.01oC (Fig. 25A). Highest temperature of 31.64oC was observed during the 

post-monsoon period in the months of October, January and March. Lowest temperature of 

26.99 oC was observed during inter-monsoon period and during monsoon season comprised 

of (July, August and September). 

Salinity: Salinity throughout the study period varied from 0-34 psu with an average of 19 

psu. Maximum salinity of 34 psu was observed during the pre-monsoon period with an 

average of 30.83 psu (Fig. 25A).  Monsoon season showed minimum of 0 psu and 

maximum of 25 psu with average of 8 psu. Inter-monsoon salinity was in the range of 0-

33 psu with average of 10 psu. 

Rainfall: During year 2008-2009, maximum peak of rainfall (136.8 mm) was observed in 

the month of June Fig. 25A. In the year 2008 rainfall received was below normal (2490.2 

mm). 

Tides:  Tide height throughout the study period varied from -0.10- 2.28 m with average of 

1.30 m. Maximum tide height of 2.28 m was reported during inter-monsoon period (Fig. 

25A). 
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River discharge: Throughout the study period river discharge varied from 12.00 - 2250 

m3s-1 with average of 554.08 m3s-1. Maximum of 2250 m3s-1 recorded in the August during 

monsoon period with average of 1684.67 m3s-1 (Fig. 25C). 

Dissolved oxygen (DO): During the study period DO varied from 0.98-5.18 mgL-1 with 

average of 3.84 mgL-1. Lowest DO (0.98 mgL-1) was reported during monsoon period. 

Highest was recorded during post-monsoon period (Fig. 25B). 

Nitrate (NO3-N): Nitrate during the study period varied from 0.20 – 16.21µM with an 

average of 3.32 µM. Inter-monsoon reported the maximum concentration of nitrate 16.21 

µM (Fig. 25B). During monsoon period nitrate concentration varied from 0.20 µM - 10.13 

µM and average of 4.23 µM. 

Nitrite (NO2-N): Nitrite concentration varied from 0.11-10.29 µM and average of 1.49 µM. 

Inter-monsoon recorded the maximum nitrite concentration of 10.29 µM. Concentration 

reduced during the monsoon period varying from 0.11-2.55 µM and average of 0.91 µM. 

(Fig. 25B). 

Phosphate (PO4-P): Phosphate distributed highest during the inter-monsoon period which 

further reduced during monsoon and post-monsoon period (Fig. 25B). During the study 

period phosphate concentration was in the range of 0.00-8.82 µM and average of 1.69 µM. 

In the inter-monsoon period concentration varied from 1.60-8.82 µM with average of 3.22 

µM (Fig. 25B). Monsoon observed variations in phosphate between 0.71 -7.51 µM. 

Silicate (SiO3-Si): Silicate distributed highest during the monsoon period which further 

reduced during post-monsoon and pre-monsoon period (Fig. 25B). During the study period 

silicate concentration was in the range of 18.70-42.15 µM. In the pre-monsoon period 
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concentration varied from 38.52-38.54 µM (Fig. 25B). Monsoon observed variations in 

silicate between 42.10-42.15 µM. 

Correlation Analysis between the environmental parameters: The linear correlation 

coefficients between the physico-chemical variables of monthly data are given in Table 3.1. 

Temperature was positively related with salinity (r=0.78; p< 0.05), while dissolved oxygen 

negatively correlated with salinity (r=0.5; p< 0.05) and temperature (r= -0.97; p< 0.05). 

Nitrate, nitrite, phosphate and silicate showed significant correlation with discharge rate 

(Nitrate r= 0.89; p< 0.05, nitrite r=0.42; p< 0.05, phosphate r=0.88; p< 0.05 and silicate 

r=0.78; p< 0.05). Tidal height correlated with nutrients and rainfall. Dissolved oxygen also 

showed correlation with nutrients, rainfall, tide height and discharge rate and negatively 

correlated with salinity and temperature. 

Principal Component Analysis (PCA): The Principal Component Analysis (PCA) was 

carried out in order to find the factors which influenced the environment of the study area. 

In PCA, the Eigen values are normally used to find the number of principal components 

(PCS) that can be used for further study. A scree plot for the Eigen values derived showed 

a change of slope after fourth Eigen values. Therefore the first four PCs were considered, 

as they explained 98.3% of the variance in the data (Table 3.2; Fig. 26). The first principal 

component (PC1) explained 79.5% of the variance and was influenced by salinity and 

temperature positively while nitrate, nitrite, phosphate, silicate, rainfall, tidal height, 

oxygen and water discharge rate negatively loaded. Post-monsoon season showed highest 

score on the first PC1. While monsoon showed highest scoring on PC2, PC3 and PC4 and 

therefore, it can be concluded that second, third and fourth components are strongly 

influenced by temporal variability where PC2 and PC3 explained 11.7% and 6.1% of the 
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variability (Table 3.3; Fig. 26). PC2 showed positive loading of nitrite and dissolved 

oxygen. PC3 showed positive loading of nitrite, silicate and rainfall. PC4 explained 1.5% 

of the variance with positive loading of tidal height, temperature and discharge rate. 
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Table 3.1. Correlation matrix between the environmental parameters p<0.05 

 Salinity Nitrate Nitrite Silicate Phosphate Rainfall Tide 

height 

Temperature Dissolved 

oxygen 

Water 

discharge  

Salinity 1.00          

Nitrate -0.30 1.00         

Nitrite 0.06 0.04 1.00        

Silicate -0.65 0.46 -0.14 1.00       

Phosphate -0.84 0.46 -0.07 0.74 1.00      

Rainfall -0.94 0.51 -0.05 0.65 0.76 1.00     

Tide height -0.12 -0.28 0.38 0.18 0.12 0.03 1.00    

Temperature 0.96 -0.44 -0.09 -0.62 -0.85 -0.93 -0.01 1.00   

Dissolved 

oxygen 
0.51 -0.08 0.04 -0.61 -0.53 -0.44 -0.64 0.39 1.00  

Water discharge -0.87 0.19 -0.19 0.64 0.70 0.83 0.36 -0.74 -0.72 1.00 

 

Table 3.2: Results of Principal Component Analysis Table 3.3 Principal Component Scores 

Variable PC1 PC2 
 

PC3 
 

Sample SCORE1 SCORE2 SCORE3 

Salinity -0.402 -0.047 -0.004 
 

May_2008 -0.254 2.23 -0.127 

Nitrate 0.194 0.405 -0.346 
 

June_2008 2.35 1.29 -2.5 

Nitrite -0.026 -0.275 -0.853 
 

July_2008 3.81 0.377 0.356 

Silicate 0.343 0.002 0.085 

 

Aug_2008 3.57 
-3.39E-

02 0.766 

Phosphate 0.381 0.075 -0.033 
 

Sep_2008 2.91 -0.734 0.817 

Rain fall 0.394 0.147 -0.078 
 

Oct_2008 0.448 -1.52 0.987 

Tide Height 0.092 -0.704 -0.097 
 

Nov_2008 -0.906 -2.51 -0.377 

Temperature -0.387 -0.142 0.194 
 

Dec_2008 -1.43 -1.62 -1.98 

Dissolved oxygen -0.282 0.437 -0.199 

 

Jan_2008 -2.17 
-8.53E-

02 1.35E-02 

River discharge 0.38 -0.155 0.225 
 

Feb_2008 -1.89 0.114 0.582 

Eigen values 5.56 1.76 1.15 
 

Mar_2008 -1.78 0.517 0.544 
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Variation (%) 55.6 17.6 11.5 
 

Apr_2008 -2.3 1.32 0.593 
Cumulative variation 

(%) 55.6 73.1 84.6 
 

May_2009 -2.36 0.674 0.324 
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Daily sampling  
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Figure 25A. Daily variations in physico-chemical parameters (Tide height, Salinity, 
Temperature and Rainfall) at station 1 (Cortalim) in Zuari estuary during May 2008- May 
2009. 
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Figure 25B. Daily variations in physico-chemical parameters (Nutrients and Dissolved 
oxygen) at station 1 (Cortalim) in Zuari estuary during May 2008- May 2009. 
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Figure 25C. Monthly variations in river discharge in Zuari estuary during May 2008- May 
2009. 
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Figure 26. Principal Component Analysis based on environmental parameters and months. 
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Stations 2-7 (Transect) - Fortnightly sampling 

3.3.2. Physico-chemical parameters 

Temperature: Temperature was reported highest during non-monsoon period.. At surface 

maximum temperature of 32.63 ºC with SD± 0.69 ºC was reported at Island (Fig. 27A). At 

bottom maximum temperature was reported at Island with average of 32.33 ºC and SD± 

0.7 ºC during non-monsoon period (Fig. 27B). 

Salinity: Salinity decreased from Chicalim to Borim stations. At surface highest salinity of 

35 psu with an SD± 0.71 psu during non-monsoon period was observed at Chicalim (Fig. 

27C). At bottom the lowest salinity of 24 psu with an SD± 2.12 psu was observed at 

Borim and Lutolim stations (Fig. 27D). 

Dissolved Oxygen (DO): DO concentration decreased from Chicalim to Borim. At surface 

highest concentration with the average of 6.46 mgL-1 with an SD± 0.25 mgL-1 was 

observed at Chicalim during non-monsoon period (Fig. 27E).  At bottom maximum 

concentration 6.38 mgL-1 with an SD± 6.38 mgL-1was found at Chicalim station (Fig. 

27F). 

Nitrate: The highest concentration of nitrate with an average of 11.37 µM and SD± 6.19 

µM was observed at the surface of Sancval station (Fig. 28A) during monsoon period. At 

bottom maximum concentration of nitrate with an average of   10.89 µM and SD± 7.68 

µM was observed at Zuari station (Fig. 28B). 

Nitrite: Nitrite concentration was maximum both at surface and bottom of Lutolim station 

(Fig. 28C-D). 

Phosphate: Highest concentration of phosphate with an average of 4.04 µM and SD± 0.72 

µM was observed at surface of Sancval station (Fig. 28E). At bottom maximum 
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concentration of 6.18 µM and SD± 3.85 µM was reported at Zuari station during monsoon 

period (Fig. 28F). 

Silicate: Fig. 28G and H gives variations in silicate concentration at six stations. Lutolim 

observed maximum concentration of 84.34 � M with an SD± 88.64 µM at surface during 

monsoon period. At bottom highest concentration was found at Sancval with an average of 

72.47 � M and SD± 32.32 µM during monsoon period. 

Correlation Analysis: Pearson’s Correlation analysis was carried out with the 

environmental parameters is given in Table 3.4. Salinity showed significant negative 

correlation with nitrate (r = -0.61; p = 0), phosphate (r = -0.22; p = 0.17), silicate (r = -

0.45; p = 0) and DO (r = -0.27; p = 0.001) while positive correlation with temperature (r = 

0.21; p = 0). Dissolved oxygen was positively related with nitrite (r = 0.69; p < 0.05). All 

the nutrients were significantly correlated with each other. Nitrate showed significant 

positive correlation with nitrite (r = 0.35; p = 0.00) and tide height (r = 0.21; p = 0.34). 

Phosphate correlated with silicate (r = 0.37; p = 0.00). Silicate correlated positively with 

DO (r = 0.17; p = 0.039). Temperature negatively related with silicate (r = -0.24; p = 

0.004), tide height (r = -0.28; p = 0) and DO (r = -0.98; p = 0.00).  

Principal Component Analysis (PCA): Scree plot of the Eigen values in PCA analysis 

showed a change of slope after third Eigen value. So the first three PCs were considered as 

they explained 76.9% of the total variability in environmental parameters (Table 3.5; Fig. 

29). The PC1 accounted for 38.1% of the variability and showed positive loading of 

salinity, temperature and tide height. Whereas nutrients like (Nitrate, nitrite, phosphate and 

silicate) and dissolved oxygen was negatively loaded on the first axis. The second principal 

component (PC2) accounted for 22.2% of the variability. Nitrate, tide height and 
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temperature showed positive loading on the PC2 axis. The third principal component (PC3) 

accounted for 16.6% of the variability. Nitrate, nitrite, phosphate, silicate and temperature 

showed positive loading. While all the six stations post- monsoon season had the highest 

scoring on PC1 and PC2 Table 3.6. 

Analysis of Variance (ANOVA): Summary of the environmental parameters is given in 

Table 3.7. Spatio-temporal variations was observed in temperature showed significant 

variation between Station x Season x Depth (p = 0.002; Table 3.7). Tukey’s post hoc test 

for differences showed that the temperature highest at Zuari surface during the post-

monsoon season. Salinity also showed spatio-temporal with (p = 0.0002) seasonal 

fluctuations was statistically significant. Tukey’s post hoc test for differences showed 

salinity at Island were significantly high at bottom during post-monsoon period (Table 3.7). 

In the case of nutrients nitrate showed significantly high at Zuari surface during monsoon 

season (p < 0.00001; Table 3.7).  Nitrite also followed similar trend as nitrate. Phosphate 

was significantly high during monsoon at bottom of Zuari station, where as silicate was 

high at Zuari bottom during monsoon period. Dissolved oxygen was significantly high at 

Chicalim surface during monsoon period (p = 0.0002; Table 3.7). Highest tide height was 

recorded at Sancval station with (p = 0.0002; Table 3.7). 
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Table 3.4. Correlation matrix between the environmental parameters p<0.05 

 Nitrate Nitrite Phosphate Silicate Salinity Tide height Dissolved oxygen Temperature 
Nitrate 1.0000        
Nitrite .3494 1.0000       
Phosphate .0384 -.1144 1.0000      
Silicate .0507 .1609 .3733 1.0000     
Salinity -.6108 -.0959 -.1986 -.3843 1.0000    
Tide height .1766 -.1071 -.1343 -.0427 -.1538 1.0000   
Dissolved 
oxygen -.0455 -.1152 -.0926 .1720 -.2666 .2737 1.0000  

Temperature .1060 .1038 -.0178 -.2417 .2673 -.2838 -.9578 1.0000 
 

 

      Table 3.5: Results of Principal Component Analysis         Table 3.6 Principal Component Sores 

Variable PC1 PC2 PC3  Sample SCORE1 SCORE2 SCORE3 
Nitrate -0.061 0.634 0.228  C_S_Monsoon -2.72 -4.86E-02 -1.39 
Nitrite -0.042 -0.08 0.718  C_S_Post-monsoon 2 -0.474 -1.75 

Phosphate -0.489 -0.117 0.179  C_B_Monsoon -3.05 -1.14 -0.114 
Silicate -0.509 0.002 0.161  C_B_Post-monsoon 1.35 -1.48 -0.3 
Salinity 0.211 -0.588 -0.113  I_S_Monsoon -2.22 0.261 -0.893 

Tide height 0.118 0.426 -0.416  I_S_Post-monsoon 2.35 -0.443 -0.915 
Dissolved oxygen -0.488 0.082 -0.29  I_B_Monsoon -2.48 -1.1 0.607 

Temperature 0.446 0.208 0.324  I_B_Post-monsoon 2.19 -1.45 5.89E-02 
Eigen values 3.05 1.77 1.33  Z_S_Monsoon 0.163 1.33 2.44 
Variation (%) 38.1 22.2 16.6  Z_S_Post-monsoon 0.98 4.6 1.03 
Cumulative 

variation (%) 38.1 60.3 76.9 
 

Z_B_Monsoon -1.77 -0.182 2.02 
  Z_B_Post-monsoon 1.7 -1.01 1.03 
  B_S_Monsoon 0.781 1.55 -1.11 
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Table 3.7. Factorial ANOVA result showing the variation of environmental data between 
station (3), season (2) depth (2) and their interaction. F statistic and probability (p) 
 

Parameters F P 
Temperature       Station 
                           Season 

Season x Depth 
Station x Depth 
Station x Season 

Station x Season x Depth 

29.84 
29.11 
29.31 
29.95 
31.04 
31.21 

0.0001 
0.0002 
0.0002 
0.0001 
0.0001 
0.0002 

Salinity                 Station 
                              Season 
                              Depth 

Season x Depth 
Station x Depth 
Station x Season 

Station x Season x Depth 

26.31 
24.63 
20.89 
27.57 
28.30 
32.36 
32.54 

0.0001 
0.0002 
0.0002 
0.0002 
0.0001 
0.0001 
0.0002 

Nutrients: 
Nitrate            
                              Station 
                              Season 
                              Depth 

Season x Depth 
Station x Depth 
Station x Season 

Station x Season x Depth 
 

Nitrite                     
                              Station 
                              Season 
                              Depth 

Season x Depth 
Station x Depth 
Station x Season 

Station x Season x Depth 
 
Phosphate            
                               Station 
                              Season 
                              Depth 

Season x Depth 
Station x Depth 
Station x Season 

Station x Season x Depth 
Silicate                 
                             Station 

 
 
11.08 
5.54 
6.01 
6.24 
18.51 
15.24 
28.51 
 
 
2.67 
1.83 
1.90 
2.11 
3.02 
3.34 
4.31 
 
 
2.71 
2.71 
2.29 
3.32 
2.89 
3.54 
4.68 
 
34.83 

 
 
0.0001 
0.0002 
0.0002 
0.0002 
0.0001 
0.0001 
0.0002 
 
 
0.0001 
0.0002 
0.0002 
0.0002 
0.0001 
0.0001 
0.0002 
 
 
0.0002 
0.0002 
0.0002 
0.0002 
0.0001 
0.0001 
0.0002 
 
0.0001 
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                             Season 
                             Depth 

Season x Depth 
Station x Depth 
Station x Season 

Station x Season x Depth 

42.96 
35.21 
45.50 
40.28 
54.64 
57.22 

0.0002 
0.0002 
0.0002 
0.0001 
0.0001 
0.0002 

Dissolved Oxygen       
                             Station 
                              Season 
                              Depth 

Season x Depth 
Station x Depth 
Station x Season 

Station x Season x Depth 

 
4.66 
4.56 
4.28 
4.71 
4.72 
5.41 
5.51 

 
0.0001 
0.0001 
0.0002 
0.0002 
0.0001 
0.0001 
0.0002 

Tide Height 
                             Season 
                              Depth 

Season x Depth 
Station x Depth 
Station x Season 

Station x Season x Depth 

 
0.72 
1.25 
1.45 
1.28 
0.77 
1.55 

 
0.0002 
0.0002 
0.0002 
0.0001 
0.0001 
0.0002 
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Figure 27A-F. Monthly variations in physico-chemical parameters (Dissolved Oxygen 
(DO), Temperature and Salinity) at stations 2, 3,4,5,6 and 7 (Transect) in Zuari estuary 
during May 2008- May 2009. Where A) Surface Temperature, B) Bottom Temperature, C) 
Surface Salinity and D) Bottom Salinity, E) Surface DO and F) Bottom DO. 
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Figure 28A-H. Monthly variations in physico-chemical parameters (Nitrate, Nitite, 
Phosphate and Silicate) along transect in Zuari estuary during May 2008- May 2009. 
Where A) Surface Nitrate, B)Bottom Nitrate, C) Surface nitrite, D) Bottom nitrite, E) 
Surface phosphate, F) Bottom phosphate, G) Surface - Silicate and H) Bottom silicate. 
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Figure 29. Principal Component Analysis based on environmental parameters and seasons 
where Aug- August, Sep- September, Oct- October, Nov-November, Dec- December, Jan- 
January, Feb- February, Mar- March and Apr- April. 
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Station 1 (Cortalim) - Daily sampling 

3.3.3. Phytoplankton community structure 

Phytoplankton biomass and cell density: Daily variations in biomass (Chl a) and 

phytoplankton cell density at station 1 (Cortalim) in Zuari estuary are explained in (Fig. 

30). During the study period Chlorophyll a varied from 0.45 - 17.18 mgm-3 while cell 

density ranged from 0.08 - 39.37 X 104 Cells L-1. In the case of pre-monsoon season (May 

2008) Chl a ranged between 4.44 -14.41 mgm-3 with an average of 9.81 mgm-3. 

Phytoplankton cell density varied from 0.52-2.45 X 104 Cells L-1 with an average of 1.09 X 

104 Cells L-1. During inter-monsoon period phytoplankton biomass ranged between 1.48-

11.62 mgm-3 with an average of 3.53 mgm-3. Total cell density ranged between 0.11-7.30 X 

104 Cells L-1 with an average of 1.48 X 104 Cells L-1. Monsoon showed the highest biomass 

ranging between 0.45 -17.18 mgm-3 an average of 3.14 mgm-3. Total phytoplankton cell 

density 0.11 - 39.37 X 104 Cells L-1 and average of 3.14 X 104 Cells L-1. Post-monsoon 

period observed maximum of 15.50 mgm-3 with an average of 1.31 mgm-3. Total cell 

density varied from 0.08-6.70 X 104 Cells L-1 an average of 0.08 X 104 Cells L-1. Pre-

monsoon (May 2009) phytoplankton cell density varied from 0.13-3.77 X 104 Cells L-1 

with an average of 1.91 X 104 Cells L-1. Chl a ranged between 4.41-10.69 mgm-3 with an 

average of 7.66 mgm-3. Altogether more than 50 peaks of high chl a biomass and cell 

density were observed in the present study. Around 70 peaks coincided with the blooms of 

phytoplankton species. 

Phytoplankton composition: Throughout the study period at Cortalim station in Zuari 

estuary total 241 species with 85 genera were reported. From this 160 species with 55 

genera of Bascillariophyta, 22 genera and 72 species belongs to Dinophyta, 3 genera with 3 
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species belongs to Chrysophyta, Cyanophyta 1 genus and 1 species, Chlorophyta 2 genera 

and 2 species and Charophyta 2 species and 1 genus (Table 3.8 ). Seasonal distribution at 

Cortalim station showed total 38 genera with 64 species during pre-monsoon period 2008 

were identified. Out of this total 27 genera with 45 species belongs to Bacillariophyta, 8 

genera and 16 species of Dinophyta, Chrysophyta showed 1 genus with 1 species, 1 genus 

and 1 species of Cyanophyta and Chlorophyta was with 1 genus 1 species (Fig. 31A-B). 

Inter-monsoon period reported total 46 phytoplankton genera with 67 species. Out of which 

34 genera with 60 species belongs to Bacillariophyta; while 10 genera with 14 species of 

Dinophyta, 1 genus with 2 species of Cyanophyta and Charophyta consists of 1 genus and 

1 species (Fig. 31 A-B). Monsoon period showed very high total number of genera 74 and 

species 153. This total in turn is divided into 50 genera of Bacillariophyta with 106 species 

respectively. Dinophyta found all together 17 genera and 38 species. Other algae includes 

Chrysophyta 3 genera with 3 species, Cyanophyta 1 genus with 2 species, Chlorophyta 2 

genera and 2 species and Charophyta represents 1 genus with 2 species (Fig. 31 A-B). 

During post-monsoon period total 240 species belonging to 81 genera. Bacillariophyta 

accounted for 160 species and 54 genera. While Dinophyta 20 genera with 71 species. 

Chrysophyta 3 genera and 3 species, Cyanophyta 1 genus and 2 species, Chlorophyta 2 

species belonging to 2 genera and Charophyta consists of 1 genus with 2 species. In the 

case of pre-monsoon period of 2009 total 41 genera with 67 species were identified. From 

these total 31 genera of Bacillariophyta with 54 species, 9 genera with 12 species of 

Dinophyta and only 1 species with 1 genus of Chrysophyta was found (Fig. 31 A-B).  

Seasonal distribution in Bacillariophyta is given (Fig. 32A). In the case of pre-

monsoon period Bacillariophyta showed total with 53% species belonging to centrales and 
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47% species were found to be pennate. During inter-monsoon period Bacillariophyta 

divided into 52% species of centrales and 48% species of pennales. Monsoon period 

showed 54% species as centric 54% as pennate forms. During post-monsoon period 

Bacillariophyta accounted for 49% species as centric and 51% species as pennate. In the 

case of pre-monsoon period of 2009 Bacillariophyta showed 63% species as centric and 

39% species as pennate forms.  

Seasonal distribution of Dinophyta reported 25% species as autotrophic, 25% 

species as heterotrophic and 50% species as mixotrophic (Fig. 32 B). During inter-

monsoon period dinophyta showed 29% species represents autrophic forms, while 21% 

species as heterotrophic and 60% species as mixotrophic forms. Monsoon period showed 

Dinophyta 34% species as autotrophic, 21% species as heterotrophic and mixotrophic 39% 

species. Post-monsoon period observed Dinophyta having 32% species as autotrophic, 28% 

species as heterotrophic and 39% species of mixotrophic. In the case of pre-monsoon 

period of 2009 total dinophyta divided as 33% species as autotrophic, 17% species as 

heterotrophic and with 50% species as mixotrophic forms were identified (Fig. 32 B). 

Diversity: During pre-monsoon period, total diversity varied of 1.78 – 4.11 with average of 

3.16 (Fig. 32 C). From the total diatom diversity ranged between 1.56 - 3.76 with an 

average 2.79. Dinoflagellate diversity was maximum of 2.51 with an average of 1.89. Other 

algae showed maximum diversity of 1. In the case of inter-monsoon period total diversity 

was in the range of 0.53-3.50 with an average of 2.35. In the total diatom diversity was 

maximum of 3.42 and minimum of 0.42 and average of 2.24. Dinoflagellate diversity 

showed an average of 0.61 and maximum of 1.75. Maximum diversity was reported during 

the monsoon period. Total diversity varied from 0.37-4.69 with an average of 2.33. From 
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total diatom diversity varied from 0.36-4.32 with an average 2.14. Dinoflagellate diversity 

was maximum with 3.60 and an average of 0.68. During post-monsoon period total 

diversity was in the range of 0.30-4.12 and average of 1.0. Diatom diversity during post-

monsoon period varied from 0.17 – 3.73 with average of 2. Dinoflagellate diversity was 

maximum of 3.1 and average of 2. Pre-monsoon period total diversity ranged between 

1.03-3.78 averages of 2.53. Dino flagellate diversity was highest on 14th May with 2.64 and 

average of 1.12. (Fig. 32C). 

Species evenness: Total species evenness ranged from 0.40-0.83 with an average of 0.66. 

Seasonal variations are explained in Fig. 32D. During pre-monsoon period species 

evenness of diatom was 0.39-0.85 with an average of 0.64 (Fig. 32D). Species evenness of 

Dinoflagellate ranged between 0.60-0.77, average of 0.69. Other algae showed maximum 

species evenness of 1. In the case of inter-monsoon period diatom species evenness varied 

between 0.12-0.89, an average of 0.60. Dinoflagellate species evenness with an average of 

0.58 varied between 0.10-0.93. Monsoon period diatom species evenness also ranged 

between 0.10-0.92, an average of 0.57. Dinoflagellate species evenness was with an 

average of 0.62. Species evenness of other algae varied from 0.37-1.00 average of 0.80. 

During post-monsoon period diatom species evenness was highest of 0.92 and an average 

of 1. Dinoflagellate species evenness ranged between 0.11-1 an average of 1. In the case of 

other algae species evenness vary from 0.72-1 with an average of 1. Pre-monsoon period 

diatom species evenness ranged between 0.21-0.77 and an average of 0.55. Dinoflagellate 

species evenness ranged between 0.46-1.0 with an average of 0.74 respectively (Fig. 32D). 

Phytoplankton blooms and its pigment composition: Seasonality has also been observed in 

the blooms of phytoplankton species. Bloom of diatom Pleurosigma angulatum was 



�

�

observed continuously for three seasons pre-monsoon, inter-monsoon and monsoon period 

(Fig. 33A). The highest peak of bloom with cell density of 16,682 Cells L-1 was appeared 

during pre-monsoon period. The pigment composition of bloom includes Chl b (2.15 mgm-

3), fucoxanthin 1.11 mgm-3, zeaxanthin 1.70 mgm-3 and Chl C2 1.01 mgm-3respectively. 

Bloom of dinoflagellate species Amphidoma nanum was observed only during inter-

monsoon period, with cell counts of 14,036 Cells L-1. Bloom was observed with pigment 

composition of 1.86 mgm-3 of Chl C2 and peridinin 0.18 mgm-3 (Fig. 33B). The bloom 

peaks of Bidulphia regia appeared in two seasons i.e. inter-monsoon and monsoon season. 

Highest bloom peak was observed during inter-monsoon period with cell counts of 13,968 

Cells L-1 (Fig. 33C). Pigment composition of this bloom peak consists of Chl C2 (1.83 

mgm-3) and fucoxanthin 2.43 mgm-3. The blooms of phytoplankton species which appeared 

only during the monsoon season are  Asteromphalus sp. bloom was observed on 12th July 

2008 with cell counts of 11960 Cells L-1 and it consists of pigments like Chl C2 (0.79 mgm-

3), fucoxanthin 0.84 mgm-3 and zeaxanthin (0.68 mgm-3) (Fig. 33D). Two days continuous 

bloom of Asteromphalus cleveanus was found during monsoon period with cell counts 

varying from 19866 -12464 Cells L-1. Bloom peak consists of Chl b (0.64 mgm-3), 

fucoxanthin (1.64 mgm-3) and Chl C2 (2.47 mgm-3) (Fig. 33E).  

 Two bloom peaks of Stephanopyxis palmeriana were reported during monsoon 

season in the same month. Bloom peaks accounted for cell counts of (18,720-13,376 Cells 

L-1). Pigment composition made up of Chl C2 (1.64 mgm-3) and fucoxanthin 3.29 mgm-

3(Fig. 33F). Bloom of autotrophic dinoflagellate Gonyaulax brevisulcatum was found on 

29th of August with cell counts of 10,176 Cells L-1. Major pigments composition was Chl 

C2 (0.92 mgm-3) and peridinin (0.468 mgm-3). Blooms of six species were appeared only 
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during the post-monsoon season (Fig. 33G). Actinoptychus senarius bloom was found in 

the month of January with cell counts of 9120 Cells L-1 with the dominating pigment of 

fucoxanthin 1.30 mgm-3 (Fig. 33H). Gyrosigma littorale bloom peak was found during 

November with cell counts varied from 14,364-16,480 Cells L-1. The pigment composition 

of this bloom peak consists of Chl C2 with 0.86 mgm-3 and fucoxanthin (1.16 mgm-3) (Fig. 

33I). Pleurosigma elongatum bloom was observed during post-monsoon period with 

highest peak was observed in the month of December with cell counts of 29,376 Cells L-1. 

Pigment composition of this highest peak consists of Chl C2 0.90 mgm-3, fucoxanthin (2.45 

mgm-3), zeaxanthin (0.85 mgm-3) and Chl b (0.50 mgm-3) (Fig. 33J).  Mixed bloom of 

dinoflagellate Protoperidinium tristylum and Pyrophacus horologium appeared on the same 

date during post-monsoon period (Fig. 33K-L). Protoperidinium tristylum showed 

maximum counts 13,280 Cells L-1 at bloom peak. Whereas Pyrophacus horologium showed 

maximum counts of 13,320 Cells L-1 Pigment composition of this peak is made up of Chl 

C2 0.87 mgm-3, peridinin (0.31 mgm-3), zeaxanthin (0.31 mgm-3) and Chl b (0.49 mgm-3) 

(Fig. 33K-L). Bloom of Amylax triacantha was observed during both the monsoon and 

post-monsoon season. The highest bloom peak of 23,370 Cells L-1 was appeared on 30th of 

September, with pigment composition of Chl C2 0.89 mgm-3, fucoxanthin (1.95 mgm-3) 

and Chl b (0.45 mgm-3) (Fig.33M). Bloom of diatom chaetoceros laciniosus and 

Actinocyclus octonarious was found in both monsoon and post-monsoon period (Fig. 33N-

O). Highest peak of the bloom was appeared in the July with cell counts of 42,012 cells L-1. 

Peak consists of pigments other than chlorophyll a includes Chl C2 3.81 mgm-3, 

fucoxanthin (1.71 mgm-3), zeaxanthin (2.15 mgm-3) and Chl b (1.78 mgm-3). Thalassiothrix 

frauenfeldii bloom was found during post-monsoon and pre-monsoon periods. Highest 
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peak of the bloom was found in the month of November with cell counts of 50,116 cells L-1 

(Fig. 33P). Pigment composition of peak consists of Chl C2 0.53 mgm-3, fucoxanthin (1.31 

mgm-3), zeaxanthin (0.85 mgm-3) and Chl b (0.45 mgm-3).  

Temporal variations in phytoplankton flora: The Bray-Curtis and MDS ordination based on 

dominant phytoplankton species abundance in different seasons (Fig. 34A-B).  The months 

are differentiated into seasons. Based on analysis three major clusters are formed at 40% of 

similarity Cluster I consists of (May 2008 to October 2008), Cluster II consists of 

(November 2008) and Cluster III (December 2008 to May 2009). SIMPER analysis was 

carried out to find the species that accounted for the dissimilarity between the different 

seasons (Table 3.9). Group I showed 77.67% and 64.81% dissimilarity with Group II and 

III respectively. Protoperidinium lenticulatum and Nitzschia levidensis was responsible for 

the differences (Fig. 34C-D). Group II and III also showed variation in their community 

(78.70%). Hemiaulus hauckii (44.96%) and Gyrosigma fasciola (78.92%) dominated in 

Group III and accounted for 44.96% and 78.92% of the observed dissimilarity (Fig. 34E-F). 

Effect of environmental variables on phytoplankton population: The effect of 

environmental factors on the Total phytoplankton density, Total diatom density, Total 

dinoflagellate density, Total other algae density, Chl a, Chl b, Chl c2, fucoxanthin, 

zeaxanthin, diadinoxanthin and peridinin has been showed in the CCA biplot (Fig. 35A). In 

the CCA biplot two axis explaining 71.58% and 90.26% of the relationship between 

general phytoplankton composition and environmental variables (Table 3.10). Salinity, 

nitrite, phosphate, rainfall and water discharge showed positive correlation on axis one 

where as combination of salinity, phosphate, rainfall and temperature showed relation on 

axis two. Environmental parameters like nitrite, salinity, phosphate, rainfall and water 
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discharge influenced the distribution of Chl b, fucoxanthin, zeaxanthin. Indeed among ten 

composition of phytoplankton seven of them were close to the centre of the CCA diagram. 

This is probably due to the composition characteristics of this composition.  

 In the CCA biplot of phytoplankton species results are explained on 4-axis (Table 

3.10). Species like Protoperidinium lenticulatum, Gonyaulax milneri, Gonyaulax 

brevisulcatumm, Dinophysis expulsa, Rhizosolenia imbricata, Ceratium longirostrum, 

Nitzschia levidensis, Stephanopyxis palmeriana showed positive correlation with 

phosphate, rainfall, temperature, dissolved oxygen and tide height. Pleurosigma 

angulatum, Asteromphalus sp., Coscinodiscus granii, Gonyaulax milneri and Biddulphia 

aurita showed influence of nitrate in the waters. Combination of nitrate, tide height and 

temperature on third axis influenced the presence of species like Gyrosigma littorale, 

Gonyaulax kofoidii and Thalassionema nitzschioides. Nitzschia sp.1, Nitzschia longissima, 

Hemiaulus sinensis, Gonyaulax brevisulcatum and Pleurosigma angulatum were positively 

with salinity, phosphate, rainfall and temperature (Fig. 35B). 
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Table 3.8 List of Phytoplankton species in Zuari Estuary during the year 2008-2009. Where 

Mon-monsoon and Nmon- Non-monsoon; +-Present; -- Absent; *-Harmful species and **- 

Toxic species 

Phytoplankton Taxa Cortalim Chicalim Island Zuari Bridge 
Genera/species Mon Nmon Mon Nmon Mon Nmon Mon Nmon 
 S S S B   S     B S B S B S B S B 
Acanthochiasma serulata + + - - - - - + - - - + + - 
Acanthochiasma fusiformis + + + - + - + + - - - + + - 
Achananthes brevipes - - - - - - - - - - - - - - 
Achananthes longipes + + + - - + - - - - - - - - 
Actinocyclus octanarious + + + + - - + + - - + + - - 
Actinocyclus roperi - + + + - - + - - - - - - - 
Actinoptychus senarius + + + + - - + + - - + + + - 
Aulacodiscus orbiculatus - - - - - - - - - - - - - - 
Amphiprora surirelloides + + + - - + + + + - - + + + 
Amphora decussata - - - - - - - - - - + + + - 
Amphora graeffi + + - - - - - - - + + + - + 
Amphora ostreria + - - - - - - - - - - - - - 
Amphora robusta - + - - - - - - - - - - - - 
Amphora ventricosa + + - - - - - - - - - + + - 
Asterionella japonica + + - - - - - - - - - + + - 
Asteromphalus flebellatus + + + + - - + - - - + + - - 
Asteromphalus heptactis + - - - - - - - - - - - - - 
Aulacodiscus kittonii - + - - - - - - - - - - - - 
Aulacodiscus orbiculatus - + - - - - - - - - + + + - 
Bacillaria paxilifer + + - + + + - - + + - + - + 
Bacteriastrum furcatum + + - - - - - - - - - - - - 
Bacteriastrum hyalinum + - - - - - - + - - - - - - 
Bacteriastrum varians - + - - - - - + - - - - - - 
Biddulphia aurita + + + + - - - + - - + + + - 
Biddulphia inflexa + + - - - - - - - - - - - - 
*Biddulphia mobilensis + + + + - - + + - - - + + - 
Biddulphia regia + + + + + + + + + + + + + + 
Biddulphia rhombus - + - - - - - + - - - - - - 
*Biddulphia sinensis + + + + - - + - + + + - - - 
Calonies brevis + - - - - - - - - - - - - - 
Calonies liber - + - - + + - - - + + + - + 
Calonies linearis + + - + - - + - - - - - - - 
Calonies westii - + - - - + - - - + + - - + 
Campylodiscus echeneis - - - - + + - - + - - - - - 
Cerataulina turgida + - - - - - - - - - - - - - 
Chaetoceros breve - + - - - - - - - - - - - - 
Chaetoceros coaractatus + - - - - - - - - - + + + - 
*Chaetoceros concavicornis + - - - - - - - - - - - - - 
Chaetoceros convolutum - - - + - - - - - - - - - - 
Chaetoceros constrictum - + - - - - - - - - - - - - 
*Chaetoceros curvisetus + + + + - + + + - - + + - - 
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Chaetoceros decipiens + - - - - - - - - - - - - - 
Chaetoceros deficile + - - - - - - + - - - - - - 
Chaetoceros diadema - + + - - - + - - - - - - - 
Chaetoceros diversum + - - - - - - - - - - - - - 
Chaetoceros gracile - + - - - - - - - - - - - - 
Chaetoceros ingolfianum + - - - - - - - - - - - - - 
Chaetoceros lascinious + + + + - + + + + + + + + + 
Chaetoceros lorenzianus  + + + + + + + - + + + - - + 
Chaetoceros messanense + - - - - - - - - - + - - + 
Chaetoceros radicans - - - - - - - + - - - - - - 
Chaetoceros subtile - - - - - - - - - - - - - - 
Chaetoceros tortissimum + + - + - - - - - + + + + - 
Chaetoceros wellei + - - - - - - - - + + + - - 
Climacosphenia elongata + + - - - - - - - - - - - - 
Climacosphenia moniligera + + - - - - - + - - - - - - 
Cocconies disculus + - - - - - - - - - - - - - 
Cocconies disculoides + - - - - - - - - - - - - - 
Cocconies psuedomarginatus + - - - + - + - - - + + - - 
Corethron criophilum - + - - + + - - - - + - - + 
*Coscinodiscus centralis + + + + + + + + + + + + + + 
*Coscinodiscus concinnus - - - - - - - - + - - - - - 
Coscinodiscus curvulatus - + + + + - + + + - + + - + 
Coscinodiscus granii + + - + - - - + - - + + + - 
Coscinodiscus occulus + + + + - - - + - - + + + - 
Coscinodiscus occulus iridis - + + - - - - + - - - - - - 
Coscinodiscus radiatus + + + + + + + + - - + + - - 
Coscinodiscus marginatus + + + + + + - - + + + - + + 
Coscinodiscus nodulifer - + - - - - - + - - - + + - 
Coscinodiscus nitidus + + - - - - - + - - + + + - 
*Coscinodiscus wailesii + + + + + + + + + + + + - + 
*Cylindrotheca closterium + + + + + + + + + + + + - + 
Dactyliosolen fragilissimus - - - - - - - - + - - - - - 
Detonula pimula + + + + - - + + - - + + + - 
Diplonies bombus - - - + - - - - + - - - - - 
Diplonies chersonensis - - - - - - + - - - - - - - 
Diplonies crabro + + - + + + + + - + + + + - 
Diplonies lineata - - - - + + - - - - - - - - 
Diplonies notabilis - + - - - - - - - - - - - - 
Diplonies robustus - - + - - - - - - - + + + - 
Diplonies smithii + + - - - - - - - - - - - - 
*Ditylum brightwellii + + + + + + + + + + + + - + 
*Eucampia zodiacus  + + - - - - + - - - - - - - 
Fragillaria oceanica + + + + - - + - - - + + - - 
Gramatophora undulata + + - - - - - - - - - - - - 
Guinardia delicatula + + - - - - - - - - - - - - 
Gyrosigma bolticum + + - - - - - - + - - - - - 
Gyrosigma fascicola + + + - - - - - - - - - - - 
Gyrosigma hippocampus + + - - - - - - - - - - - - 
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Gyrosigma littorole + + - - - - + + - - + + - - 
Gyrosigma wansbeckii + + - - - - - - - - + + + + 
Guinardia delicatula - - - + - - - - - - - - - - 
Hemiaulus hauckii - +  - - - - - - + - - - - - 
Hemiaulus sinensis + + - - - - + - - - + + + - 
Lauderia annulata - + - - + + + - + + + - + + 
*Leptocylindrus danicus + + - - + + - + + - + - - + 
*Leptocylindrus minimus + + - - - - + - - - - - - - 
Melosira juergensi - + + + + - - + - + + + + + 
Melosira moniliformis + + + + + - + + - + + + - - 
Melosira nummuloides - - - + - - - - - - - - - - 
Navicula arenaria - + - - - - - - - - - - - - 
Navicula atlantica - + - - - - - - - - - - - - 
Navicula britannica + + - - - - - - - - - - - - 
Navicula clavata - - - + - - - - - - + + + - 
Navicula calida - + - - - - - - - - - - - - 
Navicula clementis + + - - - + - + + + + + + + 
Navicula crucigera - - - - - - - - - - - + + - 
Navicula directa + + + + - + - + - + - + + + 
Navicula elegans + + - + - - - - - - - + + - 
Navicula florinae + + - - - - - - - - + + + - 
Navicula forcipata - - - - - - - - - - - - - - 
Navicula granulata - - - - - - + - - - - - - - 
Navicula longa - - - - - - + - - - - - - - 
Navicula lundstromii - - - + - - + + - - + + - - 
Navicula macunosa + + + + - - + + - - + + - - 
Navicula meniscus - + - - - - - - - - - - - - 
Navicula membrancea + - - - - + - + - + + + - - 
Navicula marina - + - + - - - - - - - + + - 
Navicula monilifera - - - - - - - - - - - - - - 
Navicula palperbralis - - - - - - - - - - - - - - 
Navicula ramosissima + - - - - - - - - - - - - - 
Navicula scopulorum - - - - - - - - - - - + + - 
Navicula tuscula - - - - - - - - - - - + + - 
Navicula sp. - + - - - - + - - - + + + - 
Navicula sp.1 - + - - - - - - - - + - + + 
Navicula sp.2 - + - - - - + + - - + + + - 
Navicula sp.3 - + - - - - - + - - - - - - 
Nitzschia acuminata + - + - - - - + - - + + + - 
Nitzschia angularis + - - - - - - - - - + + - - 
Nitzschia bilobata + + - - - - - - - - - - - - 
Nitzschia elongata + + - - - - - - - - - - - - 
Nitzschia frigida - - + - - - - + - - + + - - 
Nitzschia lavidensis + + - - - - - - - - - - - - 
Nitzschia longissimum + + + + - + + + - - + + + - 
Nitzschia marina - - - - - - - - - - - - - - 
Nitzschia navicularis + + + + - - - + - - + + + - 
Nitzschia panduriformis - - - - - - - - - - - + + - 
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Nitzschia plana - - + - - - + - - + + + + - 
Nitzschia sigma - + + + + - + + + - - + + + 
Nitzschia virgata - - + + - - - - - - - - - - 
Nitzschia visurgis - - - - - - - - - - + + + - 
Nitzschia sp. - - - + - - - - - - - - - - 
Nitzschia sp.1 - + + + - - + + - - - + + - 
Okedinia inflexa + - - - - - - - - - - - - - 
Paralia sulcata + + - - - - + - - - - - - - 
Pinnularia ambigua + + - + + + + - - + + + + + 
Pinnularia angulatum + - - - - - - + - - - - - - 
Pinnularia rectangulata + + - - + + + + + + - + + - 
Pinnularia travelyana - + - - - - - - - - - - - - 
** Pseudo-nitzschia australis - + - - - + - - + + + + + + 
** Pseudo-nitzschia pseudodelicatissima - - + - - - - - - - - - - - 
** Pseudo-nitzschia multiseriata + + + - - - + + - - - + + - 
** Pseudo-nitzschia pungens + + + + + + + + + + - + + + 
** Pseudo-nitzschia seriata + + - - + - - + - - - + - - 
Planktoniella sol + + + - - - + + + - + + + - 
Pleurosigma aestuarii + + + - - + - - - - - + + + 
Pleurosigma angulatum + + + + + + + + + + + + + + 
Pleurosigma elongatum + + + + + + + + + + + + - + 
Pleurosigma galapagense - + - - - - - - - - - - - - 
Pleurosigma strigosum + - - - - - - - - - - - - - 
Pleurosigma vanheurckii - - - - - - - - - - + - - + 
Pleurosigma wansbeckii + - - - - - - - - - - - - - 
Pleurosigma sp. - + - - - - - - - - - - - - 
Podosira stelliger - - - - - - - - - - + + - - 
Rhabdonema arcuatum + - - - - - - - - - - - - - 
Rhaphonies amphiceros - - - - - - - - - - + + - - 
*Rhizosolenia alata + - - - - - - - - - - - - - 
Rhizosolenia calcaravis - - - - - - - - - - - - - - 
Rhizosolenia hebetata - - + - - - - + - - + + - - 
Rhizosolenia imbricata  + + - - - - - - - - - + + - 
Rhizosolenia robusta + - - - - - + - - - - - - - 
Rhizosolenia serulata - + - - - - - - - - - - - - 
*Rhizosolenia setigera + + - - - - - - - - - - - - 
*Rhizosolenia stolterforthii + + - - + + + + + + + - - + 
Roperia tesselata - + - - - - - - - - - - - - 
*Skeletonema costatum + + + + + + + + + + - + + + 
Stauronies amphioxys + + - - - - - + - - + + - + 
Stauronies decipiens + - - - - - - - - - + - - + 
Stephanopyxis palmeriana + + - - - - - + - - - - - - 
Suriella amoricana - - - - - - - - - - - - - - 
Suriella comis - + - - - - - - - - - - - - 
Suriella gemma - + + - - - - - - - - - - - 
Suriella ovata + + + - + + + + - + + + - + 
Suriella ovalis - + - - + - - - - - - - - - 
Suriella salina - - - - - - - - - + - - - - 
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Suriella smithii - + - - - - - - - - - + + - 
Suriella striatula - + - - - - - - - - - - - - 
Streptotheca temesis + + - - - - - - - - - - - - 
Thalasionema nitzschoides + - + + + + + - + + + - + + 
Thalassiosira anguste - - - + + + + + - - - - - - 
Thalassiosira baltica - + - - - - - - - - - - - - 
Thalassiosira condensata - + + + - - + + + + - + + - 
Thalassiosira eccentricus + + + + + + + + + + - + + - 
*Thalassiosira rotula - - - - + - - - - - + - + - 
*Thalassiosira subtalis + + + + - - + - - - - - - - 
Thalassiothrix frauenfeldii + + + + + + + + + + + + + - 
Thalassiothrix longissima - + + + + + + + + + - + + - 
Thalassiosira pacifica - + + + + - + - + - - - - - 
Tropdonies cleve + - - - - - - - - - - - - - 
Tropdonies lepidoptera - - - - - - - - - - + - - - 
Triceratium favus + + - - + + - + - + - + + - 
Undetermined sp.1 + + - - + - + - - - - - - - 
Undetermined sp.2 + + - - - - - - - - - - - - 
Amphidoma nanum + + + - - - + + - - - - - - 
** Alaxandrium catenella + + - + - - + - - - - - - - 
Alaxandrium fundyense - + + + + - - - - - - - - - 
** Alaxandrium ostenfeldii - - - - - - + - - - - - - - 
** Alaxandrium temarense - + - - - - - - - - - - - - 
Amylax trichantha + + - - - - - - - - - - - - 
Balachina coerulea + - - - - - - - - - - - - - 
Cladopyxis bracbiolata - - - - - - - - - - - - - - 
Ceratium breve + - - - - - - - - - - - - - 
Ceratium declinatum - - - - - - - - - - - - - - 
Ceratium digitatum - - - - - - - - - - - - - - 
*Ceratium furca + + + + + + + + + + + + + - 
*Ceratium fusus - + - + + + - - - - - - - - 
Ceratium lineatum + - - - - - - - - - - - - - 
Ceratium longirostrum + + - - - - - - - - - - - - 
Ceratium longissimum + - - - - - - - - - - - - - 
Ceratium symmetricum - - - - - - - - - - - - - - 
Ceratium tripos - - - - - - - - - - + + - - 
Ceratium vultur - - - - - - - - - - - - - - 
Cladopyxis bracbiolata + - - - - - - - - - - - - - 
** Dinophysis acuminata - + + + + + + + - + - + + - 
** Dinophysis acuta - + - - - - - - - - - - - - 
Dinophysis argus + - - + - - - - - - - - - - 
Dinophysis bastata - + + - + - + + - - - - - - 
** Dinophysis caudata + + + - - - - - - - + + - - 
Dinophysis circumsutum - + - - - - - - - - - - - - 
** Dinophysis fortii - - + + - - + + - - + + - - 
Dinophysis exigua + - - - - - - - - - - - - - 
Dinophysis expulsa + + - - - - + - - - - - - - 
Dissodinium elegans - - - + - - - - - - + + + - 
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** Dinophysis miles - + - - - - - - - - - - - - 
** Dinophysis mitra - + - - - - - - - - - - - - 
Dinophysis odiosa - + - - - - - - - - - - - - 
Dinophysis smithii - + - - - - - - - - - - - - 
Dinophysis sp. - + + + - - + + - - - - - - 
Gonyaulax armatum - + - - - - - - - - - - - - 
Gonyaulax brevisulcatum + + - + - - + - - - - - - - 
Gonyaulax digitale - + - - - - - - - - - - - - 
Gonyaulax fragilis - - - - - - + - - - - - - - 
Gonyaulax fratercula - + - - - - - - - - - - - - 
Gonyaulax kofoidii + + - + - - - + - - + + - - 
Gonyaulax milneri + + - - - - - - - - - - - - 
*Gonyaulax polygramma - - - + - - - - - - - - - - 
Gonyaulax polyedra - - - + - - - - - - - - - - 
** Gymnodinium breve + - - - - - - - - - - - - - 
Gymnodinium gracile + - - - - - - - - - - - - - 
** Gymnodinium splendens + + - - - - - - - - - - - - 
*Gyrodinium spirale - +  - - - - - - - - - - - - 
Heterodinium rigdinae - - - - - - - - - - - - - - 
Heteroaulacus polyedricus - + - - - - - - - - - - - - 
*Noctiluca scintillans + - - - - - - - - - - - - - 
Ornithoceros magnifucus + + - - - - - - - - - - - - 
Ornithoceros quadratus - - + - - - - - - - - - - - 
Oxytoxum scolopax - + - - - - - - - - - - - - 
Peridinium angustum - + - - - - - - - - - - - - 
Peridinium divergens - + + - - - - - - - - - - - 
Peridinium leticulatum + - + - - - - - - - - - - - 
Peridinium letissimum - - - - - - - - - - - - - - 
** Prorocentrum cordatum - + - - - - - - - - - - - - 
*Prorocentrum gracile + + + + - + + - - - - - - - 
Prorocentrum lenticulatum + - - - - - - - - - - - - - 
*Prorocentrum micans + + + + - + + + + + - + - + 
Prorocentrum minimus + - - + - - - + - - - - - - 
Prorocentrum pyriformis - - - - - - + - - - - - - - 
Prorocentrum tristylum - + - - - - - - - - - - - - 
Protoceratium reticulatum - + - + - - - - - - - - - - 
Protoperidinium acbromaticum - - + + - - + + - - - - - - 
Protoperidinium betercanthum - + - - - - - - - - - - - - 
Protoperidinium biconicum - + - - - - - - - - - - - - 
** Protoperidinium brevipes + + - - - - - - - - - - - - 
Protoperidinium cerasus - - - + - - - - - - - - - - 
Protoperidinium conicum + + - + + + - + - - - - - - 
Protoperidinium corniculum - - - - - - + - - - - - - - 
Protoperidinium cressipes - - + + - - + + - - - - - - 
Protoperidinium curtipes - + - - - - - - - - - - - - 
** Protoperidinium depressum + + + - - - - + - - - - - - 
Protoperidinium divergens - + - - - - + - - - + + - - 
Protoperidinium diversum - - - - - - - + - - - - - - 
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Protoperidinium divericatum - + + + + + - - + - + + - - 
Protoperidinium longicolum - - + + + - - - - - - - - - 
Protoperidinium lenticulatum - + - - - - - - - - - - - - 
Protoperidinium minisculum - - + + - - + + - + - - - - 
Protoperidinium simulum - - - + - - + - - - - - - - 
Protoperidinium paradoxum - + - - - - - - - - - - - - 
Protoperidinium scbilleri - + - - - - - - - - - - - - 
** Protoperidinium steinii + + - - + - + - - - + - - + 
Protoperidinium subinermae + + - - - - - + - - - - - - 
Protoperidinium subpyriformae - - + + + - + + + + + + + - 
Protoperidinium tristylum + + + + - - - + - - - - - - 
Protoperidinium sp. - + - - - - - - - - - - - - 
Pyrocystis noctilucae + - - - - - - + - - - - - - 
Pyrophacus horologium + + + + + + + + - + - + - + 
Pyrophacus vancompoae - - - - + - - - - - - - - - 
*Scripsiella trachoidea + + + + + - + + + + - - - + 
Undetermined sp. - + + + + - - + - + - - - - 
Actinomonas morabilis - - - - - - - - - - - - - - 
Clostridinium sp. + - - - - - - - - - - - - - 
*Dictyocha fibula + + - - + + - - - - - - - + 
Dinobryon balticum + - - + + + + - + + - + - - 
*Distephenus speculum + + - - + - - - - - - - - - 
Dunaliella maritima - - - - - - + + - - - + - - 
Goslleria sp. + - - - - - - - - - - - - - 
Pediastrum sp. + - - - - - - - - - - - - - 
Scenedesmus sp. + + - - - - - - - - - - - - 
** Trichodesmium erythraeum + + - - - - + - - - - + - - 
Trichodesmium thibautii + + - - - - - - - - - - - - 
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   Table 3.8 List of Phytoplankton species in Zuari Estuary during the year 2008-2009 
Phytoplankton Taxa Sancoale          Borim      Loutolim 
Genera/species Mon Nmon Mon Nmon Mon     Nmon 
 S B   S     B S B S B S B S B 
Acanthochiasma serulata - - - - - + - - - + - - 
Acanthochiasma fusiformis + + - - + + - - - - - - 
Achananthes brevipes - - - - - - - - - - - - 
Achananthes longipes - - - - + - - + - - - - 
Actinocyclus octanarious - + + - + + - - + + - - 
Actinocyclus roperi - - - - - - - - - + - - 
Actinoptychus senarius + + - - + + - - + - - - 
Aulacodiscus orbiculatus - - - - - - - - - - - - 
Amphiprora surirelloides - - - - + + - + + + + + 
Amphora decussata - - - - - - - - - - - - 
Amphora graeffi - + + - + + - - - + - - 
Amphora ostreria - - - - - + - - - - - - 
Amphora robusta - - - - - - - - - - - - 
Amphora ventricosa - - - - + - - - - - - - 
Asterionella japonica - - - - - + - - - - - - 
Asteromphalus flebellatus + + - - + - - - - + - - 
Asteromphalus heptactis - - - - - - - - - - - - 
Aulacodiscus kittonii - - - - + - - - - - - - 
Aulacodiscus orbiculatus - - - - - - - - - - - - 
Bacillaria paxilifer - - + + - - - - - - - - 
Bacteriastrum furcatum - - - - - - - - - - - - 
Bacteriastrum hyalinum - - - - - - - - - - - - 
Bacteriastrum varians - - - - - - - - - - - - 
Biddulphia aurita + - + + - + - - - + - - 
Biddulphia inflexa - - - - + - - - - - - - 
*Biddulphia mobilensis - - - - + + - - - - - - 
Biddulphia regia + - + + + - - - + + - - 
Biddulphia rhombus + + - - + + - - - - - - 
*Biddulphia sinensis + + + - + + - - + + - - 
Calonies brevis - - - - - - - - - - - - 
Calonies liber + + - + - - - - - - - - 
Calonies linearis - - - - - - - - + + - - 
Calonies westii + + + - - - - - - + - + 
Campylodiscus echeneis - - - - - - - - - - - - 
Cerataulina turgida - - - - - - - - - - - - 
Chaetoceros breve - - - - - - - - - - - - 
Chaetoceros coaractatus - - - - - - - - - - - - 
*Chaetoceros concavicornis - - - - - - - - - - - - 
Chaetoceros convolutum - - - - - - - - - - - - 
Chaetoceros constrictum - - - - - - - - - - - - 
Chaetoceros curvisetum - - - - - + + - - - - - 
Chaetoceros decipiens - - - - - - - - - - - - 
Chaetoceros deficile - - - - - - - - - - - - 
Chaetoceros diadema - - - - + + - - + + - - 
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Chaetoceros diversum - - - - - - - - - - - - 
Chaetoceros gracile - - - - - - - - - - - - 
Chaetoceros ingolfianum - - - - - - - - - - - - 
Chaetoceros lascinious - + + + + + + + + + + + 
Chaetoceros lorenzianus  - - + + - + + + + - + + 
Chaetoceros messanense - - - - - - + - - - - - 
Chaetoceros radicans - - - - - + - - - - - - 
*Chaetoceros sociale - - - - - + - - - - - - 
Chaetoceros subtilis - - - - - - - + - - - - 
Chaetoceros tortissimum - - - - - - - - - - - - 
Chaetoceros wellei + - + + - - - + - + - - 
Climacosphenia elongata - - - - - - - - - - - - 
Climacosphenia moniligera - - - - - - - - - - - - 
Cocconies disculus - - - - + - - - - - - - 
Cocconies disculoides - - - - - - - - - + - - 
Cocconies psuedomarginatus + - - + - - - + - - - - 
Corethron criophilum - - - - - - - - - - - - 
*Coscinodiscus centralis + + - + + + + + + + + + 
Coscinodiscus concinnus - - - - - - - - +  - - 
Coscinodiscus curvulatus + + - - + - + - + + + - 
Coscinodiscus granii + + + - + + - - - - - - 
Coscinodiscus occulus + + + - + + - - + + - - 
Coscinodiscus occulus iridis - - - - + - - - - - - - 
Coscinodiscus radiatus + + - - + + + - - - - + 
Coscinodiscus marginatus + + - + + + + + + + + - 
Coscinodiscus nodulifer + + + - - - - - - - - - 
Coscinodiscus nitidus - - - - + + - - - + - - 
*Coscinodiscus wailesii + + - + + + + + + + + + 
*Cylinderotheca closterium + + - + + + + + + + + + 
Dactyliosolen fragilissimus - - - - + - - - - - - - 
Detonula pimula - - - - + + - - + - - - 
Diplonies bombus - - - - - - - - - - - - 
Diplonies chersonensis - - - - - - - - - - - - 
Diplonies crabro - - - - - + + + - - - - 
Diplonies lineata - - - - - - - - - - - - 
Diplonies notabilis - - - - - - - - - - - - 
Diplonies robustus - - - - - - - - - - - - 
Diplonies smithii - - - - - - - - - + - - 
*Ditylum brightwellii + + - + + + + + + + + - 
*Eucampia zoadicus  - - - - + - - - - - - - 
Fragillaria oceanica - - - - + + - - + + - - 
Gramatophora undulata - - - - - - - - - - - - 
Guinardia delicatula - - - - - - - - - - - - 
Gyrosigma bolticum - - - - + + - - - - - - 
Gyrosigma fascicola - - - - - + - - - - - - 
Gyrosigma hippocampus - - - - - - - - - - - - 
Gyrosigma littorole - - + + + + - - + - - - 
Gyrosigma wansbeckii + - - + + + - - + + + + 
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Guinardia delicatula - - - - - - - - - - - - 
Hemiaulus hauckii + + - + - + - - - - + - 
Hemiaulus sinensis - - - - + + - - + + - - 
Lauderia annulata - - - - - - - - - - - + 
*Leptocylindrus danicus - - - - + - - - + - + - 
*Leptocylindrus minimus + + + + - + - - + + - - 
Melosira juergensi - - - - - - - - - - - - 
Melosira moniliformis + + - + + + + + + + + + 
Melosira nummuloides - - - - - - - - - - - - 
Navicula arenaria - - - - - - - - - - - - 
Navicula atlantica - - - - + - - - - - - - 
Navicula britannica - - - - + - - - - - - - 
Navicula clavata - - - - + + - - - - - - 
Navicula calida - - - - - - - - - - - - 
Navicula clementis + + - + + + + + + - + - 
Navicula crucigera - - - - - - - - - - - - 
Navicula directa - - - - - + - - + - + - 
Navicula elegans - - - - + - - - + - - - 
Navicula florinae - - - - - - - - - + - - 
Navicula forcipata - - - - + + + - - - + - 
Navicula granulata - - - - - + - - - - - - 
Navicula longa - - - - - - - - - - - - 
Navicula lundstromii + + + + + + - - + - - - 
Navicula macunosa + + - - + + - + + + - - 
Navicula meniscus - - - - - - - - -  - - 
Navicula membrancea - - - - + - - - - + - - 
Navicula marina - - - - + + - - + + - - 
Navicula monilifera + - - + - - - - - - - - 
Navicula palperbralis - - - - - + - - - - - - 
Navicula ramosissima - - - - - - - - - - - - 
Navicula scopulorum - - - - - - - - - - - - 
Navicula tuscula - - - - - - - - - + - - 
Navicula sp. - - - - + - - - + + - - 
Navicula sp.1 - - - - + + - - + + - - 
Navicula sp.2 - - - - + - - - + + - - 
Navicula sp.3 - - - - + - - - + + - - 
Nitzschia acuminata + - - + + + - - - - - - 
Nitzschia angularis - - - - - + - - - - - - 
Nitzschia bilobata - - - - - - - - - - - - 
Nitzschia elongata - - - - - - - - - - - - 
Nitzschia frigida - - - - + + - - + + - - 
Nitzschia lavidensis - - - - - - - - - - - - 
Nitzschia longissimum + + + + + + + + + + + - 
Nitzschia marina - - - - - - - - - + - - 
Nitzschia navicularis + - - - - + - - + + - - 
Nitzschia panduriformis + + - - + - - + - - - - 
Nitzschia plana + + + - + + + + + - - + 
Nitzschia sigma + + - - + + - - + + - + 
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Nitzschia virgata - - - - - + - - + + - - 
Nitzschia visurgis - - - - - - - - - + - - 
Nitzschia sp. - - - - - - - - - + - - 
Nitzschia sp.1 + - - - + - - - + + - - 
Okedinia inflexa - - - - - - - - - - - - 
Paralia sulcata - - - - - - - - - - - - 
Pinnularia ambigua + + + - + - - + - + + - 
Pinnularia angulatum - - - - - - - - - - - - 
Pinnularia rectangulata + - - + + + - - + + - - 
Pinnularia travelyana + - - - - - - - - - + - 
** Pseudo-nitzschia australis - - + + - + - - + + - + 
** Pseudo-nitzschia pseudodelicatissima - - - - - - - - - - - - 
**Pseudo-nitzschia multiseriata - - - - + + - - - - - - 
** Pseudo-nitzschia pungens - + + + + + + + + + + + 
** Pseudo-nitzschia seriata + + - - - + - - - - - - 
Planktoniella sol - - - - - + - - - - - - 
Pleurosigma aestuarii - - - - - + - - - - - - 
Pleurosigma angulatum + + + + + + + + + + + + 
Pleurosigma elongatum - + + + + + + + + + + + 
Pleurosigma galapagense - - - - - - - - - - - - 
Pleurosigma strigosum - - - - - - - - - - - - 
Pleurosigma vanheurckii - - - - - - - - - - - - 
Pleurosigma wansbeckii - - - - - - - - - - - - 
Pleurosigma sp. - - - - - - - - + - - - 
Podosira stelliger - - + + - - - + - - - - 
Rhabdonema arcuatum - - - - - - - - - - - - 
Rhaphonies amphiceros - - - - - - - - - - - - 
*Rhizosolenia alata - - - - - + - - - - - - 
Rhizosolenia calcaravis + - + - - - - - - - - - 
Rhizosolenia hebetata + + + + - + - - - + - - 
Rhizosolenia imbricata  - - - - - - - - - - - - 
Rhizosolenia robusta - - - - + - - - + - - - 
Rhizosolenia serulata - - - - - - - - - - - - 
*Rhizosolenia setigera - - - - - - - - - - - - 
*Rhizosolenia stolterforthii + + - + - - - - - - + + 
Roperia tesselata - - - - - - - - - - - - 
*Skeletonema costatum + + - + + + + + + + + + 
Stauronies amphioxys - - - - - - - + - - - - 
Stauronies decipiens - - - - + - - - - - - - 
Stephanopyxis palmeriana - - - - - + - - - - - - 
Suriella amoricana - - - - + - - - - - - - 
Suriella comis - - - - - - - - - - - - 
Suriella gemma - - - - - - - - - + - - 
Suriella ovata - - - - + - - - + + + - 
Suriella ovalis - - - - + - - - - - - - 
Suriella salina - - - - - - - - - - - - 
Suriella smithii - - - - - - - - - - - - 
Suriella striatula - - - - - - - - - - - - 
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Streptotheca temesis - - - - - - - - - - - - 
Thalasionema nitzschoides - - + + + - + + - - + + 
Thalassiosira anguste - - - - + - + - - - + - 
Thalassiosira baltica - - - - - - - - - - - - 
Thalassiosira condensata + + + + + + + + + + + + 
Thalassiosira eccentricus + + - + + + + + + + + + 
Thalassiosira rotula - - + + - - - - - - - - 
*Thalassiosira subtilis + + - - + + - + + - - - 
Thalassiothrix frauenfeldii + + + + + + + + + + + + 
Thalassiothrix longissima + + + + + + + + + + + + 
Thalassiosira pacifica - - - - + - + - + - - - 
Tropdonies cleve - - - - - - - - - - - - 
Tropdonies lepidoptera - - - - - - - - - - - - 
Triceratium favus - - + + + - + + + + + + 
Undetermined sp.1 - - - - - + - + + + - - 
Undetermined sp.2 - - - - - - - - -  - - 
Amphidoma nanum - - - - - - - - - + - - 
** Alexandrium catenella - - - - - - - - - - - - 
Alexandrium fundyense + - + + + - - - - - + - 
** Alexandrium ostenfeldii - - - - - - - - - - - - 
**Alexandrium temarense - - - - - - - - - - - - 
Amylax trichantha - - - - - - - - - - - - 
Balachina coerulea - - - - - - - - - - - - 
Cladopyxis bracbiolata - - - - - - - - - - - - 
Ceratium breve - - - - - - - - - - - - 
Ceratium declinatum - - - - - - - - - - - - 
Ceratium digitatum - - - - - - - - - - - - 
*Ceratium furca + + + + + + + - + + - + 
*Ceratium fusus + - + + - - - - - - - - 
Ceratium lineatum - - - - - - - - + - - - 
Ceratium longirostrum - - - - - - - - - - - - 
Ceratium longissimum - - - - - - - - - - - - 
Ceratium symmetricum - - - - - + - - - - - - 
Ceratium tripos - - + + - - - - - + - - 
Ceratium vultur - - - - + + - - - - - - 
Cladopyxis bracbiolata - - - - - - - - - - - - 
** Dinophysis acuminata + - - - - - - - - - - - 
** Dinophysis acuta - - - - - - - - - - - - 
Dinophysis argus - + - - - - - - - - - - 
Dinophysis bastata - - - - - - - - - - - - 
** Dinophysis caudata - - - - - - - - - - - - 
Dinophysis circumsutum - - - - - - - - - - - - 
**Dinophysis fortii + - - - - - - - - + - - 
Dinophysis exigua - - - - - - - - -  - - 
Dinophysis expulsa - - - - - - - - + + - - 
Dissodinium elegans - - + - - - - - + - - - 
**Dinophysis miles - - - - - - - - - - - - 
**Dinophysis mitra - - - - - - - - - - - - 
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Dinophysis odiosa - - - - - - - - - - - - 
Dinophysis smithii - - - - - - - - - - - - 
Dinophysis sp. - - - - - - - - - - - - 
Gonyaulax armatum - - - - - + - - + - - - 
Gonyaulax brevisulcatum - - - - + - - - - - - - 
Gonyaulax digitale - - - - - - - - - - - - 
Gonyaulax fragilis - - - - - - - - - - - - 
Gonyaulax fratercula - - - - - - - - - - - - 
Gonyaulax kofoidii - - - - - - - - + - - - 
Gonyaulax milneri - - - - - - - - + + - - 
*Gonyaulax polygramma - - - - - - - - - - - - 
Gonyaulax polyedra - - - - - - - - - - - - 
**Gymnodinium breve - - - - - - - - - - - - 
Gymnodinium gracile - - - - - - - - + - - - 
**Gymnodinium splendens - - - - - - - - + - - - 
*Gyrodinium spirale - - - - - - - - - - - - 
Heterodinium rigdinae - - - - - - - - - - - - 
Heteroaulacus polyedricus - - - - - - - - - - - - 
*Noctiluca scintillans - - - - - - - - - - - - 
Ornithoceros magnifucus - - - - - - - - - - - - 
Ornithoceros quadratus - - - - - - - - - - - - 
Oxytoxum scolopax + - + + - - - - - - - - 
Peridinium angustum - - - - - - - - - - - - 
Peridinium conicum - - - - - - - - - - + - 
Peridinium divergens - - - - - - - - - - - - 
Peridinium leticulatum - - - - - - - - - - - - 
Peridinium letissimum - - - - - - - - - + - - 
**Prorocentrum cordatum - - - - - - - - - - - - 
*Prorocentrum gracile - + + + - - - - - - - - 
Prorocentrum lenticulatum - - - - - - - - - - - - 
*Prorocentrum micans - + + + + + - + + + + + 
Prorocentrum minimus - - - - - + - - - + - - 
Prorocentrum pyriformis + - + + - - - - - - - - 
Prorocentrum tristylum - - - - - - - - - - - - 
Protoceratium reticulatum - - - - - - - - - + - - 
Protoperidinium acbromaticum - - - - + + - - - - - - 
Protoperidinium betercanthum - - - - - - - - - - - - 
Protoperidinium biconicum - - - - - - - - - - - - 
*Protoperidinium brevipes + - + + - - - - - - - - 
Protoperidinium cerasus - - - - - - - - - - - - 
Protoperidinium conicum + - + + - - + - - - + + 
Protoperidinium corniculum + + - - - - - - - - - - 
Protoperidinium cressipes + + + - - - + + - - - + 
Protoperidinium curtipes - - - - - - - - - - - - 
*Protoperidinium depressum - - - - - - - - - + - - 
Protoperidinium divergens - - - - - - - - + - - - 
Protoperidinium diversum - - - - - - - - - - - - 
Protoperidinium divericatum - - - - - - + - - - - - 
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Protoperidinium longicolum - - - - - - - - - - - - 
Protoperidinium lenticulatum - - - - - - - - - - - - 
Protoperidinium minisculum - - - - - - - - - - - - 
Protoperidinium simulum - - - - - - - - - - - - 
Protoperidinium paradoxum - - - - - - - - - - - - 
Protoperidinium scbilleri - - - - - - - - - - - - 
*Protoperidinium steinii - - + + - - - - + - + - 
Protoperidinium subinermae - - - - - - - - - - - - 
Protoperidinium subpyriformae + + + - + + + + + - - + 
Protoperidinium tristylum - - - - - - - - - - - - 
Protoperidinium sp. - - - - - - - - - - - - 
Pyrocystis noctilucae - - - - - - - - - + - - 
Pyrophacus horologium + - - + + - + - + - + + 
Pyrophacus vancompoae - - - - - - - - - - - - 
*Scripsiella trachoidea - + + + + - + + - + + - 
Undetermined sp. - - - - - - - - - - + + 
Actinomonas morabilis + - + + - - - - - - - - 
Clostridinium sp. - - - - - - - - + - - - 
*Dictyocha fibula - - - - - + - - - - - - 
Dinobryon balticum - + - + + - + + - - + - 
*Distephenus speculum - - + + - - - - - - - - 
Dunaliella maritima - - - - + + - - - + - - 
Goslleria sp. - - - - - - - - - - - - 
Pediastrum sp. - - - - - - - - - - - - 
Scenedesmus sp. - - - - - - - - + - - - 
*Trichodesmium erythraeum + + + - + + - - + + - - 
Trichodesmium thibautii + + - - + + - - - - - - 

 
  
 
   Table 3.8 List of Phytoplankton species in Zuari Estuary during the year 2008-2009 

Phytoplankton Taxa Sancval          Borim      Lutolim 
Genera/species Mon Nmon Mon Nmon Mon     Nmon 
 S B   S     B S B S B S B S B 
Acanthochiasma serulata - - - - - + - - - + - - 
Acanthochiasma fusiformis + + - - + + - - - - - - 
Achananthes brevipes - - - - - - - - - - - - 
Achananthes longipes - - - - + - - + - - - - 
Actinocyclus octanarious - + + - + + - - + + - - 
Actinocyclus roperi - - - - - - - - - + - - 
Actinoptychus senarius + + - - + + - - + - - - 
Aulacodiscus orbiculatus - - - - - - - - - - - - 
Amphiprora surirelloides - - - - + + - + + + + + 
Amphora decussata - - - - - - - - - - - - 
Amphora graeffi - + + - + + - - - + - - 
Amphora ostreria - - - - - + - - - - - - 
Amphora robusta - - - - - - - - - - - - 
Amphora ventricosa - - - - + - - - - - - - 
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Asterionella japonica - - - - - + - - - - - - 
Asteromphalus flebellatus + + - - + - - - - + - - 
Asteromphalus heptactis - - - - - - - - - - - - 
Aulacodiscus kittonii - - - - + - - - - - - - 
Aulacodiscus orbiculatus - - - - - - - - - - - - 
Bacillaria paxilifer - - + + - - - - - - - - 
Bacteriastrum furcatum - - - - - - - - - - - - 
Bacteriastrum hyalinum - - - - - - - - - - - - 
Bacteriastrum varians - - - - - - - - - - - - 
Biddulphia aurita + - + + - + - - - + - - 
Biddulphia inflexa - - - - + - - - - - - - 
*Biddulphia mobilensis - - - - + + - - - - - - 
Biddulphia regia + - + + + - - - + + - - 
Biddulphia rhombus + + - - + + - - - - - - 
*Biddulphia sinensis + + + - + + - - + + - - 
Calonies brevis - - - - - - - - - - - - 
Calonies liber + + - + - - - - - - - - 
Calonies linearis - - - - - - - - + + - - 
Calonies westii + + + - - - - - - + - + 
Campylodiscus echeneis - - - - - - - - - - - - 
Cerataulina turgida - - - - - - - - - - - - 
Chaetoceros breve - - - - - - - - - - - - 
Chaetoceros coaractatus - - - - - - - - - - - - 
*Chaetoceros concavicornis - - - - - - - - - - - - 
Chaetoceros convolutum - - - - - - - - - - - - 
Chaetoceros constrictum - - - - - - - - - - - - 
*Chaetoceros curvisetum - - - - - + + - - - - - 
Chaetoceros decipiens - - - - - - - - - - - - 
Chaetoceros deficile - - - - - - - - - - - - 
Chaetoceros diadema - - - - + + - - + + - - 
Chaetoceros diversum - - - - - - - - - - - - 
Chaetoceros gracile - - - - - - - - - - - - 
Chaetoceros ingolfianum - - - - - - - - - - - - 
Chaetoceros lascinious - + + + + + + + + + + + 
Chaetoceros lorenzianus  - - + + - + + + + - + + 
Chaetoceros messanense - - - - - - + - - - - - 
Chaetoceros radicans - - - - - + - - - - - - 
*Chaetoceros sociale - - - - - + - - - - - - 
Chaetoceros subtile - - - - - - - + - - - - 
Chaetoceros tortissimum - - - - - - - - - - - - 
Chaetoceros wellei + - + + - - - + - + - - 
Climacosphenia elongata - - - - - - - - - - - - 
Climacosphenia moniligera - - - - - - - - - - - - 
Cocconies disculus - - - - + - - - - - - - 
Cocconies disculoides - - - - - - - - - + - - 
Cocconies psuedomarginatus + - - + - - - + - - - - 
Corethron criophilum - - - - - - - - - - - - 
*Coscinodiscus centralis + + - + + + + + + + + + 
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*Coscinodiscus concinnus - - - - - - - - +  - - 
Coscinodiscus curvulatus + + - - + - + - + + + - 
Coscinodiscus granii + + + - + + - - - - - - 
Coscinodiscus occulus + + + - + + - - + + - - 
Coscinodiscus occulus iridis - - - - + - - - - - - - 
Coscinodiscus radiatus + + - - + + + - - - - + 
Coscinodiscus marginatus + + - + + + + + + + + - 
Coscinodiscus nodulifer + + + - - - - - - - - - 
Coscinodiscus nitidus - - - - + + - - - + - - 
*Coscinodiscus wailesii + + - + + + + + + + + + 
*Cylinderotheca closterium + + - + + + + + + + + + 
Dactyliosolen fragilissimus - - - - + - - - - - - - 
Detonula pimula - - - - + + - - + - - - 
Diplonies bombus - - - - - - - - - - - - 
Diplonies chersonensis - - - - - - - - - - - - 
Diplonies crabro - - - - - + + + - - - - 
Diplonies lineata - - - - - - - - - - - - 
Diplonies notabilis - - - - - - - - - - - - 
Diplonies robustus - - - - - - - - - - - - 
Diplonies smithii - - - - - - - - - + - - 
*Ditylum brightwellii + + - + + + + + + + + - 
*Eucampia zodiacus  - - - - + - - - - - - - 
Fragillaria oceanica - - - - + + - - + + - - 
Gramatophora undulata - - - - - - - - - - - - 
Guinardia delicatula - - - - - - - - - - - - 
Gyrosigma bolticum - - - - + + - - - - - - 
Gyrosigma fascicola - - - - - + - - - - - - 
Gyrosigma hippocampus - - - - - - - - - - - - 
Gyrosigma littorole - - + + + + - - + - - - 
Gyrosigma wansbeckii + - - + + + - - + + + + 
Guinardia delicatula - - - - - - - - - - - - 
Hemiaulus hauckii + + - + - + - - - - + - 
Hemiaulus sinensis - - - - + + - - + + - - 
Lauderia annulata - - - - - - - - - - - + 
*Leptocylindrus danicus - - - - + - - - + - + - 
*Leptocylindrus minimus + + + + - + - - + + - - 
Melosira juergensi - - - - - - - - - - - - 
Melosira moniliformis + + - + + + + + + + + + 
Melosira nummuloides - - - - - - - - - - - - 
Navicula arenaria - - - - - - - - - - - - 
Navicula atlantica - - - - + - - - - - - - 
Navicula britannica - - - - + - - - - - - - 
Navicula clavata - - - - + + - - - - - - 
Navicula calida - - - - - - - - - - - - 
Navicula clementis + + - + + + + + + - + - 
Navicula crucigera - - - - - - - - - - - - 
Navicula directa - - - - - + - - + - + - 
Navicula elegans - - - - + - - - + - - - 
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Navicula florinae - - - - - - - - - + - - 
Navicula forcipata - - - - + + + - - - + - 
Navicula granulata - - - - - + - - - - - - 
Navicula longa - - - - - - - - - - - - 
Navicula lundstromii + + + + + + - - + - - - 
Navicula macunosa + + - - + + - + + + - - 
Navicula meniscus - - - - - - - - -  - - 
Navicula membrancea - - - - + - - - - + - - 
Navicula marina - - - - + + - - + + - - 
Navicula monilifera + - - + - - - - - - - - 
Navicula palperbralis - - - - - + - - - - - - 
Navicula ramosissima - - - - - - - - - - - - 
Navicula scopulorum - - - - - - - - - - - - 
Navicula tuscula - - - - - - - - - + - - 
Navicula sp. - - - - + - - - + + - - 
Navicula sp.1 - - - - + + - - + + - - 
Navicula sp.2 - - - - + - - - + + - - 
Navicula sp.3 - - - - + - - - + + - - 
Nitzschia acuminata + - - + + + - - - - - - 
Nitzschia angularis - - - - - + - - - - - - 
Nitzschia bilobata - - - - - - - - - - - - 
Nitzschia elongata - - - - - - - - - - - - 
Nitzschia frigida - - - - + + - - + + - - 
Nitzschia lavidensis - - - - - - - - - - - - 
Nitzschia longissimum + + + + + + + + + + + - 
Nitzschia marina - - - - - - - - - + - - 
Nitzschia navicularis + - - - - + - - + + - - 
Nitzschia panduriformis + + - - + - - + - - - - 
Nitzschia plana + + + - + + + + + - - + 
Nitzschia sigma + + - - + + - - + + - + 
Nitzschia virgata - - - - - + - - + + - - 
Nitzschia visurgis - - - - - - - - - + - - 
Nitzschia sp. - - - - - - - - - + - - 
Nitzschia sp.1 + - - - + - - - + + - - 
Okedinia inflexa - - - - - - - - - - - - 
Paralia sulcata - - - - - - - - - - - - 
Pinnularia ambigua + + + - + - - + - + + - 
Pinnularia angulatum - - - - - - - - - - - - 
Pinnularia rectangulata + - - + + + - - + + - - 
Pinnularia travelyana + - - - - - - - - - + - 
** Pseudo-nitzschia australis - - + + - + - - + + - + 
** Pseudo-nitzschia pseudodelicatissima - - - - - - - - - - - - 
** Pseudo-nitzschia multiseriata - - - - + + - - - - - - 
** Pseudo-nitzschia pungens - + + + + + + + + + + + 
** Pseudo-nitzschia seriata + + - - - + - - - - - - 
Planktoniella sol - - - - - + - - - - - - 
Pleurosigma aestuarii - - - - - + - - - - - - 
Pleurosigma angulatum + + + + + + + + + + + + 
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Pleurosigma elongatum - + + + + + + + + + + + 
Pleurosigma galapagense - - - - - - - - - - - - 
Pleurosigma strigosum - - - - - - - - - - - - 
Pleurosigma vanheurckii - - - - - - - - - - - - 
Pleurosigma wansbeckii - - - - - - - - - - - - 
Pleurosigma sp. - - - - - - - - + - - - 
Podosira stelliger - - + + - - - + - - - - 
Rhabdonema arcuatum - - - - - - - - - - - - 
Rhaphonies amphiceros - - - - - - - - - - - - 
*Rhizosolenia alata - - - - - + - - - - - - 
Rhizosolenia calcaravis + - + - - - - - - - - - 
Rhizosolenia hebetata + + + + - + - - - + - - 
Rhizosolenia imbricata  - - - - - - - - - - - - 
Rhizosolenia robusta - - - - + - - - + - - - 
Rhizosolenia serulata - - - - - - - - - - - - 
*Rhizosolenia setigera - - - - - - - - - - - - 
*Rhizosolenia stolterforthii + + - + - - - - - - + + 
Roperia tesselata - - - - - - - - - - - - 
*Skeletonema costatum + + - + + + + + + + + + 
Stauronies amphioxys - - - - - - - + - - - - 
Stauronies decipiens - - - - + - - - - - - - 
Stephanopyxis palmeriana - - - - - + - - - - - - 
Suriella amoricana - - - - + - - - - - - - 
Suriella comis - - - - - - - - - - - - 
Suriella gemma - - - - - - - - - + - - 
Suriella ovata - - - - + - - - + + + - 
Suriella ovalis - - - - + - - - - - - - 
Suriella salina - - - - - - - - - - - - 
Suriella smithii - - - - - - - - - - - - 
Suriella striatula - - - - - - - - - - - - 
Streptotheca temesis - - - - - - - - - - - - 
Thalasionema nitzschoides - - + + + - + + - - + + 
Thalassiosira anguste - - - - + - + - - - + - 
Thalassiosira baltica - - - - - - - - - - - - 
Thalassiosira condensata + + + + + + + + + + + + 
Thalassiosira eccentricus + + - + + + + + + + + + 
*Thalassiosira rotula - - + + - - - - - - - - 
*Thalassiosira subtilis + + - - + + - + + - - - 
Thalassiothrix frauenfeldii + + + + + + + + + + + + 
Thalassiothrix longissima + + + + + + + + + + + + 
Thalassiosira pacifica - - - - + - + - + - - - 
Tropdonies cleve - - - - - - - - - - - - 
Tropdonies lepidoptera - - - - - - - - - - - - 
Triceratium favus - - + + + - + + + + + + 
Undetermined sp.1 - - - - - + - + + + - - 
Undetermined sp.2 - - - - - - - - -  - - 
Amphidoma nanum - - - - - - - - - + - - 
** Alaxandrium catenella - - - - - - - - - - - - 
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Alaxandrium fundyense + - + + + - - - - - + - 
** Alaxandrium ostenfeldii - - - - - - - - - - - - 
** Alaxandrium temarense - - - - - - - - - - - - 
Amylax trichantha - - - - - - - - - - - - 
Balachina coerulea - - - - - - - - - - - - 
Cladopyxis bracbiolata - - - - - - - - - - - - 
Ceratium breve - - - - - - - - - - - - 
Ceratium declinatum - - - - - - - - - - - - 
Ceratium digitatum - - - - - - - - - - - - 
*Ceratium furca + + + + + + + - + + - + 
*Ceratium fusus + - + + - - - - - - - - 
Ceratium lineatum - - - - - - - - + - - - 
Ceratium longirostrum - - - - - - - - - - - - 
Ceratium longissimum - - - - - - - - - - - - 
Ceratium symmetricum - - - - - + - - - - - - 
Ceratium tripos - - + + - - - - - + - - 
Ceratium vultur - - - - + + - - - - - - 
Cladopyxis bracbiolata - - - - - - - - - - - - 
** Dinophysis acuminata + - - - - - - - - - - - 
** Dinophysis acuta - - - - - - - - - - - - 
Dinophysis argus - + - - - - - - - - - - 
Dinophysis bastata - - - - - - - - - - - - 
** Dinophysis caudata - - - - - - - - - - - - 
Dinophysis circumsutum - - - - - - - - - - - - 
**Dinophysis fortii + - - - - - - - - + - - 
Dinophysis exigua - - - - - - - - -  - - 
Dinophysis expulsa - - - - - - - - + + - - 
Dissodinium elegans - - + - - - - - + - - - 
**Dinophysis miles - - - - - - - - - - - - 
**Dinophysis mitra - - - - - - - - - - - - 
Dinophysis odiosa - - - - - - - - - - - - 
Dinophysis smithii - - - - - - - - - - - - 
Dinophysis sp. - - - - - - - - - - - - 
Gonyaulax armatum - - - - - + - - + - - - 
Gonyaulax brevisulcatum - - - - + - - - - - - - 
Gonyaulax digitale - - - - - - - - - - - - 
Gonyaulax fragilis - - - - - - - - - - - - 
Gonyaulax fratercula - - - - - - - - - - - - 
Gonyaulax kofoidii - - - - - - - - + - - - 
Gonyaulax milneri - - - - - - - - + + - - 
*Gonyaulax polygramma - - - - - - - - - - - - 
Gonyaulax polyedra - - - - - - - - - - - - 
** Gymnodinium breve - - - - - - - - - - - - 
Gymnodinium gracile - - - - - - - - + - - - 
** Gymnodinium splendens - - - - - - - - + - - - 
*Gyrodinium spirale - - - - - - - - - - - - 
Heterodinium rigdinae - - - - - - - - - - - - 
Heteroaulacus polyedricus - - - - - - - - - - - - 
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*Noctiluca scintillans - - - - - - - - - - - - 
Ornithoceros magnifucus - - - - - - - - - - - - 
Ornithoceros quadratus - - - - - - - - - - - - 
Oxytoxum scolopax + - + + - - - - - - - - 
Peridinium angustum - - - - - - - - - - - - 
Peridinium conicum - - - - - - - - - - + - 
Peridinium divergens - - - - - - - - - - - - 
Peridinium leticulatum - - - - - - - - - - - - 
Peridinium letissimum - - - - - - - - - + - - 
**Prorocentrum cordatum - - - - - - - - - - - - 
*Prorocentrum gracile - + + + - - - - - - - - 
Prorocentrum lenticulatum - - - - - - - - - - - - 
*Prorocentrum micans - + + + + + - + + + + + 
Prorocentrum minimus - - - - - + - - - + - - 
Prorocentrum pyriformis + - + + - - - - - - - - 
Prorocentrum tristylum - - - - - - - - - - - - 
Protoceratium reticulatum - - - - - - - - - + - - 
Protoperidinium acbromaticum - - - - + + - - - - - - 
Protoperidinium betercanthum - - - - - - - - - - - - 
Protoperidinium biconicum - - - - - - - - - - - - 
** Protoperidinium brevipes + - + + - - - - - - - - 
Protoperidinium cerasus - - - - - - - - - - - - 
Protoperidinium conicum + - + + - - + - - - + + 
Protoperidinium corniculum + + - - - - - - - - - - 
Protoperidinium cressipes + + + - - - + + - - - + 
Protoperidinium curtipes - - - - - - - - - - - - 
** Protoperidinium depressum - - - - - - - - - + - - 
Protoperidinium divergens - - - - - - - - + - - - 
Protoperidinium diversum - - - - - - - - - - - - 
Protoperidinium divericatum - - - - - - + - - - - - 
Protoperidinium longicolum - - - - - - - - - - - - 
Protoperidinium lenticulatum - - - - - - - - - - - - 
Protoperidinium minisculum - - - - - - - - - - - - 
Protoperidinium simulum - - - - - - - - - - - - 
Protoperidinium paradoxum - - - - - - - - - - - - 
Protoperidinium scbilleri - - - - - - - - - - - - 
** Protoperidinium steinii - - + + - - - - + - + - 
Protoperidinium subinermae - - - - - - - - - - - - 
Protoperidinium subpyriformae + + + - + + + + + - - + 
Protoperidinium tristylum - - - - - - - - - - - - 
Protoperidinium sp. - - - - - - - - - - - - 
Pyrocystis noctilucae - - - - - - - - - + - - 
Pyrophacus horologium + - - + + - + - + - + + 
Pyrophacus vancompoae - - - - - - - - - - - - 
*Scripsiella trachoidea - + + + + - + + - + + - 
Scripsiella sp. - - - - - - - - - - + + 
Actinomonas morabilis + - + + - - - - - - - - 
Clostridinium sp. - - - - - - - - + - - - 
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*Dictyocha fibula - - - - - + - - - - - - 
Dinobryon balticum - + - + + - + + - - + - 
*Distephenus speculum - - + + - - - - - - - - 
Dunaliella maritima - - - - + + - - - + - - 
Goslleria sp. - - - - - - - - - - - - 
Pediastrum sp. - - - - - - - - - - - - 
Scenedesmus sp. - - - - - - - - + - - - 
*Trichodesmium erythraeum + + + - + + - - + + - - 
Trichodesmium thibautii + + - - + + - - - - - - 

 

Table 3.9. SIMPER analysis based on group obtained from cluster and MDS ordination 
showing the species that contributed to the differences among the groups Av. Abund: 
average abundance; Av. Diss: average dissimalarity; Contrib: Contribution  
 

Av dissimilarity  77.67               Group I            Group II   
Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 

Protoperidinium lenticulatum 16.5 0 7.36 1.21 9.48 9.48 

Fragillaria oceanica 6.66 0 4.36 0.85 5.62 51.66 

Navicula directa 8.51 2.67 3.14 2.29 4.04 70.54 

Nitzschia levidensis 5.34 0 2.41 1.78 3.11 83.81 

Gonyaulax kofoidii 2.63 3.12 1.93 2.09 2.49 89.02 

Av dissimilarity  64.81               Group I            Group III   
Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 

Gonyaulax brevisulcatum 12.12 0.65 4.08 1.46 6.29 28.35 

Navicula maculosa 13.57 2.43 3.96 1.24 6.12 34.47 

Biddulphia aurita 11.21 2.68 3.81 1.3 5.88 40.35 

Hemiaulus hauckii 0 8.34 3.48 0.92 5.38 45.73 

Coscinodiscus marginatus 12.83 4.34 3.23 1.41 4.99 50.71 

Navicula directa 8.51 1.62 2.68 1.78 4.13 68.96 

Av dissimilarity  78.70                 Group II            Group III 
Species Av.Abund  Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Fragillaria oceanica 0 11.26 8.86 0.91 11.26 35.2 

Hemiaulus hauckii 0 8.34 7.69 0.88 9.77 44.96 

Melosira moniliformis 2.45 9.71 6.19 2.05 7.86 52.83 
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Nitzschia sp.1 0 6.04 5.51 1.11 7 59.83 

Nitzschia longissima 0 6.09 5.05 2.68 6.41 66.24 

Gyrosigma fasciola 0 3.59 2.69 0.7 3.42 78.92 

 

 

  Table 3.10.�Cumulative constrained percentages of the 2 axes extracted in the CCA analysis 
for general phytoplankton   composition and 4 axes extracted in the CCA analysis for 
phytoplankton species 
 
 

 
Factors Axis 1 Axis 2 Axis 3 Axis 4 

General phytoplankton composition 71.584 90.257 - - 

Phytoplankton species 28.92 47.385 61.679 72.58 
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Figure 30. Daily variations in Chla and phytoplankton cell density at Station 1(Cortalim) 
during 2008-2009 in Zuari estuary.�
 

�

�

�

�

�

�

�

 
 
 
Figure 31. Seasonal variations in A) Total number of phytoplankton genera and B) Total 
number of phytoplankton species at Station 1 (Cortalim) in Zuari estuary. 
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Figure 32. Percentage distribution of A) Centric and pennate forms of diatom; B) 
Dinoflagellate forms; C) the diversity index of Diatom, Dinoflagellate and total 
phytoplankton population and D) species evenness of Diatom, Dinoflagellate and other 
algae at Station 1 (Cortalim) in Zuari estuary. 
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Figure 33. Daily variations in the bloom progression of different phytoplankton species in relation to the 
pigment composition at  Station1 (Cortalim) in Zuari estuary. Where A) Pleurosigma elongatum, B) 
Amphidoma nanum, C) Biddulphia regia, D) Asteromphalus sp., E) Asteromphalus cleveanus, F) 
Stephanopyxis palmeriana, G) Gonyaulax brevisulcatum, H) Actinoptychus senarius, I) Gyrosigma littorale, 
J) Pleurosigma angulatum, K) Protoperidinium tristylum, L) Pyrophacus horologium, M) Amylax 
trichantha, N) Actinocyclus octonarius, O) Chaetoceros laciniosus and P) Thalassiothrix frauenfeldii. 
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Figure 34. Bray-Curtis cluster A and MDS B based on the monthly species abundance. Bubble plots 
showing the monthly variations in the abundance of dominant species. where C) Protoperidinium 
lenticulatum, D) Nitzschia levidensis, E) Hemiaulus hauckii and F) Gyrosigma fasciola. 
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  Figure 35. CCA Conjoint biplot A) General phytoplankton composition and B) 
Phytoplankton species. 
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Zuari estuary -Stations 2-7 (Transect) 

3.3.4. Phytoplankton community structure 

Phytoplankton biomass and cell density: Highest phytoplankton cell density of 15.50 X 104 

Cells L-1 with SD± 18.89 X 104 Cells L-1 was reported during non-monsoon period at 

surface of Lutolim station (Fig. 36A).Whereas highest biomass at surface was observed at 

Lutolim with an average of 16.19 mgm-3 with SD± 14.75 mgm-31 during monsoon period 

(Fig. 36B). At bottom maximum cell counts were reported at Borim with an average of 

10.20 X 104 Cells L-1 and SD± 1.08 X 104 Cells L-1 during non-monsoon period (Fig. 36C). 

At bottom Lutolim station showed highest biomass of 12.69 mgm-3 with SD± 6.49 mgm-3 

during non-monsoon period (Fig. 36D). 

Phytoplankton composition: Seasonal distribution has been observed in phytoplankton 

composition. During monsoon season station Borim reported maximum number of genera 

of Bacillariophyta division 28 genera and 64 species (Fig. 37A-B). Dinophyta reported 

with maximum genera 11 at Chicalim and 21 species. Zuari and Lutolim station reported 

the presence of Chlorophyta division with 2 genera and 2 species (Fig. 37A-B). Non-

monsoon season reported maximum number of Bacillariophyta genera (35) at Zuari station 

with 58 species. At Zuari station Division Dinophyta was represented with 1 genus and 1 

species (Fig. 37C-D). Division Chlorophyta was not represented. 

Seasonal distribution of Bacillariophyta shown in Fig. 38A-B. During monsoon 

period maximum numbers of centrales species (58%) were observed at Lutolim. In 

pennales highest 74% were observed at Borim station (Fig. 38A-B). Non-monsoon period 

found 59% of centrales species at Sancval station and minimum of 48% at Lutolim (Fig. 

38A-B).  

 Autotrophic forms were maximum during non-monsoon season with 44% species 

at Lutolim station (Fig. 38C-D). Highest of 42% of heterotrophic forms reported at 
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Chicalim station, where as mixotrophic forms were maximum at Sancval station with 75% 

species during monsoon period (Fig. 38C-D).   

Diversity: Diversity was found to be maximum during non-monsoon period at Chicalim 

(2.74) station. Diatom diversity was highest at Zuari station (2.58) and during monsoon 

season highest was found at Zuari station with 2.24. Dinoflagellate diversity was highest at 

Lutolim (1.32) station during non-monsoon period. Monsoon reported maximum of 0.85 

diversity at Borim station. Highest diversity of algae other than diatom and dinoflagellates 

was seen only during monsoon period 0.21 at Sancval station (Fig. 38E-F).  

Phytoplankton species evenness: Maximum species evenness was reported during non-

monsoon season at Sancval (0.73) station (Fig. 38G). During monsoon highest species 

evenness was reported at Lutolim station and lowest of 0.40 at Borim station. 

Blooms of Phytoplankton species and its pigment composition: Bloom of nine 

phytoplankton species has been observed during the study period along transect in Zuari 

estuary.  Blooms showed seasonality in their appearance. The nine species include 

Chaetoceros laciniosus, Actinocyclus octonarius, Coscinodiscus occulus, Thalassiothrix 

frauenfeldii, Thalassiosira subtalis, Protoperidinium subpyriformae, Nitzschia longissima, 

Thalasionema nitzschoides and Thalassiothrix longissima are explained in (Fig. 39A-F). 

Bloom of Chaetoceros laciniosus with highest bloom peak of (19,752 cells L-1) during 

monsoon period was observed in the surface waters of Borim station (Fig. 39A). Pigment 

composition of this peak was Chl b 0.44 mgm-3. Centric diatom Actinocyclus octonarius 

bloom was observed only in the surface waters of Borim station with peak height of 15,372 

cells L-1 during non-monsoon period (Fig. 39A). Pigment composition of bloom peak was 

carotenoids 0.76 mgm-3, fucoxanthin (0.89 mgm-3) zeaxanthin (2.06 mgm-3) and Chl b 
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(2.35 mgm-3). Coscinodiscus occulus bloom was observed only in surface waters of Borim 

station with cell counts of 18,522 cells L-1 during non-monsoon period (Fig. 39A). 

Pigments which showed their presence are carotenoids 0.76 mgm-3, fucoxanthin (0.89 

mgm-3), zeaxanthin (2.06 mgm-3) and Chl b (2.35 mgm-3). Thalassiothrix frauenfeldii 

bloom was observed at all the six stations in surface and bottom waters. The highest bloom 

peak was observed at Lutolim station surface with cell counts of 27, 8160 cells L-1 during 

non-monsoon period (Fig. 39B). It consists of pigments fucoxanthin (3.10 mgm-3), 

zeaxanthin (0.64 mgm-3), Chl b (1.07 mgm-3) and Chl C2 (0.82 mgm-3).  Thalassiosira 

subtalis bloom was found only in the surface waters of Chicalim station with cell counts of 

18, 450 cells L-1.  Peak consists of fucoxanthin (0.25 mgm-3) and Chl C2 (0.33 mgm-3) (Fig. 

39C). Dinoflagellate bloom of Protoperidinium subpyriformae observed during monsoon 

period in surface waters of Chicalim station. Bloom peak consists of 16,380 cells L-1 cell 

density and pigment composition of zeaxanthin (0.50 mgm-3), Chl b (0.88 mgm-3), Chl C2 

(0.67 mgm-3) and peridinin (0.47 mgm-3) (Fig. 40C). Nitzschia longissima bloom was 

observed in surface waters of Island during non-monsoon period (Fig. 39D). Peak consists 

of cell concentration of 10,392 cells L-1 with pigment concentration of fucoxanthin (1.21 

mgm-3), zeaxanthin (1.21 mgm-3) and Chl b (0.67 mgm-3) respectively.  Thalasionema 

nitzschoides bloom was found at Island station in the bottom waters. The peak showed cell 

counts of 10,868 cells L-1 with pigment composition of fucoxanthin (1.92 mgm-3), Chl C2 

(2.18 mgm-3) and Chl b (0.50 mgm-3) (Fig. 39E). Thalassiothrix longissima with highest 

bloom peak of 73920 cells L-1 was observed at Zuari bottom station during non-monsoon 

period. Pigment composition of this bloom is fucoxanthin (2.68 mgm-3), Chl C2 (0.86 

mgm-3) and Chl b (0.71 mgm-3) bloom (Fig. 39F).  
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Spatio-Temporal variations in phytoplankton: Bray-Curtis and MDS ordination based on 

dominant phytoplankton abundance at six stations is presented in (Fig. 40A-B). SIMPER 

analysis was carried out to find species that accounted for the dissimilarity between stations 

and seasons (Table 3.11). The samples are divided into three groups. Group I showed 100% 

dissimilarity with Group II and Group III respectively and Navicula maculosa   is 

responsible for the differences (Fig. 40C). Group II and Group III also showed variations in 

their community Nitzschia frigida accounted for the variations (36.27%) (Fig. 40D). 

Pleurosigma elongatum and Chaetoceros lorenzianus showed 49.71% and 85.79% 

dissimilarity with Group I and Group II respectively (Fig. 40E-F). 

Effect of environmental variables on phytoplankton population: In CCA biplot (Fig. 41A), 

2 axes explaining 68.79% and 98.64% of the relationship between Total phytoplankton 

density, Total diatom density, Total dinoflagellate density, Total other algae density, Chl a, 

Chl b, Chl C2, fucoxanthin, peridinin and zeaxanthin. The distribution of Total 

phytoplankton density, Total diatom density is strongly influenced by nitrite, silicate and 

temperature. Whereas distribution of total other algae density, Chl a, Chl b, Chl C2, 

fucoxanthin, peridinin and zeaxanthin is under the influence of phosphate and temperature. 

In the species biplot (Fig. 41B) all the species are distributed towards the centre of the 

biplot. First four axes explained 36.64%, 58.71%, 71.14% and 83.05% of the correlation 

between species and environmental parameters (Table 3.12). Actinocyclus octonarious, 

Thalassiosira eccentricus, Coscinodiscus marginatus are correlated with nutrients like 

nitrate, nitrite and phosphate. Coscinodiscus radiates, Coscinodiscus curvulatus, Nitzschia 

frigid, Thalassiothrix frauenfeldii and Thalassiothrix longissimum were correlated with 

phosphate, nitrite, nitrate, salinity and temperature. Silicate, salinity, dissolved oxygen and 
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temperature showed correlation with Pleurosigma elongatum, Thalassiosira condensate, 

Protoperidinium divericatumi and Protoperidinium subpyriformae. Nitrite showed 

correlation between Chaetoceros lorenzianus, Coscinodiscus marginatus, Pleurosigma 

angulatum, Thalassiosira eccentricus etc (Fig. 41B). 
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Table 3.11. SIMPER analysis based on group obtained from cluster and MDS ordination 
showing the species that contributed to the differences among the groups Av. Abund: 
average abundance; Av. Diss: average dissimalarity; Contrib: Contribution  
 

Av dissimilarity  100               Group I            Group III   
Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 

Navicula macunosa 13.69 0 34.57 2.68 34.57 34.57 

Pleurosigma elongatum 0 6.93 13.81 0.67 13.81 48.39 

Pleurosigma angulatum 0 4.52 11.77 0.7 11.77 60.16 

Thalassiosira eccentricus 0 5.79 9.89 0.69 9.89 70.05 

Nitzschia sigma 0 3.72 9.7 0.53 9.7 79.75 

Av dissimilarity  100               Group I            Group II   
Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 

Nitzschia frigida 0 14.83 52 Undefined! 52 52 

Navicula macunosa 13.69 0 48 Undefined! 48 100 

Av dissimilarity  100                 Group III            Group II 
Species Av.Abund  Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Nitzschia frigida 0 14.83 36.27 2.74 36.27 36.27 

Pleurosigma elongatum 6.93 0 13.44 0.67 13.44 49.71 

Pleurosigma angulatum 4.52 0 11.4 0.7 11.4 61.11 

Thalassiosira eccentricus 5.79 0 9.65 0.69 9.65 70.77 

Nitzschia sigma 3.72 0 9.4 0.53 9.4 80.17 

Chaetoceros lorenzianus 3.68 0 5.62 0.42 5.62 85.79 

 

Table 3.12.� Cumulative constrained percentages of the 2 axes extracted in the CCA 
analysis for general phytoplankton composition and 4 axes extracted in the CCA analysis 
for phytoplankton species 
 

Factors Axis 1 Axis 2 Axis 3 Axis 4 

General phytoplankton composition 68.79 98.641 - - 

Phytoplankton species 31.648 55.71 71.144 83.045 
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 Figure 36. Seasonal variations in total phytoplankton cell density and biomass along the surface and 
bottom at 6 different stations in Zuari estuary during June 2008–May 2009. A) Phytoplankton cell 
density at surface, B) biomass at surface, C) total phytoplankton cell density at bottom and D) biomass 
at bottom. 
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Figure 37. Seasonal distribution of different phytoplankton divisions A) total genera during monsoon 
season, B) total species during monsoon season, C) total genera during non-monsoon season and D) 
total species during non-monsoon season at 6 different stations in Zuari estuary during June 2008–May 
2009.  

�
�
�
�
�
�
�
�
�
�

A 

C 

B 

D 



�

�

�

�

�

�

Figure 38. Seasonal variations in centric and pennate forms A) total centric and pennate 
species during monsoon and B) total centric and pennate species during non-monsoon, C) 
Autotrophic, Heterotrophic and Mixotrophic forms of dinoflagellate during monsoon and 
D) Autotrophic, Heterotrophic and Mixotrophic forms of dinoflagellate during non-
monsoon period E) Diversity during monsoon, F) Diversity during non-monsoon and G) 
species evenness at six stations in Zuari estuary at 6 stations in Zuari estuary  
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Figure 39. Monthly variations in the bloom progression of different phytoplankton species in relation to the 
pigment composition at  six stations in Zuari estuary. Where A) Borim surface, B) Lutolim surface, C) 
Chicalim surface, D) Island surface, E) Island bottom and F) Zuari bottom. 
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Figure 40. Bray-Curtis cluster A) and MDS B) based on the monthly species abundance. Bubble plots 
showing the monthly variations in the abundance of dominant species (C-F). Where C_S - Chicalim surface; 
Z_B- Zuari bottom. 
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����Figure 41. CCA biplot A) General phytoplankton composition and B) Phytoplankton species. 
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3.4. Discussion:  

An attempt was made in the present investigation to understand more about the 

distribution pattern of the physico-chemical parameters and phytoplankton by high 

frequency sampling strategy mainly comprising daily sampling carried out along some 

fixed station (mid-estuary region) and transect along the estuary. The main objective was to 

know the intra-and inter- seasonal variability and the relations between the physic-chemical 

parameters. Monsoon plays the important role in the variations in physico-chemical 

properties. Ghosh (1985) reported that monsoon rainfall in Goa is about 52% while surface 

runoff is about 16% charging the ground water.  During the break phase of monsoon the 

estuary is completely filled with fresh water.  The stratification in the estuarine region is 

mainly due flowing-in of the sea water at the bottom region and flowing out of fresh water 

at the surface region. Whereas during non- monsoon there is a minimal fresh water inflow 

and tides is the important factor which facilitates well mixed water column of the estuary 

transforming it in to extended body of the sea (Shetye et al., 1999 and Anand Subha et al., 

2014). 

The physico-chemical parameters of Zuari estuary showed spatio-temporal 

variations. This is further substantiated by the statistical analysis of the data. Correlation 

results of Station 1 (Cortalim) showed significant positive correlation between salinity and 

temperature but negatively related with nutrients and water discharge. This was also true in 

the case of transect study. Our results are in agreement with Desousa et al., 1981 and 

Anand Subha et al., 2014. In a transect study dissolved oxygen showed positive correlation 

with silicate and negative correlation with phosphate (Table 3.4) confirming the role of 
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rainfall and salinity causing variations in silicate, oxygen and phosphate in the estuary 

which is also in sgrrenet with Anand Subha et al., 2014.  

 The results revealed that phytoplankton community strongly influenced by 

alterations in fresh water discharge. The study site known to experience high fresh water 

influx with a flow rate higher than 10,000 ML day�1 with the onset of monsoon (Shetye et 

al., 1999 and Unnikrishnan et al., 1997).  This results in to the stratification of water with 

high-saline, low-temperature and DO in the bottom waters and low saline nutrient-rich 

surface waters (Patil and Anil 2008 and Patil and Anil 2011). Daily study at Cortalim 

station which lie in the mid of the estuary resulted in very high phytoplankton cell density 

(39.37 X 104) and cell biomass (17.18 mgm-3) during monsoon period which is very 

unique. Madhu et al., 2007, during the study in Cochin back waters also observed high 

input of nutrients into the estuary through various sources is responsible for high biomass.    

Transect study reveals that highest phytoplankton biomass and cell density of 26.62 

mgm-3 reported at Lutolim station which is towards the upper reach of the estuary both at 

surface and bottom. This intern is related to lower salinity conditions which influence 

higher phytoplankton growth (Qasim et al., 1972; Devassy and Goes, 1988 and Patil and 

Anil 2011). Results of the hierarchical cluster analysis and MDS analysis of daily study at 

Cortalim station indicated the presence of temporal variations in the phytoplankton species. 

Depending on the seasonality three groups of phytoplankton species has been identified. 

Group I basically made up of monsoon season consists of species like Protoperidinium 

lenticulatum and Nitzschia levidensis. They are less halophilic species in the presence of 

elevated level of nutrients (Rao et al., 1997, Marshall et al., 1990 and D’silva et al., 2011).  

Group III dominated by post-monsoonal species which prefers high salinity and low 
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nutrient levels. Species which inhibit these conditions are Gyrosigma fasciola and 

Hemiaulus hauckii (Matondkar et al., 2007; Patil and Anil 2008 and Pednekar et al., 2014). 

Pennales dominated over centrales in the entire Zuari estuary during monsoon and 

vice-versa in post-monsoon season. Pennate forms of diatom are regarded as benthic and 

are often dominant in shallow and turbulent waters (Sahu et al., 2012; Shams et al., 2012). 

Within the estuary, pennate diatoms increased from the lower to the upper sections while a 

reverse trend was observed for the centric forms.  Bcillariophyta is the dominant division 

with 82% of the distribution followed by Dinophyta, Chrysophyta and Cyanophyta. 

Chlorophyta showed its presence only during the monsoon season at Lutolim and Zuari 

station. Bacillariophyta reported maximum number of species during the post-monsoon 

season with 160 species is related to high level of irradiance (Patil and Anil 2008; Pednekar 

et al., 2011and Pednekar et al., 2014).  

Mixotrophic dinoflagellates dominated the autotrophic and heterotrophic in both 

monsoon and post-monsoon period.  This proves that mixotrophy is more preferable in the 

oligotrophic environments as well as in fluctuating monsoon influenced areas (D'costa and 

Anil, 2010). Whereas autotrophy and heterotrophy are advantageous in eutrophic 

environments (Troost et al., 2005 a & b and Naik et al., 2011).  

Spatio-temporal variations were observed along transect study in Zuari estuary (Fig. 

37A-F). Cluster and MDS ordination plots were able to differentiate the study locations 

into three groups. The stations were distinguished from each other based on the seasonal 

pattern and distribution species towards the surface and bottom. SIMPER confirmed the 

results that the differences observed between the stations were largely due to the 

dominance of different species during different seasons. Navicula maculosa which is 
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reported only at Chicalim surface during showing 100% of dominance. Nitzschia frigida 

(52%) showed dominance at Zuari bottom during monsoon season. Pleurosigma elongatum 

showed 49.71% of dominance with Group III.        

In Zuari total seventeen bloom forming species has been identified. There is 

seasonality in the appearance of bloom. Daily analysis has helped to understand the 

occurence of bloom and its propagation. Altogether five blooms of dinoflagellate species 

has been observed. Amphidoma nanum, Amylax trichantha, Gonyaulax brevisulcatum, 

Protoperidinium tristylum and Pyrophacus horologium blooms appeared during monsoon 

season. The influence of environmental variables on these dinoflagellates is evident 

through CCA biplot. Blooms of dinoflagellates is related with presence high nutrients like 

nitrate, phosphate, temperature and dissolved oxygen (Patil and Anil 2011; Pednekar et al., 

2011 and Pednekar et al., 2014). They are found to grow in mesohaline conditions (15-25 

psu) (Rene et al., 2010). Blooms of Actinocyclus octonarious and Thalassiothrix 

frauenfeldii occured throughout the study period. They are highly diverse species are 

euryhaline, eurythermal and easily proliferate in estuarine conditions. Actinocyclus 

octonarius has low surface to volume ratio and multiply during monsoon period when 

nutrients and conditions are condisive for growth. Whereas Thalassiothrix frauenfeldii has 

high surface-to-volume ratio and have the ability to absorb nutrients rapidly when nutrients 

are low (Achary et al., 2010; Kükrer and Bü� yükisik 2013; Shams et al., 2012 and 

Pednekar et al., 2014). Species like Asteromphalus cleveanus, Asteromphalus sp., 

Stephanopyxis palmeriana, Thalassiosira eccentrica, Biddulphia regia and Chaetoceros 

laciniosus their blooms were observed only during monsoon period. As these species are 

native of estuarine environment and brought inside by means of water discharge, rainfall 
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and tidal action and they can tolerate wide range of salinity (Devassy and Goes, 1988 and 

Pednekar et al., 2011). Gyrosigma fasciola was observed during post-monsoon period. 

During this period there is depletion of nutrients and increase in salinity (Matondkar et al., 

2007 and Pednekar et al., 2011). 

From the present study it can be concluded that phytoplankton show distinct spatio-

temporal variations with respect to seasons. CCA analysis gives correlation between 

environmental variables with species. Daily analysis helps to understand bloom progression 

on day to day basis. Also helps to understand succession of phytoplankton species as major 

ship building activities takes place in this estuary at Mormugao port.  
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4.1. Introduction 

Harmful algal blooms occur when the algal cells in the marine or fresh water grow 

out of proportion leading to economic loss and severe impacts on marine life and human 

health (Anderson D. M. and D. J. Garrison 1997). The global study reveals that Harmful 

algal blooms are of three types: 1) some HAB causing species are not harmful to humans 

but harmful to marine life such as fishes they cause gill clogging due to their physical 

structure e.g. several species of genus Chaetoceros, Ceratium and Prorocentrum. 2) Some 

are potentially toxic even at low concentrations (few cells per litre) and produce toxic 

effects affecting the marine life which intern affects the human health. Toxin producing 

species of genus includes Gymnodinium, Psuedo-nitzschia, Dinophysis, and Alexandrium. 

3) Some species of genus Coscinodiscus, Trichodesmium, Prorocentrum produce dense 

blooms and upon decomposition leads to mortality of marine fauna (Smayda 1990; Horner 

et al., 1997; and D’Silva et al., 2012). 

Harmful Algal Blooms (HABs) also known as ‘Red tide’ have been reported all 

over the world. The concerns about the HABs have increased over the last few years 

(Hallegraeff G.M. et al., 2003). In aquatic system the growing problem of eutrophication 

due to anthropogenic activities have altered the marine food web tremendously. Incidents 

of eutrophication have drastic increase not only in India but also across the world (Paerl 

1997; Horner et al., 1997; Paerl 1988; Joseph et al., 2008; Heisler et al., 2008; Verity 2010 

and Philips et al., 2011). Devassy and Nair Shreekumar 1987 reported bloom of Noctiluca 

miliaris along the southern coast of India. Fish mortality caused by Noctiluca miliaris was 

reported by Naqvi et al., (1998) and Satish Sahayak et al., (2005). Paralytic Shellfish 
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Poisoning outbreak was observed in Mangalore along the west coast where the causative 

organism was not known (Karunasagar et al., 1984; Karunasagar et al., 1998 and Bhat and 

Matondkar 2004). The Stench of Cochlodinium polykreikoides was observed along the 

southern Malabar Coast by (Ramaiah et al., 2005). Many cysts of toxic dinoflagellate 

species have been reported in the sediments along the south west of India during the 

Southwest monsoon period (Godhe et al., 2000 and D’Costa et al., 2008). Padmakumar et 

al., 2007 reported “Red tide” event was caused by Coscinodiscus centralis on south west 

coast of India.  

Mandovi and Zuari are the most important estuaries of Goa along west coast of 

India and are tropical and tide driven (Shetye 1999). The estuaries differ in their 

geomorphology and rainfall pattern. The Mandovi estuary has wider mouth region and 

longer flushing period in comparison to Zuari (Shetye et al., 2007). In the Zuari major 

source of pollution is through anthropogenic activities like construction of jetties, ship 

building and mining carried along the Mormugao port situated at Mormugao bay. Where as 

in Mandovi pollution sources include boat traffic (cruising), sewage discharge, agricultural 

runoff and industrial effluents have increased in these estuaries. This leads to the increase 

in the macro-micro nutrients concentration (specially phosphate and nitrate), and trace 

elements and suspended particulate matter influencing the algal blooms (Goldar and 

Benerjii 2004; Alagarsamy Rengasamy 2006; Sawant  et al., 2007; Pradhan and Shirodkar 

2009 and Maya et al., 2011). Reports of harmful algal blooms have also been observed 

from Goa coast where occurrence bloom of Cochlodonium polykrikoides was coincided 

with the mortality of fish (O’ Herald 2001). Matondkar et al., 2004 reported bloom of 

Noctiluca scintillans along the Goa coast imparting green coloration to the water. Bloom of 
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Noctiluca milliaris was observed by SanilKumar et al., 2009 along the Goa coast but no 

fish kill was reported. 

However no intensive study has been carried out on the HAB forming species from 

Mandovi and Zuari estuaries of Goa. In the present study attempt has been made to study 

the spatio-temporal distribution of HAB species with relation to environmental factors such 

salinity, temperature, nutrients dissolved oxygen in this area. This study will help in 

understanding seasonality in the blooms of HAB species. 

4.2. Materials and Methods 

4.2.1. Study Area: The study area is given in detail (Chapter II (Mandovi) and Chapter 

3(Zuari). 

4.2.2. Sample collection and Laboratory analysis: Physico-chemical and biological 

parameters remained same.  The method for water sample collection and analysis of 

physico-chemical and biological parameters is given in Chapter II. 

4.2.3. Data analyses: Software’s used for data analyses of physic-chemical parameters and 

HAB forming species are mentioned in Chapter II. 

 

4.3. Results  

Station 1 (Captain of Ports) - Daily sampling 

4.3.1. Total composition of HABs forming species: Total 59 species with 33 harmful algal 

genera were collected from daily sampled station (Station 1 - Captain of Ports, Mandovi 

estuary). Group wise distribution of HAB species is as follows. Bacillariophyta - 18 genera 

with 30 species; Dinophyta - 11 genera with 23 species. Cyanophyta - 2 genera with 3 

species and Chrysophyta - 2 genera with 2 species (Fig. 42A).  Seasonality in occurrence 
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and list of the HAB species is given   in Table 2.8. Highest percentage distribution of HAB 

species was reported during pre-monsoon period. 37% Bacillariophyta 7% Dinophyta and 

5% Cyanophyta respectively. While in monsoon season percentage distribution of HAB 

species was 28% Bacillariophyta and 9% Dinophyta. However Cyanophyta and 

Chrysophyta were not represented during this season (Fig. 42B). Inter-monsoon period was 

represented by all the above mentioned Divisions representing with15% Bacillariophyta 

and Dinophyta and 1% Cyanophyta and Chrysophyta. Maximum species representation 

was shown by following genera Chaetoceros (4 species), Coscinodiscus (3 species), 

Pseudo-nitzschia (3 species), Rhizosolenia (5 species), Gymnodinium (3 species), 

Protoperidinium (4 species) and Prorocentrum (5 species) and Dinophysis (4 species). 

4.3.2. Blooms of HAB forming species with pigment composition: Blooms of five harmful 

algal species viz. Trichodesmium erythreaum, Skeletonema costatum, Gymnodinium 

splendens, Chaetoceros curvisetus and Cylindrotheca closterium were observed during 

present study showed seasonality in their blooming period and photos of some of these 

organisms are provided in Plate 1. Each bloom has been discussed for its pigment 

composition. Two bloom peaks of Trichodesmium erythreaum were found during the pre-

monsoon and inter-monsoon period (Fig. 43A). The highest peak of the bloom was 

observed during the pre-monsoon season with cell counts of 11,260 Cells L-1. The bloom 

peak consisted of pigments like Chl b (0.73 mgm-3), Chl C2 (0.62 mgm-3) and zeaxanthin 

(0.32 mgm-3) (Fig. 43A). Seven bloom peaks of Skeletonema costatum were observed 

during present study. Four bloom peaks were reported during monsoon season, one peak 

during post-monsoon period and two peaks during pre-monsoon period of 2008. Highest 

bloom peak with cell counts of 23, 648 Cells L-1 was found during monsoon period where 
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bloom was continuous for two consecutive days (Fig. 43B). During this bloom peak 

pigment composition consists of Chl b (0.47 mgm-3), Chl C2 (1.13 mgm-3), fucoxanthin 

(1.76 mgm-3) and diadinoxanthin (0.61 mgm-3).  

Bloom of autotrophic dinoflagellate Gymnodinium splendens was reported during the 

monsoon season. The peak was observed in the September with cell counts of 9,672 Cells 

L-1. The pigment composition of bloom peak was Chl b (1.25 mgm-3), Chl C2 (1.46 mgm-

3), peridinin (1.51 mgm-3) and diadinoxanthin (0.84 mgm-3) (Fig. 43C). Bloom of two 

centric diatoms Chaetoceros curvisetus and Cylindrotheca closterium was found during 

pre-monsoon season. Consecutive two days bloom of Chaetoceros curvisetus was observed 

during pre-monsoon period. The bloom peak with highest cell counts of 24,232 Cells L-1 

was observed during pre-monsoon period. Peak consists of pigments like Chl b (7.51 mgm-

3), fucoxanthin (1.18 mgm-3) and neoxanthin (1.09 mgm-3) (Fig. 43D). Throughout the 

study period Cylindrotheca closterium showed very high counts specially during post-

monsoon period. Bloom peak with cell counts of 12,172 Cells L-1 was found on, during pre-

monsoon period. Single bloom peak consists of pigments Chl b (4.66 mgm-3), fucoxanthin 

(2.53 mgm-3) and 19-Butanoyloxyfucoxanthin (0.77 mgm-3) (Fig. 43E). 

4.3.3. Temporal variations in HABs forming species: The abundance data of HAB species 

was subjected to Bray- Curtis cluster analysis and MDS (Fig. 44A and B). Data was 

divided into four groups. May_2007 - Group I, June_2007 to Oct_2007- Group II, 

Dec_2007 to Apr_2007 - Group III and May_2008- Group IV based on the seasons. These 

groups are clustered together at 50% similarity. SIMPER analysis was performed based on 

the results of MDS to find out, which species accounted for the dissimilarity (differences) 

between groups (Table 4.1). The following species contributed to the dissimilarity: Group I 



�

�

- Fragillaria oceanica (20.53%) (Fig. 44C) and Trichodesmium erythraeum (27.84%). 

Group II- Scripsiella trachoidea (51.63%) (Fig. 44D), Gymnodinium breve (58.25%). 

Group III- Pseudo-nitzschia multiseriata (86.08%) (Fig. 44E), Cylindrotheca closterium 

(56.72%). Group IV- Pseudo-nitzschia seriata (30.99%) (Fig. 44F) Species distribution 

represented temporal variations in different seasons.             

4.3.4. Relation between the HABs population and environmental parameters: CCA biplot 

first four ordination axis explained about the total variance in the HAB species abundance 

by the measured environmental variance (Fig. 45). First axis showed (Table 4.2.) the 

affiliation towards nitrate, nitrite, phosphate, silicate and temperature combination. The 

HAB species which showed correlation with these environmental parameters are 

Chaetoceros concavicornis, Chaetoceros peruvianus, Eucampia zodiacus, Pseudo-

nitzschia seriata, Rhizosolenia alata, Gonyaulax polygramma, Gymnodinium mikimotoi. 

Coscinodiscus concinnus, Detonula pimula, Diplonies crabro, Donkinia recta, Fragillaria 

oceanica, Guinardia flaccida, Rhizosolenia calcaravis, Rhizosolenia fragilissima, 

Thalassiosira rotula, Protoperidinium depressum and Trichodesmium erythraeum showed 

strong correlation with nitrite, silicate, rainfall and water discharge on second axis. 

Nutrients combination of nitrate, nitrite, phosphate and temperature showed correlation 

with dinoflagellates like Alexandrium temarense, Dinophysis acuminata, Dinophysis fortii, 

Gymnodinium breve, Gymnodinium splendens, Noctiluca scintillans, Protoperidinium 

steinii and Microcystis. Chaetoceros sociale, Scripsiella trachoidea and Gyrodinium 

spirale showed positive correlation with salinity, silicate, tide height and water discharge 

with respect to their abundance. 
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Table 4.1. SIMPER analysis based on group obtained from cluster and MDS ordination 
showing the species that contributed to the differences among the groups Av. Abund: 
average abundance; Av. Diss: average dissimilarity; Contrib: Contribution  
 

Av dissimilarity  61.66                 Group I            Group II 

Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 

Ditylum brightwelii 63.41 8.54 6.84 9.13 11.1 11.1 

Fragillaria oceanica 42.9 0.47 5.3 13.25 8.6 19.7 

Skeletonema costatum 4.18 43.96 4.92 2.93 7.98 27.67 

Trichodesmium erythraeum 38.4 1.95 4.56 9.29 7.4 35.07 

Rhizosolenia fragilissima 31.65 0.81 3.86 9.41 6.25 41.33 

Av dissimilarity  33.10                 Group I            Group III 

Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 

Ditylum brightwelii 63.41 4.83 8.26 9.66 11.93 11.93 

Fragillaria oceanica 42.9 0.62 5.95 15.23 8.6 20.53 

Trichodesmium erythraeum 38.4 2.5 5.05 12.86 7.3 27.84 

Rhizosolenia fragilissima 31.65 0.62 4.37 15.23 6.31 34.15 

Ditylum brightwelii 63.41 4.83 8.26 9.66 11.93 11.93 

Av dissimilarity  51.69                 Group II            Group III 

Species Av.Abund  Av.Abund Av.Diss Diss/SD Contrib% Cum.% 

Skeletonema costatum 43.96 11.09 7.68 2.3 14.87 14.87 

Cylinderotheca closterium 17.96 35.94 4.23 1.8 8.19 23.05 

Gymnodinium splendens 14.46 0.42 3.01 1.01 5.82 28.87 

Leptocylindrus danicus 15.99 8.94 2.8 1.35 5.42 34.29 

Rhizosolenia setigera 13.41 11.18 2.4 1.36 4.65 38.94 

Rhizosolenia stolterforthii 8.94 0.39 2.25 1.06 4.36 43.3 

Av dissimilarity  72.74                 Group I          Group IV 

Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 

Ditylum brightwellii 63.41 4.32 7.27 Undefined 9.99 9.99 

Chaetoceros concavicornis 0 52.85 6.5 Undefined 8.94 18.93 

Fragillaria oceanica 42.9 0.62 5.2 Undefined 7.15 26.08 

Pseudo-nitzschia seriata 7.57 48.45 5.03 Undefined 6.91 32.99 

Trichodesmium erythraeum 38.4 0.62 4.65 Undefined 6.39 39.38 

Rhizosolenia fragilissima 31.65 0.62 3.82 Undefined 5.25 44.63 

Coscinodiscus centralis 22.47 47.67 3.1 Undefined 4.26 48.89 

Av dissimilarity  68.02                 Group II          Group IV 

Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
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Skeletonema costatum 43.96 1.89 7.85 3.17 11.55 38.02 

Coscinodiscus centralis 11.08 47.67 6.94 8.05 10.2 48.23 

Cylinderotheca closterium 17.96 1.45 3.12 4.14 4.58 52.81 

Gymnodinium splendens 14.46 0.62 2.42 0.89 3.56 56.37 

Rhizosolenia setigera 13.41 2.98 1.82 0.75 2.67 59.04 

Prorocentrum micans 10.2 0.62 1.76 1.4 2.59 61.63 

Av dissimilarity  68.29                 Group III          Group IV 

Species  Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Cylinderotheca closterium 35.94 1.45 7.82 3.61 11.46 56.72 

Leptocylindrus danicus 8.94 17.75 2.78 2.79 4.07 60.8 

Eucampia zoadicus 0.39 9.61 2.1 9.25 3.08 63.87 

Skeletonema costatum 11.09 1.89 2.03 1.64 2.97 66.84 

Rhizosolenia setigera 11.18 2.98 1.89 1.66 2.77 69.61 

Chaetoceros curvisetum 6.18 5.67 1.77 1.29 2.59 72.21 

Prorocentrum micans 6.61 0.62 1.38 2.91 2.03 74.23 

Gymnodinium mikimotoi 0.27 6.16 1.35 5.32 1.98 76.22 

 
 
 
Table 4.2.�Cumulative constrained percentages of the 2 axes extracted in the CCA analysis 
for general phytoplankton composition and 4 axes extracted in the CCA analysis for 
phytoplankton species 
 

Factors Axis 1 Axis 2 Axis 3 Axis 4 
HAB forming species 27.651 51.778 64.226 74.034 

 

 

 

 

 

 

 

 

 



�

�

Station 1 (Captain of Ports) - Daily sampling 

�
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�Figure 42. A) Total number of HAB forming species and B) Percentage distribution of 

HAB forming species at Station 1 (Captonain of Ports) in Mandovi estuary. 
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Figure 43. Blooms of HAB forming species with pigment composition A) Trichodesmium 

erythraeum, B) Skeletonema costatum, C) Gymnodinium splendens, D) Chaetoceros 

curvisetus and E) Cylindrotheca closterium at Station 1 (Captonain of Ports) in Mandovi 

estuary. 
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Figure 44. Bray-Curtis cluster (A) and MDS (B) based on the monthly species abundance. 

Bubble plots showing the monthly variations in the abundance of dominant HAB forming 

species (C-F). 
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Fig. 45. CCA biplot of HAB forming species. 
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Stations 2-4 (Transect) - Fortnightly sampling 

4.3.5. Total composition of HABs species: All together 45 HAB forming species with 25 

genera are given across the transect study in Table 2.8. At surface highest HAB 

composition was observed at Verem station with total 25 genera with 38 species. HAB 

flora comprised of 13 Bacillariophyta (13 genera with 24 species); Dinophyta (10 genera 

with 11 species); Cyanophyta (1 genus with 2 species) and Chrysophyta (1 genus with 1 

species) (Fig. 46 A and B).  At bottom it was observed that genera were equal at all the tree 

stations (Fig. 46C). HAB flora comprised of 9 Bacillariophyta genera with 19 species; 

Dinophyta 8 genera, 12 species; Cyanophyta 1 genus with 1 species and Chrysophyta 1 

genus and 1 species (Fig. 46D).  

Seasonal distribution was observed in the HAB forming species at all the three stations at 

surface and at bottom. During monsoon period percentage of HAB forming diatoms 

(Bacillariophyta) decreased from Verem to OldGoa station both at surface and bottom (Fig. 

47A and B), observed in the case of species. During monsoon highest percentage of HAB 

species was reported at Verem station both at surface (30% Bacillariophyta, 4% Dinophyta 

and 1% Cyanophyta) and at bottom (27% Bacillariophyta, 2% Dinophyta) (Fig. 47B). 

During non-monsoon season opposite trend was observed. Percentage HAB forming 

species increased from Verem station to OldGoa station both at surface and bottom (Fig. 

47C and D). At surface highest percentage of HAB forming species was reported at 

OldGoa station both at surface (31% Bacillariophyta and 2% Dinophyta) and bottom (32% 

Bacillariophyta and 1% Dinophyta). Harmful species Chaetoceros (4 species), Pseudo-

nitzschia (3 species), Rhizosolenia (4 species) and Prorocentrum (4 species) were recorded 

during study period along all the three stations which are shown in Table 2.8. 
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4.3.6. Pigment composition of Blooms of HAB species: Blooms of HAB forming species 

were observed at Ribandar and OldGoa station whereas no bloom was observed at Verem 

station. Blooms of two HAB forming species i.e. Rhizosolenia setigera and Pseudo-

nitzschia seriata were found only at the bottom of Ribandar station. Blooms of 

Rhizosolenia setigera was found during monsoon period with peak made up of cell counts 

of 15,080 Cells L-1 (Fig. 48A). This bloom peak consisted of pigments Chl C2 (0.48 mgm-

3) and fucoxanthin (1.11 mgm-3).  Pseudo-nitzschia seriata bloom peak was reported during 

non-monsoon period with cell counts of 16,680 Cells L-1 (Fig. 48A). Pigment composition 

of this bloom peak is Chl C2 (0.73 mgm-3) and fucoxanthin (2.60 mgm-3).  

Mixed species bloom of Pseudo-nitzschia seriata and Skeletonema costatum were observed 

at surface and bottom of OldGoa station. Blooms at surface Pseudo-nitzschia seriata bloom 

peak was found in non-monsoon period (March) with cell counts of 15,320 Cells L-1. Also 

on the same day bloom peak of Skeletonema costatum with cell counts of 21,080 Cells L-1 

was found (Fig. 48B). Pigment composition of this mixed species bloom consisted of Chl 

C2 (1.62 mgm-3) and fucoxanthin (4.48 mgm-3). Another bloom peak of Skeletonema 

costatum was observed during non-monsoon period (May) with cell counts of 52, 632 Cells 

L-1 (Fig. 48B). Pigment composition of this bloom peak consisted of Chl b (2.19 mgm-3), 

Chl C2 (0.86 mgm-3) and fucoxanthin (2.51 mgm-3). Bloom of these species was also 

extended towards the bottom. Mixed species bloom of  both species Pseudo-nitzschia 

seriata and Skeletonema costatum were observed with cell counts of 9640 Cells L-1 10, 260 

Cells L-1  respectively on same dates as in the case of surface (Fig. 48C). Pigment 

composition of this mixed species bloom peak consisted of Chl C2 (0.47 mgm-3) and 

fucoxanthin (1.45 mgm-3). Second bloom peak of Skeletonema costatum was reported 



�

�

during non-monsoon period (May) with cell counts of 39,680 Cells L-1, pigment 

composition of bloom peak Chl b (1.55 mgm-3), fucoxanthin (0.70 mgm-3) and �  carotene 

0.77 mgm-3 (Fig. 48C).    

4.3.7. Spatio-temporal variations in HABs forming species: Bray-Curtis analysis divided 

HAB forming species abundance into three major groups (Fig. 49A). These groups 

clustered together at 50% of similarity which was confirmed in MDS plot (Fig. 49B). HAB 

species were distributed at different stations in different seasons showing spatio-temporal 

variations. Group -I of monsoon season of OldGoa surface, OldGoa bottom and Ribandar 

surface. Group-II made up of Ribandar bottom and Group-III of non-monsoon at all three 

stations. The groups are formed due to the dissimilarity in HAB species distribution pattern 

which is explained with the help of SIMPER test Table 4.3. Group-I differed from other 

two groups due to dominance of Trichodesmium erythraeum during the monsoon season at 

surface of Ribandar station with (83.94%) dissimilarity (Fig. 49C). Ribandar bottom 

monsoon did not club with any other group due to the dominance of Chaetoceros diversum 

(75.96%) dissimilarity (Fig. 49D). Group- III showed the dominance of Biddulphia sinensis 

(44.49%) at Ribandar bottom; Ceratium furca at Verem surface (82.46%) and Alexandrium 

ostenfeldii dominated at OldGoa with 77.79% dissimilarity were observed (Fig. 49E). 

4.3.8. Relation between the HAB species and environmental parameters: First three axis of 

ordination in CCA biplot explained 73.1% of correlation between HAB forming species 

and environmental variance (Fig. 50). Eigen values of these axes are given in Table 4.4. 

Environmental variables like phosphate, silicate and temperature showed correlation with 

HAB species like Chaetoceros diversum, Eucampia zodiacus, Rhizosolenia alata, 

Rhizosolenia setigera, Prorocentrum minimus and Distephenus speculum.  Group of HAB 
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species Chaetoceros peruvianum, Fragillaria oceanica, Melosira moniliformis, Nitzschia 

longissimum, Ceratium furca, Dinophysis caudata, Gymnodinium splendens and 

Gymnodinium breve were correlated with nitrate and nitrite. Pseudo-nitzschia pungens, 

Alexandrium acatenella, Gonyaulax kofoidii, Gonyaulax milneri, Prorocentrum cordatum 

and Prorocentrum gracile were strongly influenced by nitrate, silicate, salinity and dissolve 

oxygen. 
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Stations 2-4 (Transect) - Fortnightly sampling 
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Figure 46. Total number of HAB forming species A) Total no. of genera at surface, B) Total no. of 

species at surface, C) Total no. of genera at bottom and D) Total no. of species at bottom in 

Mandovi estuary. 
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Figure 47. Seasonal distribution in percentage of HAB forming species A)Monsoon at 

surface, B) Monsoon at bottom, C) Non-monsoon at surface and D) Non-monsoon at 

bottom in Mandovi estuary. 
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Figure 48. Blooms of HAB forming species with pigment composition A) Ribandar 

surface, B) OldGoa Surface and C) OldGoa bottom in Mandovi estuary. 
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Figure 49. Bray-Curtis cluster (A) and MDS (B) based on the monthly species abundance. Bubble 

plots showing the monthly variations in the abundance of dominant HAB forming species (C-E). 
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Figure 50. CCA biplot of HAB forming species. 
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Zuari estuary - Station 1 (Cortalim) - Daily sampling 

4.3.9. Total composition of HABs species: Total 45 HAB species with 25 genera were 

reported at Cortalim station Table 3.8. Which comprised of Bacillariophyta (12 genera with 

20 species); Dinophyta (10 genera with 22 species); Cyanophyta (1 genus with 1 species) 

and Chrysophyta (2 genera with 2 species) (Fig. 51A). Seasonal variations were observed 

in the percentage distribution of HAB species. Total percentage was high during monsoon 

period with 53% HAB species consisting of 51% Bacillariophyta and 2% Dinophyta (Fig. 

51B). Lowest was observed during pre-monsoon 2009 season with 11% HAB species 

comprising of 5% Bacillariophyta and 6% Dinophyta (Fig. 51B). HAB forming genera 

reported were Pseudo-nitzschia (4 species), Rhizosolenia (3 species), Alexandrium (4 

species), Dinophysis (3 species), Prorocentrum (3 species) and Protoperidinium (3 species) 

Table 3.8.  

4.3.10. Blooms with Pigment composition of HAB species: All together 9 bloom of HAB 

species were reported during the present study. Distinct seasonality was observed in the 

bloom pattern of these species. During monsoon period following blooms were observed:  

Ditylum brightwelii bloom peaks were observed for five continuous days. But the highest 

bloom peak with cell counts of 21, 9,666 Cells L-1 was reported during monsoon 

(September). Pigment composition of this bloom peak consisted of Chl C2 (1.27 mgm-3), 

fucoxanthin (2.82 mgm-3) and diadinoxanthin 0.57 mgm-3 (Fig. 52A). Coscinodiscus 

wailesii bloom was reported during July with cell counts of 10,476 Cells L-1. On the same 

day bloom of Skeletonema costatum was also observed. Pigment composition of bloom 

peak was Chl C2 (3.81 mgm-3), fucoxanthin (1.71 mgm-3), Chl b (1.78 mgm-3) and 

diadinoxanthin 1.38 mgm-3 (Fig. 52B). Mixed species bloom of Rhizosolenia setigera and 
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Rhizosolenia stolterforthii was observed for consecutive five days during monsoon period 

(September). Rhizosolenia setigera cell counts varied from 9072 – 30,366 Cells L-1. 

Rhizosolenia stolterforthii bloom lasted for five days with cell counts varying from 3570-

39,396 Cells L-1 (Fig. 52C and D). Pigment composition of this mixed bloom consisted of 

Chl C2 (1.61 mgm-3), fucoxanthin (3.02 mgm-3) and diadinoxanthin 0.70 mgm-3 (Fig. 52C 

and D). Second bloom peak of R. setigera was found during pre-monsoon period (May) 

with cell counts of 12, 384 Cells L-1 (Fig. 52D). Leptocylindrus danicus bloom was 

observed only during the monsoon period. The bloom persisted for five days with highest 

peak consisted of cell counts 49, 434 Cells L-1. The peak consisted of pigments Chl C2 

(1.27 mgm-3) and fucoxanthin (2.82 mgm-3) (Fig. 52E).  

Bloom of Gymnodinium breve and Prorocentrum gracile was observed only during 

post-monsoon period. Gymnodinium breve bloom was lasted for two days in the month of 

October with cell counts varying from 15, 360 – 39, 960 Cells L-1 (Fig. 52F). Highest 

bloom peak consisted of pigments Chl b (0.50 mgm-3), zeaxanthin 0.54 mgm-3 and 

peridinin (0.12 mgm-3). Prorocentrum gracile bloom was reported for two days in the 

month of October with highest peak of 18, 120 Cells L-1 (Fig. 52G). Pigment composition 

of this consisted of Chl b (0.49 mgm-3), peridinin (0.31 mgm-3) and zeaxanthin 0.31 mgm-3. 

During monsoon and post-monsoon period blooms of Cylindrotheca closterium and 

Ceratium furca were observed.  Cylindrotheca closterium the first bloom peak of (15, 360 

Cells L-1) was reported in the monsoon (September) period. During post-monsoon period of 

bloom was observed for five consecutive days with the highest peak of 21, 012 Cells L-1 

(Fig. 52H). Pigment composition of this bloom consisted of Chl b (0.63 mgm-3), 

fucoxanthin (0.85 mgm-3).  Bloom of dinoflagellate Ceratium furca was observed in July 
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month for two continuous days with the cell counts varied between 15, 946- 17, 976 Cells 

L-1 (Fig. 52I). Second bloom peak was observed during post-monsoon (October) with cell 

counts varied from 7840- 15, 288 Cells L-1. Highest peak was observed in monsoon with 

pigment composition of Chl C2 (1.27 mgm-3) and peridinin (0.14 mgm-3). Skeletonema 

costatum bloom was observed blooming in all seasons and lasted more than five days. 

Highest bloom peak was reported in monsoon season (August) with cell counts of 69, 174 

Cells L-1. Pigments present during this bloom peak Chl C2 (1.64 mgm-3), fucoxanthin (2.47 

mgm-3), Chl b (0.64 mgm-3) and diadinoxanthin 0.59 mgm-3 (Fig. 52J). 

4.3.11. Temporal variations in HABs species: Bray-Curtis analysis formed four major 

groups (Fig. 53A). MDS analyses were also similar to that of the clusters formed (Fig. 

53B) at stress level of 0.08. Group I and IV are clustered at 60% similarity. Group II and III 

are formed at 50% of similarity. Groups are formed due to the dissimilarity in the 

distribution of HAB forming species representing temporal variations. Group I was 

dominated by two species one Alexandrium temarense (77.1%) dissimilarity (Fig. 53C). 

Two Trichodesmium erythraeum (84.16%) dissimilarity. Dissimilarity values are given in 

Table 4.5 by SIMPER analysis. Another species dominated was Group II showed 

dominance of Gymnodinium breve (53.75%) dissimilarity highest dominance reported in 

October (Fig. 53D). Gyrodinium spirale (87.69%) dissimilarity dominated the group. 

Group III reported dominance of Thalassiosira subtilis (70.65%) dissimilarity reported 

dominance in February (Fig. 53E). Group IV made up of only one month April showed 

dominance of Guinardia delicatula (63.49%), Alexandrium fundyense (49.26%) dominance 

(Fig. 53F). 
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4.3.12. Relation between the HAB species and environmental parameters: First three axes 

suggest 60.74% of the correlation between environmental variables and HAB species (Fig. 

54). Constructive cumulative percentage values are given in Table 4.6. HAB species such 

as Guinardia delicatula, Pseudo-nitzschia seriata, Alexandrium fundyense, Ceratium furca, 

Dinophysis acuta, Dinophysis acuminate, Protoperidinium brevipes and Protoperidinium 

steinii showed high abundance in the presence of nitrite and temperature. Salinity, tide 

height, dissolved oxygen and water discharge influenced the growth of Pseudo-nitzschia 

australis, Alexandrium temarense, Alexandrium ostenfeldii, Prorocentrum cordatum and 

Dictyocha fibula. Combination of salinity helped the Abundance of Eucampia zodiacus, 

Dinophysis caudate, Gymnodinium breve, Prorocentrum minimus and Scripsiella 

trachoidea showed positive correlation with combination of factors like rainfall, phosphate 

and water discharge. 
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Table 4.3. SIMPER analysis based on group obtained from cluster and MDS ordination 
showing the species that contributed to the differences among the groups Av. Abund: 
average abundance; Av. Diss: average dissimilarity; Contrib: Contribution  
 

Av dissimilarity  69.48               Group I            Group II   
Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Skeletonema 
costatum 21.09 19.7 2.51 4.19 3.61 60.6 
Gyrodinium spirale 0.45 5.48 1.57 6.27 2.26 85.89 
Trichodesmium 
erythraeum 4.03 0 1.26 1.38 1.82 89.55 
Av dissimilarity  61.05               Group III            Group I  
Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Pseudo-nitzschia 
seriata 21.76 1.23 6.37 1.27 10.43 21.26 
Chaetoceros curvisetus 16.2 0.92 5.34 2 8.74 30 
Cylindrotheca 
closterium 19.41 5.76 4.64 2.43 7.6 37.6 
Biddulphia sinensis 13.9 1.1 4.21 1.67 6.89 44.49 
Av dissimilarity  55.64                 Group III            Group II 
Species Av.Abund  Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Rhizosolenia setigera 11.12 86.99 16.27 8.08 29.24 29.24 

Eucampia zoadicus 0.52 6 1.18 4.89 2.12 72.72 
Rhizosolenia 
stolterforthii 1.42 6.93 1.17 2.21 2.1 74.82 

Gyrodinium spirale 2.12 5.48 0.85 2.26 1.53 85.57 
 
 
 
Table 4.4.�Cumulative constrained percentages of the 2 axes extracted in the CCA analysis 
for general phytoplankton composition and 3 axes extracted in the CCA analysis for 
phytoplankton species 
 
 
 

Factors Axis 1 Axis 2 Axis 3 
HAB forming species ������ � ������ � ������ �
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Zuari estuary - Station 1 (Cortalim) - Daily sampling 

�

Figure 51. A) Total number of HAB forming species and B) Percentage distribution of 

HAB forming species at Station 1 (Cortalim) in Zuari estuary. 
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Figure 52. Blooms of HAB forming species with pigment composition A) Ditylum 

brightwelii, B) Coscinodiscus welsii, C) Rhizosolenia setigera, D) Rhizosolenia 

stolterforthii, E) Leptocylindrus danicus, F) Cylinderotheca closterium, G) Ceratium furca, 

H) Gymnodinium breve, I) Prorocentrum gracile and J) Skeletonema costatum at Station  

(Cortalim) in Zuari estuary. 
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Figure 53. Bray-Curtis cluster (A) and MDS (B) based on the monthly species abundance. Bubble 

plots showing the monthly variations in the abundance of dominant HAB forming species (C-F). 
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Figure  54. CCA biplot of HAB forming species. 
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Stations 2-7 (Transect) - Fortnightly sampling 

4.3.13. Total composition of HAB species: All together 25 genera with 51 species of HAB 

were reported along Zuari transect Table 3.8. The species representation varied at surface 

and bottom of each station. Highest HAB species were recorded at surface of Zuari station 

comprised of total 26 species of 20 genera (Bacillariophyta 11 genera with 13 species, 

Dinophyta 7 genera with 11 species; Cyanophyta 1 genus with 1 species and  Chrysophyta 

1 genus with 1 species) (Fig. 55A and B). At bottom highest number of genera was 

reported at Chicalim and Sancval were as high number of species were found at Chicalim 

station. At Chicalim total 17 genera with 25 species (Bacillariophyta 10 genera with 13 

species, Dinophyta 6 genera with 11 species and Chrysophyta 1 genus with 1 species). 

Sancval station observed 9 Bacillariophyta, 6 Dinophyta, 1 Cyanophyta and 1 Chlorophyta 

(Fig. 55C and D). Seasonal variations were found in the percentage distribution of different 

divisions along surface and bottom at each station. Highest HAB species were reported at 

Zuari surface during monsoon representing 60% of HAB species (59% Bacillariophyta and 

1% Dinophyta) shown in (Fig. 56A). Borim bottom reported highest percentage of HAB 

species (50%) comprising of 48% Bacillariophyta, 1% Cyanophyta and 1% Chrysophyta 

(Fig. 56B). Gradual decrease in percentage of HAB species from Chicalim to Lutolim 

station was observed during Non-monsoon season. Highest percentage of HAB species for 

Chicalim showed with total 38% comprising  of 22% Bacillariophyta, 16% Dinophyta (Fig. 

56C). At bottom total HAB percentage was highest at Chicalim (47%) with 34% 

Bacillariophyta and 13% Dinophyta species (Fig. 56D). Harmful species Chaetoceros (3 

species), Coscinodiscus (3 species), Pseudo-nitzschia (5 species), Rhizosolenia (3 species), 
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Dinophysis (5 species), Prorocentrum (3 species) and Protoperidinium (3 species) were 

reported along transect Table 3.8. 

4.3.14. Pigment composition of Harmful blooms: Blooms of HAB species were reported at 

surface and bottom of Zuari, Sancval, Lutolim and Borim stations. Bloom of Skeletonema 

costatum was reported along the first three stations respectively extended from surface to 

bottom where as it was observed only at surface for Sancval station. Highest bloom peak 

was reported during post-monsoon period (January) with cell counts of 10, 400 Cells L-1 . 

Pigment composition of this peak was Chl C2 (1.03 mgm-3), fucoxanthin (2.92 mgm-3) 

(Fig. 57A and B). At bottom on the same day bloom peak of Skeletonema costatum was 

observed with cell counts of 17,600 Cells L-1 . Pigments present during bloom peak were 

fucoxanthin (2.27 mgm-3). At Zuari station the bloom of Skeletonema costatum was 

observed in monsoon season for three consecutive months (July, August and September). 

The highest bloom peak was found on the same date as in the Sancval station. Peak 

consisted of pigments Chl C2 (1.01 mgm-3) and fucoxanthin (3.13 mgm-3) (Fig. 57B). At 

bottom bloom peak of Skeletonema costatum was observed in post-monsoon period on 

same date (January) with cell counts of 13,860 Cells L-1 which lesser in composition then at 

surface (Fig. 57C). Pigments reported in high concentration during this peak includes Chl b 

(0.71 mgm-3), Chl C2 (0.86 mgm-3), fucoxanthin (2.68 mgm-3) and myxoxanthin (0.56 

mgm-3) (Fig. 57D).  

Lutolim station reported the bloom of Skeletonema costatum during non-monsoon 

period. At surface bloom peak consisted of cell concentration of 26, 030 Cells L-1 and 

pigments observed were Chl b (0.50 mgm-3), Chl C2 (0.61 mgm-3), fucoxanthin (1.56 mgm-

3) (Fig. 57E).  At bottom bloom peak was observed with cell counts of 24, 912 Cells L-1 
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(Fig. 57F). Pigments reported were Chl C2 (0.80 mgm-3), fucoxanthin (2.46 mgm-3). Borim 

station reported the bloom of Coscinodiscus welsii and Coscinodiscus centralis at surface 

and bottom respectively. At surface bloom peak of Coscinodiscus wailesii was observed 

during monsoon period (September). Peak consisted of cell counts 22,904 Cells L-1 and 

pigments observed were Chl C2 (0.65 mgm-3) and fucoxanthin (1.90 mgm-3) (Fig. 57G). At 

bottom bloom of Coscinodiscus centralis was observed during monsoon period with 

highest peak of 11,000 Cells L-1 found in August (Fig. 57H). Pigments reported during 

bloom were Chl b (0.60 mgm-3), zeaxanthin (1.19 mgm-3), fucoxanthin (0.93 mgm-3).   

4.3.15. Spatio-temporal variations in HAB species: Depending on the abundance HAB 

species four major Clusters are formed with 50% of the similarity (Fig. 58A). MDS 

analysis also showed similar pattern in forming the groups (Fig. 58B). SIMPER analysis 

gave dissimilarity between the different groups formed Table 4.7. Group-I showed the 

dominance of Gymnodinium breve (73.69%) dissimilarity (Fig. 58C) and Rhizosolenia 

setigera (68.18%) of dissimilarity. Group-II reported the dominance of Biddulphia sinensis 

(63.6%) dissimilarity (Fig. 58D), Coscinodiscus centralis (43.02%) and Pseudo-nitzschia 

multiseriata (83.75%). Group III did not club with other groups due to the dominance of 

Prorocentrum micans (80.05%) of dissimilarity (Fig. 58E), Scripsiella trachoidea 

(90.65%), Pseudo-nitzschia australis (87.17%) and Rhizosolenia stolterforthii (88.71%). 

Group IV reported dominance of Thalassiosira subtalis (54.42%) dissimilarity (Fig. 58F) 

and Protoperidinium depressum (85.62%). 

4.3.16. Relation between the HABs population and environmental parameters: First four 

axes explained the 88.71% of the correlation between environmental variables and HAB 

species (Table 4.8). Combination of variables such as nitrate and salinity showed 



�

�

correlation with species like Chaetoceros concavicornis (Chco), Melosira moniliformis 

(Memo), Rhizosolenia setigera (Rse), Dinophysis mitra (Dimi), Gymnodinium breve 

(Gybr), Prorocentrum gracile (Prgr) and Distephenus speculum (Disspe) (Fig. 59). 

Biddulphia sinensis (Bsi), Eucampia zodiacus (Ezo), Leptocylindrus minimus (Lmi) and 

Pseudo-nitzschia seriata (Psse) showed high growth in the presence of nitrate and 

phosphate. Silicate and phosphate affected the growth of species Chaetoceros curvisetus 

(Chcu), Pseudo-nitzschia pseudodelicatissima (Pspse), Thalassiosira subtilis (Thsu), 

Dinophysis fortii (Difo), Guinardia delicatula (Gude) and Prorocentrum minimus (Prmin) 

showed correlation with nitrite, dissolved oxygen. In the biplot most of the species are 

distributed towards centre.  
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Table 4.7. SIMPER analysis based on group obtained from cluster and MDS ordination 
showing the species that contributed to the differences among the groups Av. Abund: 
average abundance; Av. Diss: average dissimilarity; Contrib: Contribution 
 

Av dissimilarity  51.16                 Group III            Group IV 
Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Coscinodiscus centralis 26.19 18.62 2.97 1.61 5.81 53.04 

Ditylum brightwelii 12.99 4.82 2.81 1.86 5.5 64.1 

Prorocentrum micans 6.69 0 2.23 1.42 4.35 68.45 

Coscinodiscus welsii 9.76 3.67 2.1 1.49 4.1 72.55 

Av dissimilarity  63.20                 Group III            Group I 
Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Skeletonema costatum 23.44 77.8 15.4 1.82 24.37 24.37 

Ditylum brightwelii 12.99 31.78 5.27 2.23 8.34 43.25 

Rhizosolenia setigera 0 11.29 3.03 0.98 4.79 48.04 

Cylinderotheca 

closterium 8.13 15.42 2.67 1.37 4.23 52.27 

Av dissimilarity  58.12                 Group IV         Group I 
Species Av.Abund  Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Thalassiosira subtalis 24.21 3.68 5.26 3.45 9.04 36.53 

Coscinodiscus centralis 18.62 1.73 4.29 9.27 7.38 43.92 

Cylinderotheca 

closterium 31.89 15.42 4.15 1.91 7.14 51.06 

Av dissimilarity  59.13                 Group III          Group II 
Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Coscinodiscus welsii 9.76 49.4 11.61 4.06 19.64 19.64 

Coscinodiscus centralis 26.19 48.77 6.47 1.82 10.94 30.58 

Rhizosolenia alata 0 4.47 1.23 0.98 2.07 78.11 

Pseudo-nitzschia seriata 0.09 7.75 2.12 1 3.59 61.72 
Av dissimilarity  66.36                 Group IV          Group II 
Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Skeletonema costatum 42.76 10.69 8.42 3.37 12.69 31.13 
Thalassiosira subtalis 24.21 4.41 5.28 11.04 7.95 59.42 
Chaetoceros curvisetus 4.9 0 1.3 14.2 1.96 84.5 
Ditylum brightwelii 4.82 0 1.28 14.2 1.93 86.44 
Av dissimilarity  71.52                 Group I          Group II 
Species  Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Ditylum brightwelii 31.78 0 7.1 4.05 9.92 55.35 
Rhizosolenia setigera 11.29 0 2.45 0.86 3.43 58.78 
Prorocentrum gracile 9.87 0 2.14 0.86 3 68.21 
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Table 4.8.�Cumulative constrained percentages of the 2 axes extracted in the CCA analysis 
for general phytoplankton composition and 4 axes extracted in the CCA analysis for 
phytoplankton species 
 
 

Factors Axis 1 Axis 2 Axis 3 Axis 4 

HAB forming species 34.1 55.646 73.634 88.659 
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Figure 55. Total number of HAB forming species A) Total no. of genera at surface, B) 

Total no. of species at surface, C) Total no. of genera at bottom and D) Total no. of species 

at bottom in Zuari estuary. 
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Figure 56. Seasonal distribution in percentage of HAB forming species A)Monsoon at 

surface, B) Monsoon at bottom, C) Non-monsoon at surface and D) Non-monsoon at 

bottom in Zuari estuary. 
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Figure 57. Blooms of HAB forming species with pigment composition A) Sancval surface, 

B) Sancval Bottom, C) Zuari surface, D) Zuari bottom, E) Lutolim surface, F) Lutolim 

bottom, G) Borim surface and H) Borim bottom in Zuari estuary. 
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Figure 58. Bray-Curtis cluster (A) and MDS (B) based on the monthly species abundance. Bubble 

plots showing the monthly variations in the abundance of dominant HAB forming species (C-F). 
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Figure 59. CCA biplot of HAB forming species. 
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Plate 1. Photomicrographs of some HAB species of phytoplankton from Mandovi and 
Zuari estuaries of Goa A) Gymnodinium splendens, B) Gymnodinium breve, C) Ditylum 
brightwellii, D) Dinophysis caudate, E) Chaetoceros curvisetus and F) Alexandrium 
tamarense  
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4.4. Discussion:  

The present work adds more information on the spatio-temporal variability in the 

abundance and composition of HAB species in two tropical estuaries i.e. Mandovi and 

Zuari along the central west coast of India. These variations are related to the various 

environmental parameters such as nutrients, salinity, temperature etc. Among the nutrients 

nitrate was highest during monsoon in the Mandovi estuary whereas silicate was high in the 

Zuari estuary throughout the study period. In comparison with earlier studies (Qasim and 

Sen Gupta 1981; Upadhyay and Sen Gupta 1995; De Sousa 1999; Mascarenhas Antonio 

2000; Goldar Bishwanath and Benerjii 2004; Nigam et al., 2005; Alagarsamy Rengasamy 

2006; Pradhan and Shirodkar 2009 and Maya et al., 2011) present study reported an 

increase in the nutrient input. The Mandovi-Zuari estuarine complex is the main transport 

route of the iron ore to the Mormugao harbor. In Mandovi per year 5.21x106m3 of the 

sewage is disposed (Kessarkar et al., 2009). Land based runoff was over 6004Mm3 (Suprit 

and Shankar, 2008) during the monsoon wherein nutrients gets transported to the estuaries 

leading to loading of the nutrients which is a major factor responsible for the growth of the 

HAB species. This is also supported by the work of following people (Qasim et al., 1972; 

Anderson et al., 2002; Paerl et al., 2002; Mallin et al., 2005; Glibert et al., 2005; Glibert et 

al., 2007 and Verity 2010). 

 Mandovi estuary represented higher number of HAB species (33 genera with 59 

species) in comparison to Zuari estuary, where 25 genera with 45 HAB species were 

observed. Whereas more bloom events were observed in Zuari estuary then in Mandovi 

estuary. Taking into consideration the daily and fortnight analysis all together total twelve 

blooms of HAB species were recorded along Zuari estuary and seven along Mandovi 
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estuary. Mandovi estuary is known for high water discharge as mentioned by Shetye et al., 

2007; Vijith et al., 2009 and Maya et al., 2011. This increases flushing of the estuary 

resulting in more nutrients entering into the estuary. Also lots of phytoplankton species are 

introduced. So during monsoon period lower salinity and high nutrients concentration 

increases the composition and abundance of HAB species (Qasim et al., 1972, Devassy and 

Goes 1988; Pednekar et al., 2011 and Pednekar et al., 2014). Zuari estuary reported more 

blooms of HAB species, due to its ability to support more HAB species which are adapted 

to high saline, nutrient sparse and more transparent water conditions due to reduced fresh 

water discharge (Bhattathiri et al., 1976; Patil and Anil 2008 and Patil and Anil 2011).   

The bloom of Trichodesmium erythraeum was reported during present investigation 

only in the Mandovi estuary during pre-monsoon and inter-monsoon season. The bloom 

was associated with high salinity of 30 psu and low nitrate concentration providing an ideal 

condition for cyanobacteria which is known to fix atmospheric nitrogen as diazotroph. 

They are also known to cause red tide phenomenon occurring along the Indian coasts more 

frequently towards west then the east coast (Qasim 1970; Ramamurthy et al., 1972; 

Devassy et al., 1978; Achuthankutty et al., 1981; Devassy 1987 and Mohanty et al., 2010). 

In the Mandovi estuary the appearance of Trichodesmium erythraeum as coastal neritic 

species suggests an influence of coastal waters into the estuary. This is proved with the 

help of CCA analysis where it showed strong correlation with rainfall and water discharge.     

Blooms of few HAB forming species were reported only during the monsoon 

season include Gymnodinium splendens was reported for the first time during the monsoon 

period in Mandovi. This species proliferates in nutrient enriched waters and also possesses 
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the nutrient retrieval strategy: diel migration of nutrient-depleted dinoflagllate into nutrient 

rich layers (Smayda and Reynolds 2003). In general, dinoflagellates are known to grow 

best in environments that are rich in nitrogenous nutrients, also in fulvic acid, humic acid 

and other dissolved organic compounds that comprises the bulk of the colored dissolved 

organic matter (CDOM) pool (Prakash and Rashid 1968; Hair and Bassett 1973 and Doblin 

et al., 1999). Litter from the mangrove laden banks towards upstream of the Mandovi River 

is an important source of CDOM. During the Monsoon, constant flushing and flooding of 

the mangrove beds causes percolation of CDOM from decomposing litter. Protoperidinium 

bloom has been reported off Mangalore (Sanilkumar et al., 2009). Along middle section of 

Mandovi estuary (Ribandar) bloom of potentially harmful Rhizosolenia setigera was 

reported only at bottom. The bloom of potentially harmful species Ditylum brightwelii was 

reported in Zuari estuary, during the monsoon period is noticeable as this species is known 

to occur in lower abundance in this estuary in other seasons (Devassy and Goes 1988). The 

occurrence of blooms of Leptocylindrus danicus, Rhizosolenia setigera, Rhizosolenia 

stolterforthii, Coscinodiscus centralis and Coscinodiscus wailesii during the monsoon 

implies that they are typical monsoonal species which prefers low saline conditions which 

are enriched with nutrients. During monsoon period estuaries are rich in inorganic 

phosphate the source of which is largely from the neritic waters in the Zuari estuary, while 

in Mandovi large number of tributaries adds the high input of phosphate (Dehadrai 1970). 

The HAB species showed seasonality in the distribution as reflected in the Bray-

Curtis similarity index which was purely based on the abundance of HAB species during 

each season and station in both the estuaries. Thalassiosira rotula, Rhizosolenia 

fragilissima and Coscinodiscus concinnus showed temporal variation and was positively 
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related with nitrite and rainfall. Coscinodiscus concinnus was reported in Mahanadi estuary 

during post-monsoon and pre-monsoon period due to their eurythermal and euryhaline 

nature and are known to grow quickly in estuarine conditions (Naik et al., 2009). 

Rhizosolenia delicatula dominated in Mandovi estuary during the monsoon period. 

Regardless of the monsoon season this species may occur anytime, but with varying cell 

densities. Protoperidinium brevipes, Protoperidinium steinii, Distephenus speculum, 

Dinophysis caudata and Prorocentrum micans showed strong positive relation with 

rainfall, nitrate, phosphate and silicate. 

In the present investigation potentially harmful pennate diatom Cylindrotheca 

closterium bloom was observed in more saline waters in both the estuaries during the non-

monsoon period. The abundance was highest in Mandovi estuary during April-May 

(Table.). Earlier this species was reported with high abundance in the Zuari estuary 

(Devassy and Goes 1988). These species are brought into the estuary during sea water 

influx from coastal water and are known to have preference for phosphate and silicate 

(Glibert et al., 2005 and Verity 2010). Especially dinoflagellates like Protoperidinium 

brevipes, Protoperidinium steinii, Dinophysis caudata, Gymnodinium splendens and 

Prorocentrum micans have diverse habitat and have ability to swim and sink under nutrient 

stressed conditions (Smayda 2002a and Smayda 2002b). Silicoflagellate Distephenus 

speculum was observed but with low abundance, reported to cause depletion in oxygen 

concentration and produces harmful red-tide (Yan et al., 2000). 

Gymnodinium breve another toxic species showed spatial distribution with bloom 

reported during non-monsoon period just after the monsoon is of concern. This species can 
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withstand shear/ stress effects with auto regulated behavior which allows faster growth at 

lower light levels in waters enriched with nutrients (Smayda 2002a, Smayda and Reynolds 

2003). Recently it has been renamed as Karenia brevis and known to produce a toxin called 

brevetoxin. This known to cause Neurotoxic shell fish Poisoning and respiratory irritation 

in human beings (Steidnger 1993; Schalmanet et al., 1990; Daugbjerg et al., 2000 and 

Backer et al., 2005). Another bloom of Prorocentrum gracile, reported to grow in 

chemically disturbed (nutrient enriched through anthropogenic activities) marine waters 

(Smayda and Reynolds 2003). Domoic acid producing species of Pseudo-nitzschia seriata 

and Pseudo-nitzschia multiseriata has shown spatio-temporal variation in both the estuaries 

specially during the non-monsoonal period when the nutrients are elevated but declining. 

Cultural experiments on these species showed that deficiency in silicate and phosphate 

triggers more domoic acid production (Youlian et al., 1996). 

Ceratium furca showed spatio-temporal variability with high abundance during 

monsoon in Zuari estuary. It has the ability to switch over to mixotrophic mode of nutrition 

and can maintain high growth rate even in low nutrient conditions (Beak 2008). Potentially 

harmful species of Ceratium furca and Skeletonema costatum are found to be preponderant 

of these estuaries, euryhaline type and grows in nutrient enriched waters (Devassy and 

Goes 1988). Skeletonema costatum is a cosmopolitan species found to grow at wide range 

of salinity with high silicate concentration (Devassy and Goes 1988). In this work high 

abundance of this species was found in the Zuari estuary during the monsoon period. 

Bloom of Skeletonema costatum is also reported as indicator of pollution in the marine 

waters (Ganapati and Raman 1997 and Naik 2009). Ammonia also plays important role in 

the growth of HAB species (Paerl et al., 2002 and Glibert et al., 2005).  



�

�

It can be concluded that monsoon plays a major as a major player in the spatio-

temporal distribution of large number of harmful algal species.  Abundance of HAB 

species is related to the increase in the nutrients in both the estuaries. The high level of 

nutrients is a result of increased anthropogenic activities in the two estuaries. More number 

of HAB species blooms appeared in the present study in Zuari estuary is related to their 

adaptability to changing environmental conditions in the estuary.  Since fishery is an 

important activity in this region and during monsoon season when fishing in the coastal 

waters is banned, the major fishing takes place in these estuarine regions where shellfish 

dominates during monsoon period. Further it can be concluded that increase in the nutrient 

can lead to harmful algal blooms during the monsoon which may be detrimental to marine 

life and humans. Reduction of nutrient loading by reducing the anthropogenic activities and 

to avoid extensive use of fertilizers for agricultural purpose is suggested.                
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5.1. Introduction 

 The pennate diatom Pseudo-nitzschia H. Peragallo is commonly found in coastal 

marine environments around the world (Hasle 2002). Knowledge of the geographic 

distribution of the genus Pseudo-nitzschia has grown, and species have undergone many 

taxonomic changes over the past decades, based on frustule morphology and molecular 

differences. Pseudo-nitzschia spp. blooms are frequent mainly caused and duration due to 

the environmental changes. Nutrient enrichment in the areas of upwelling is known to 

promote these blooms (Bates et al., 1989 and Anderson et al., 2010). The genus is 

identified by its typical “stepped-chain” formation. Currently, 44 species of Pseudo-

nitzschia are known so far which are identified based on the morphology of frustules and 

molecular differences (Lelong et al., 2012 and Trainer et al., 2012). The global importance 

of this genus has increased due to the production of Domoic acid (DA) which is a potant 

neurotoxin known to cause Amnesic Shellfish Poisoning (ASP) in humans and Domoic 

acid Poisoning in marine animals. To date, 16 Pseudo-nitzschia species are documented as 

DA producers (Teng et al., 2014). 

 Pseudo-nitzschia pungens (Grunow ex Cleve) Hasle is one of the most commonly 

reported representatives of the genus worldwide (Hasle 2002 and Casteleyn et al., 2008), 

but it has still not received much attention. It is gaining more interest, however, because 

there is evidence that a very few strains of P. pungens produce DA, but only at low levels 

compared to the other toxigenic species (Lim et al., 2014). The proliferation of toxigenic 

Pseudo-nitzschia species is related to many different environmental conditions, and it is 
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difficult to predict ASP outbreaks (Bates et al., 1998; Maldonado et al., 2002 and Marchetti 

et al., 2004). 

 The tropical, tide-driven Mandovi and Zuari estuaries are the most important of 

Goa, along the west coast of India (Fig. 4). The two differ in their geomorphology pattern. 

The Mandovi estuary has a longer flushing period and a wider mouth region compared to 

the Zuari (Shetye et al., 2007). The major source of pollution in the Zuari is the port of 

Mormugao, situated in Mormugao Bay. Recently, anthropogenic activities, such as jetty 

construction, ship building, boat traffic (cruising), sewage discharge, agricultural runoff 

and industrial effluents, have increased in these estuaries (Goldar and Benerjii 2004; 

Alagarsamy 2006; Sawant et al., 2007; Pradhan and Shirodkar 2009 and Maya et al., 

2011). This has led to the increase in macro- and micronutrient concentrations, especially 

nitrate and phosphate, suspended particulate matter and trace elements, which influence 

algal blooms. Reports of HABs have also been reported from the Goa coast (Devassy et al., 

1979; Alkawri and Ramaiah 2010, 2011). 

 Salinity and nutrients are important factors governing the growth of phytoplankton 

(Qasim et al., 1972). The decline in salinity is accompanied by an increase in nutrients 

during the onset of a monsoon, and is an important factor controlling the distribution, 

abundance and productivity of phytoplankton (Devassy and Goes 1988 and Krishna 

Kumari et al., 2002). Generally, tropical estuaries with moderately low salinities support a 

greater phytoplankton population (Desikachary and Rao 1972 and Qasim et al., 1972) than 

those with a higher salinity, as was observed in the Zuari estuary (Bhargava and Dwivedi 

1976). 
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 In the case of toxigenic Pseudo-nitzschia spp., there are numerous studies on 

physico-chemical variables that affect DA production. Most targeted macro- and 

micronutrients (e.g. Si, N, P, Fe, Cu), but others studied temperature, irradiance and pH 

(reviewed by Bates 1998; Bates and Trainer 2005 and Lelong et al., 2012). Several studies 

examined how salinity affects the growth, seasonality and distribution of Pseudo-nitzschia 

species (reviewed by Lelong et al., 2012 and Lim et al., 2015). Little is known about how 

changes in salinity affect DA production, with the exception of one study, Doucette et al., 

(2008). This is critical because most Pseudo-nitzschia species capable of producing this 

toxin are considered cosmopolitan and occur in coastal waters, including estuarine habitats. 

A wide salinity tolerance for Pseudo-nitzschia species has been demonstrated in both 

laboratory studies (Brand 1984; Jackson et al., 1992; Villac et al., 2004 and Thessen et al., 

2005) and in surveys of natural populations (Villac et al., 2004 and Thessen et al., 2005). 

Given the inherently wide salinity fluctuations characterizing many estuaries, as well as the 

apparently increasing susceptibility of the coastal environment to natural and 

anthropogenic processes potentially affecting the salinity regime (Turner 2006), knowledge 

of how salinity influences the growth and toxin production by Pseudo-nitzschia species is 

essential for evaluating the potential impact of blooms on shellfish resources, local 

economies and wildlife populations. This work studied the distribution of Pseudo-nitzschia 

species in two salinity-influenced estuaries, and assessed the effect of salinity and nutrients 

on the growth and DA production by the cosmopolitan species P. pungens. 
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5.2. Methodology 

5.2.1. Collection, isolation and identification 

Collection:  Surface water samples were collected from the Zuari estuary, i.e Dona Paula 

Bay, using a metallic bucket. Ten L of water were first passed through a 250 µm mesh and 

then through a 20 µm mesh. Concentrated samples were then brought to the laboratory (15 

min away) in an ice box. 

Isolation: Immediately after the collection, the samples were scanned under an inverted 

microscope at 200x magnification. Individual P. pungens cells were then isolated using 

single cell or chain of cells isolation method. Each cell or chain was rinsed 3 times in 

sterile f/2 medium to remove exogenous material and then placed into an individual well 

(of a 48-well plate) containing 0.75 mL of f/2 medium (Table 6.1). Cultures that contained 

visible cells other than Pseudo-nitzschia were re-isolated with Pseudo-nitzschia (Andersen 

Robert A., 2005). 

 Identification of Pseudo-nitzschia spp.: Species were identified by scanning electron 

microscopy (SEM) analysis. Pseudo-nitzschia spp. cells were cleaned for SEM 

examination using the KMnO4/HCL oxidation method (Miller and Scholin 1998) and then 

mounted on nylon stubs using carbon-conductive tape. The specimens were then coated 

with ~20-nm of gold in a Hummer 6.2 sputtering unit (Anatech Ltd., Springfield, VA). 

Specimens were viewed by SEM (JEOL JSM-5600) with an EDS attached (JEOL 

5800LV). Identifications were based on standard taxonomic keys (Hasle and Syvertsen 

1997). 
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5.2.2. Establishment and maintenance of cultures: 

A non-axenic culture of Pseudo-nitzschia pungens (SP-1) was established by 

isolating a ���
��������� �!��"��������#�$"�!��%�� Zuari �����" ����&�� �'�#���'��� The culture was 

maintained in f/2 medium (Guillard and Rythe, 1962) made with filtered seawater from the 

Zuari estuary, at an irradiance of 35 µmol photons m2 s-1 (12:12 h light: dark cycle), at ~30 

°C. Medium f/2 was prepared using the components given in Table 5.1.The complete 

growth of the species took around 6–7days. The culture was maintained in 250 mL conical 

flask with 20 mL of medium (4 subsets). 

Table 5.1. Components used to prepare f/2 medium 

Compound  Quantity 

NaNO3 Solution I 0.5 mL 

NaH2PO4·2H2O Solution II 0.5 mL 

Na2SiO3·5H2O Solution III 0.5 mL 

Ferric citrate Solution IV 0.5 mL 

Trace metal solution Solution V 0.5 mL 

Vitamin Working Stock 
Solution 

Solution VI 0.5 mL 

Autoclaved seawater  1000 mL 

Composition of stock solution used for preparing culture medium 

Major nutrients 

Compound Stock solution  
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NaNO3 15 g 100 mL DW Solution I 

NaH2PO4·2H2O 1.13 g 100 mL DW Solution II 

Na2SiO3·5H2O 2.27 g 100 mL DW Solution III 

Ferric citrate 0.9 g 100 mL DW Solution IV 

Autoclave each component separately 

Trace metal – solution V  

Compound Stock solution 

CuSO4·5H2O 0.020 g 100 mL DW 

ZnSO4·7H2O 0.044 g 100 mL DW 

CoCl2·6H2O 0.22 g 100 mL DW 

MnCl2·2H2O 0.360 g 100 mL DW 

NaMoO4·2H2O 0.013 g 100 mL DW 

Distilled water  500 mL 

1) Autoclave each component separately  

2) Combine all the components together and adjust it to make 1 L trace metal 
solution 

 

Vitamins – Stock solution 

Biotin 0.01 g 100 mL DW 

Vitamin B12 0.01 g 100 mL DW 

Thiamine HCL 0.02 g 100 mL DW 

Autoclave each component separately  

Vitamin Working Stock Solution – Solution VI 
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1 mL Biotin + 0.1 mL Vitamin B12 are disolved separately in 100 mL of prepared 
Thiamine HCL 

Seawater  

Seawater --------> GF/F 0.8 µm--------> 0.45 µm--------> 0.22 µm--------> Purified 
seawater 

 

5.2.3. Effect of salinity on P. pungens growth and domoic acid production 

To study the effect of salinity, medium f/2 was prepared at a range of salinities. 

Seawater $"�!� �%�� Zuari �����"  with salinity of 36 psu was first filtered through a glass-

fiber filter (GF/F), followed by a 0.22-µm pore size, 47-mm diameter polycarbonate 

membrane (Whatman Nuclepore) and then held in darkness until used. This was then 

diluted with distilled, deionized water to achieve seven lower salinities (5 to 35, in 5 

increments) prior to amending with nutrients, followed by sterile-filtration through a 0.22-

µm pore size, 47-mm diameter polycarbonate membrane. The P. pungens cultures were 

adapted for each salinity under the above growth conditions for 12 days prior to carrying 

out the experiment. 

Triplicate experimental flasks containing 100 mL of medium at each of the 

salinities were inoculated with exponentially growing adaptation cultures, to achieve an 

initial cell concentration of 6000 to 8000 cells mL-1. Growth at the above conditions was 

monitored daily between 13:00 and 15:00 h by aseptically removing 3-mL aliquots from 

each flask. Cells were preserved with 2% Lugol’s iodine and counted in triplicate using a 

1-mL Sedgewick-Rafter counting chamber. At least 50 fields, or 300 cells, were counted 

per replicate. Only cells containing chloroplasts were counted. The maximum specific 

growth rate for the mean of triplicate cultures was determined using cell counts obtained 
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over three or more successive days during the exponential growth phase, according to 

Guillard (1973):  

µ (d-1) = ln (N2/N1)/ (t2-t1) 

where t2 and t1 are the sampling times (in days) and N2 and N1 are the corresponding cell 

concentrations at sampling times t2 and t1. 

Domoic acid analysis: To determine Domoic acid (DA) production, 50-mL aliquots were 

collected daily from the replicate cultures and frozen at -20 °C for later DA analysis. Prior 

to analysis, 30 mL of “whole culture” (i.e. cells plus medium; Bates et al., 1998) were 

sonicated for 1–2 min at 100 W, using 1-cm diameter probe (Sonics and Materials INC. 

Danbury, CT, USA) to release DA. Cell debris was removed by filtration through a 0.45-

µm pore-size disposable filter (Millex HV, Millipore Corp.). DA was analyzed by a high-

sensitivity 9-fluorenylmethylchloroformate (FMOC) pre-column derivatization method for 

amino acids followed by reversed-phase HPLC with fluorescence detection (Pocklington et 

al., 1990). Cellular DA from the “whole culture” (fg per cell) was calculated by dividing 

the total DA produced in the culture by cell number. 

Derivatization of Domoic acid is as follows: Take Domoic acid samples (200 � L). 

To that, add 50 � L borate buffer, then place 10 � L of DHKA into a 10x75 mm borosilicate 

test tube, and vortex mixed for 10 s. Add 250 � L of FMOC-Cl and vortex mixed for 45 s. 

The un-reacted excess FMOC-Cl was then immediately extracted with 3 x 500 � L of ethyl 

acetate. The aqueous phase, which contains the derived FMOC-DA, is then transferred to a 

vial that is placed in the auto-sampler. Reagents used this method are given in Table 5.2. 
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Table 5.2. Preparation of reagents used in Domoic acid analysis 

Step Reagent solution Concentration Composition 

1. 9-fluorenylmethylchloroformate 
(FMOC-Cl) 

15 mM 38.7 m FMOC-Cl + 10 ml 
acetonitrile; store at -20 ºC  

2. Borate buffer 1 M, pH 6.2 
 
 
 

6.18 g 
orthoboricacid 
(BH3O3) + 95 mL 
deionized water; 
adjust pH 6.2 with 2 
M sodium 
hydroxide; dilute 
with water to 100 
mL 

3. Dihydrokainic acid (DHKA) 
internal standard solution  

100 µg mL-1 1 mg DHKA + 1 mL 
acetonitrile water (1:9). From 
this, prepare working solution 
of concentration (2 µg mL-1) by 
diluting stock solution 50 fold 
in seawater. 

 

Analysis of Domoic acid by HPLC:  A 25 � L volume of culture containing DA was 

injected into the HPLC by the auto-sampler. The pump provided a gradient of 1 mL/min. 

The mobile phase was a solution of aqueous acetonitrile with 0.1% (v/v) trifluoroacetic 

acid (BDH Chemicals). For the initial condition, the mobile phase was composed of 37.5% 

acetonitrile and 62.5% water. The concentration of acetonitrile was then linearly increased 

to 55% in 15 min. This was followed by a linear increase in the concentration of 

acetonitrile to 90% in 6 min. This condition was maintained for 6 min, and the mobile 

phase was returned to the initial conditions in 2 min. The initial conditions were re-

maintained another 9 min, thus giving a total time of 25 min per analysis. 
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5.2.4. Effect of nutrients (nitrate, phosphate and silicate) on growth and production of 

Domoic acid 

The study was carried out using following three nutrients: 

1. Nitrate: Five concentrations were used: 1 µM, 5 µM, 20 µM, 50 µM and 100 µM 

2. Phosphate: 0.5 µM, 2 µM, 4 µM, 8 µM and16 µM 

3. Silicate: 5 µM, 20 µM, 80 µM, 160 µM and 320 µM 

The concentration of each nutrient was decided on depending on their estimated 

concentration range in the field. The effect of nutrients was studied by varying the 

concentration of one nutrient and keeping the other two constant. The methods for 

preparing the growth media, inoculation, and sample preservation for cell counts and DA 

analysis are the same as those described in methodology of salinity given above. 

5.3. Results 

Morphology and identification of Pseudo-nitzschia species: Five species of Pseudo-

nitzschia were identified: P. pungens, P. multistriata, P. seriata, P. australis and P. 

pseudodelicatissima, based on their morphometrics (Table 5.3). A Pseudo-nitzschia species 

was isolated from the Zuari estuary and brought to culture by single cell isolation method. 

Based on morphometrics obtained from SEM images (Table 5.3; Fig. 60), this species is 

identified as P. pungens. Cells are symmetrical and linear to lanceolate in valve view (Fig. 

60A and B). Spices are more or less pointed. Cell tips overlap by about one third of the cell 

length (Fig. 60A). The cell length is 78.87–91.02 µm and the valve width is 3.35–4.72 µm. 
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Cells are coarsely silicified and a central interspace is absent. Striae are most often with 

two rows of poroids or sometimes with a partly formed third row (Fig. 60C and D). The 

poroid density is 3 in 1 µm. The density of striae and fibulae is both 13–14 in 10 µm (Fig. 

60D). 
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Table 5.3. Morphometric data of Pseudo-nitzschia spp. from this study. In the case of P. 
pungens, they are compared to literature values. A central interspace is absent, except for 
P. pseudodelicatissima. 

Species 
Length 
(� m) 

Width 
(� m) 

Striae 
in 10 � m 

Fibulae 
in 10 � m 

Poroids 
in 1 � m 

Rows of 
poroids Reference 

P. pungens 79–91 3.4–4.7 13–14 13–14 3–3 3 This study 

P. pungens 74–142 3.0–4.5 9–15 9–15 3–4 1 to 2 

Hasle, 1965; Hasle and Fryxell, 
1995; Hasle and Syvertsen, 
1997 

P. pungens 87–174 4.6–5.0 9–17 9–15 3–4 2 Rivera, 1985 

P. pungens 90–130 2.6–4.5 10–15 10–15 3–4 2 Hallegraeff, 1994 

P. pungens 72–135 2.4–4.5 9–13 9–13 2–4 2 (3) Stonik et al., 2001 

P. pungens 61–156 2.2–5.4 10–16 10–16 2–4 Cusack et al., 2004 

P. pungens 92–156 3.5–4.2 10–11 10–11 1–3 2 Kaczmarska et al., 2005 

P. pungens 74–147 2.6–4.5 9–13 10–13 2.5–3.0 Quijano-Scheggia et al., 2008 

P. pungens var. 
pungens 110 2.7–3.5 8.6–11.6 8.6–11.6 2–3 3 Churro et al., 2009 

P. pungens var. 
cingulata clade II 120.4 ± 24.9 3.9 ± 0.1 11.2 ± 0.9 12.1 ± 0.5 3.9 ± 0.1 Holtermann et al., 2010 

P. pungens var. 
cingulata hybrid 111.3 ± 19.4 3.3 ± 0.2 11.5 ± 0.8 12 ± 0.9 3.5 ± 0.6 Holtermann et al., 2010 

P. pungens clade I 70.1–155.9 2.2–4.8 9–13 9–13 2.5–3.0 2 Quijano-Scheggia, 2010 

P. pungens 90 2.8 12 12 3–4 2 Méndez et al., 2012 

P. pungens 93–126 2.8–3.2 11–14 11–15 3.0–3.4 Parsons et al., 2012 

P. pungens 3.4–3.8 9–13 9–14 2.5–4 Orive et al., 2013 

P. pungens 70–148 1.9–4.0 9–13 9–13 2–4 2 Teng et al., 2013 

P. australis 5.3–7.8 62–140 15–18 15– 18 4–5 2 This study 

P. multistriata 32–58 2.7–3.8 2.7–3.8 34–42 8–12 2 This study 

P. pseudodelicatissima 40–138 1.2–2.4 28–44 15–25 5–6 1 This study 
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P. seriata 72–128 4.6–8.0 14–18 14–18 7–8 3 This study 

�
�

�

�

�

�

�

������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

�������������

�

�

�

����������������

�

�

�

���

�

�

�

�

 
 
 
Figure 60. A) Stepped chains of cells in girdle and valve views, LM; B) Whole valve with 
pointed ends, SEM; C) Outer valve structure, showing the presence of 2–3 rows of poroids 
(arrows), SEM; D) Inner valve structure with the presence of striae (arrowhead) and fibulae 
(arrow), SEM. 
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Salinity 

Growth parameters and Domoic acid production: Batch cultures of Pseudo-nitzschia 

pungens exhibited the classical “logistic” growth pattern, with three phases: lag (days 0–2), 

exponential (days 3–7) and stationary (days 8–12) (Fig. 61A). Growth was affected by 

salinity, although P. pungens grew at all the salinities, from 5 to 35 psu. Salinity affected 

the maximum cell concentration attained during the stationary phase (Fig. 61A). The 

highest cell concentration at stationary phase (9.6 x 105 cells mL-1) was observed at 25, 

psu, and the lowest (1.3 x 105 cells mL-1) was at 5 psu (Fig. 61B). The specific growth rate 

was lowest (0.44 d-1) at 5 psu, increased to a maximum (1.05 to 1.19 d-1) at 15 to 30 psu, 

and then decreased slightly (to 0.98 d-1) at 35 psu (Fig. 61C). The ANOVA test showed a 

significant variation in specific growth rate with salinity, with p = 0. Tukey’s post-hoc test 

showed a significant increase in specific growth rate up to 30 psu, with p = 0, which then 

significantly decreased at 35 psu salinity, with p = 0. 

DA production rates were lowest and similar at 5 to 15 psu (2.56 to 3.12 ng mL-1 d-

1) (Fig. 61D), and thereafter gradually increased with increasing salinity, reaching 5.25 ng 

mL-1 d-1 at 35 psu (Fig. 61E). There was a significant variation in DA production between 

salinities, with p = 0 (one way ANOVA), and a significant increase in DA production from 

5 psu to 35 psu with p = 0 (Tukey’s post-hoc test). 

DA was analyzed by the FMOC pre-column derivatization method for amino acids 

followed by reversed-phase HPLC with fluorescence detection (Pocklington et al., 1990). 

Thus, additional tests were required to provide evidence that the suspected peak on the 

chromatogram was indeed DA. Adding a standard DA solution (20 ng mL-1) to filtered 
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seawater resulted in a FMOC-DA peak at a retention time (RT) of ~7.8 min and an internal 

standard FMOC-DHKA peak at ~13 min (Fig. 62A). Because of slight shifts in the RT of 

these peaks, they were normalized by calculating the delta time (� T) between the DA and 

the DHKA peaks; the average � T for each sample was then used to identify the suspected 

DA peak. 

Similar peaks as above were also found in the seven-day-old culture of P. pungens 

(Fig. 62B) with the Domoic acid concentration of 7.13 ng mL-1. To confirm that the 

suspected small DA peak at a RT of 7.9 min was indeed DA, a spiking experiment was 

carried out. A known concentration of standard DA (1 ng mL-1) was added to the culture 

and again analyzed by HPLC. The resulting chromatogram (Fig. 62C) shows that a peak 

with similar RT as that of the standard DA increased by the expected surface area with the 

final Domoic acid concentration of 7.13 ng mL-1 ,which confirmed the presence of DA in 

the culture. 

The overall trend in DA concentrations in the “whole culture” (expressed per mL) 

during the course of batch culture growth was similar at each salinity, with peaks on days 9 

to 10 during the stationary phase (Fig. 63A–G). Interestingly, low but increasing levels of 

DA continued to be found during the exponential phase. 

Salinity affected DA production. The lowest stationary-phase DA concentration 

(18.7 ng mL-1) was at 5 psu, and it gradually increased (to 29.7 ± 0.4 ng mL-1) at 25 to 35 

psu (Fig. 63A–G). In contrast to the above, there was no indication that salinity affected 

DA when expressed per cell (fg cell-1; DA in the whole culture divided by cell number). 

Cellular DA was highest during the lag phase (days 1–2), with a secondary minor peak at 
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some salinities during the early exponential phase (days 3–4) (Fig. 63A-G). The highest 

DA level was ~770 fg cell-1 (Fig. 63F, 63G). Because the rate of increase in cell number 

was greater than the rate of DA production, DA per cell then decreased to very low levels 

(9 to 95 fg cell-1) during the stationary phase. 
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Figure 61. Effect of salinity on the growth of Pseudo-nitzschia pungens isolated from the 
Zuari estuary. A) Growth curves; B) Maximum cell concentration at stationary phase; C) 
Specific growth rate and D) Effect of salinity on the rate of domoic acid (DA) production. 
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Figure 62. HPLC chromatograms for the analysis of domoic acid (DA). A) Chromatogram 

obtained from a standard solution of pure DA in filtered seawater, showing peaks for the 

derivatization products of DA and DHKA; B) Pseudo-nitzschia pungens culture sample (7 

days old); C) Pseudo-nitzschia pungens culture sample spiked with standard DA solution 

(1 ng ml-1), showing the expected increase in peak height at the same retention time as DA. 
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Figure 63. Change in domoic acid (DA) concentration in the “whole culture” (cells plus 
medium), expressed as ng ml-1 (� ) and fg cell-1 (� ), for Pseudo-nitzschia pungens growing 
in culture at salinities of A) 5 psu; B) 10 psu; C) 15 psu; D) 20 psu; E) 25 psu; F) 30 psu; 
G) 35 psu. 
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Nitrate:  

Growth parameters and Domoic acid production: Batch cultures of Pseudo-nitzschia 

pungens exhibited the classical “logistic” growth pattern, with three phases: lag (days 0–1), 

exponential (days 1–4) and stationary (days 5–12) (Fig. 64A). Growth was affected by 

nitrate concentration, although P. pungens grew at all the nitrate concentrations, from 1 µM 

to 100 µM. Nitrate affected the maximum cell concentration reached during the stationary 

phase (Fig. 64A). The highest cell concentration at stationary phase found on day 7 of the 

culture (2.97 x 106 cells mL-1), at 100 µM. The lowest (5.04 x 105 cells mL-1) was at 1 µM 

(Fig. 64B). The specific growth rate was lowest (0.33 d-1) at 1 µM, and increased to a 

maximum (1.08 to 1.27 d-1) at 50 to 100 µM (Fig. 64C). The ANOVA test showed a 

significant variation in specific growth rate with nitrate, with p = 0. Tukey’s post-hoc test 

showed a significant increase in specific growth rate from 1 µM to 100 µM nitrate, with p 

= 0. 

Verifying the identity of the DA peak was carried out as for the salinity experiment.  

The chromatogram with the highest DA peak was at 100 µM (Plate 2). DA production rates 

were lowest at 1 µM nitrate (17.32 ng mL-1 d-1) and thereafter gradually increased with 

increasing nitrate concentration, reaching 25.92 ng mL-1 d-1 at 100 µM (Fig. 64D). There 

was a significant variation in DA production between nitrate concentrations, with p = 0 

(one way ANOVA), and a significant increase in DA production from 1 µM to 100 µM, 

with p = 0 (Tukey’s post-hoc test). 

The overall trend in DA concentration in the “whole culture during the course of 

batch culture growth was similar at each nitrate concentration, with peaks on days 7 and 9 
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during the stationary phase (Fig. 65A–E). Interestingly, low but increasing levels of DA 

continued to be found during the exponential phase. 

Nitrate concentration affected DA production. The lowest stationary-phase DA 

concentration (17.32 ng mL-1) was at 1 µM and it gradually increased (to 25.92 ng mL-1) at 

100 µM (Fig. 65A–E). In comparison to the above, there was no indication that nitrate 

affected DA when expressed per cell (fg cell-1; DA in the whole culture divided by cell 

number). Cellular DA was highest during the lag phase (days 0–2), with a secondary minor 

peak at some concentrations of nitrate during the early exponential phase (days 3–4) (Fig. 

65A–E). The highest cellular DA level was ~600 fg cell -1 (Fig. 65B and C). Because the 

rate of increase in cell number was greater than the rate of DA production, DA per cell then 

decreased to very low levels (4 to 97 fg cell-1) during the stationary phase. 
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Figure 64. Effect of Nitrate on the growth of Pseudo-nitzschia pungens isolated from the 
Zuari estuary. A) Growth curves; B) Maximum cell concentration at stationary phase; C) 
Specific growth rate and D) Effect of Nitrate on the rate of domoic acid (DA) production 
and E) Effect of Nitrate on domoic acid per day. 
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Figure 65. Change in domoic acid (DA) concentration in the “whole culture” (cells plus 
medium), expressed as ng ml-1 (� ) and fg cell-1 (� ), for Pseudo-nitzschia pungens growing 
in culture at nitrate concentrations of A) 1 µM; B) 5 µM; C) 20 µM; D) 50 µM and E) 100 
µM. 
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Phosphate: 

Growth parameters and Domoic acid production: The growth pattern in the batch cultures 

of Pseudo-nitzschia pungens exhibited three phases: lag (days 0–1), exponential (days 2–5) 

and stationary (days 6–12) (Fig. 66A). Growth was affected by phosphate concentration, 

although P. pungens was found to grew at all the concentrations, from 0.5 µM to 16 µM. 

Phosphate affected the maximum cell concentration reached during the stationary phase 

(Fig. 66A). The highest cell concentration at stationary phase was found on day 7 day of 

the culture (8.3 x 106 cells mL-1), at 16 µM. The lowest (3.22 x 106 cells mL-1) was at 0.5 

µM (Fig. 66B). The specific growth rate was lowest (0.98 d-1) at 0.5 µM and increased to a 

maximum (1.18 to 1.40 d-1) at 4 to 16 µM (Fig. 66C). The ANOVA test showed a 

significant variation in specific growth rate with phosphate, with p = 0. Tukey’s post-hoc 

test showed a significant increase in specific growth rate from 0.5 µM to 16 µM of 

phosphate concentration, with p = 0. 

The peaks of DA production at different concentrations of phosphate are shown in 

chromatograms given in Plate 2. Phosphate showed the opposite trend in DA production in 

comparison to nitrate and salinity. DA production rates were lowest at 16 µM phosphate 

(2.25 ng mL-1 d-1) and thereafter gradually increased with decreasing phosphate 

concentration, reaching 4.69 ng mL-1 d-1 at 0.5 µM (Fig. 66D). There was a significant 

variation in DA production between phosphate concentrations, with p = 0 (one way 

ANOVA), and a significant decrease in DA production from 0.5 µM to 16 µM, with p = 0 

(Tukey’s post-hoc test). 
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The overall trend in DA concentration in the “whole culture” (expressed per mL) 

during the course of batch culture growth was similar at each phosphate concentration, with 

highest peaks on days 9 to 12 during the stationary phase (Fig. 67A-E). Interestingly, low 

but increasing levels of DA continued to be found during the exponential phase. 

Phosphate concentration affected DA production. The lowest stationary-phase DA 

concentration (22.75 ng mL-1) was at 16 µM and it gradually increased (to 33.71 ng mL-1) 

at 0.5µM (Fig. 67A-E). In comparison to the above, there was no indication that phosphate 

affected DA when expressed per cell (fg cell-1; DA in the whole culture divided by cell 

number). Cellular DA was highest during the lag phase (days 0–1), with a secondary minor 

peak at some concentrations of phosphate during the early exponential phase (days 2–3) 

(Fig. 67A-E). The highest DA level was ~470 fg cell-1 (Fig.67C). Because the rate of 

increase in cell number was greater than the rate of DA production, DA per cell then 

decreased to very low levels (1 to 96 fg cell-1) during the stationary phase. 
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Figure 66. Effect of Phosphate on the growth of Pseudo-nitzschia pungens isolated from 
the Zuari estuary. A) Growth curves; B) Maximum cell concentration at stationary phase; 
C) Specific growth rate and D) Effect of Nitrate on the rate of domoic acid (DA) 
production per day. 
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Figure 67. Change in domoic acid (DA) concentration in the “whole culture” (cells plus 
medium), expressed as ng ml-1 (� ) and fg cell-1 (� ), for Pseudo-nitzschia pungens growing 
in culture at phosphate concentrations of A) 0.5 µM; B) 2 µM; C) 4 µM; D) 8 µM and E) 
16 µM. 
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Silicate: 

Growth parameters and Domoic acid production: The batch cultures of Pseudo-nitzschia 

pungens exhibited three phases: lag (days 0–1), exponential (days 2–4) and stationary (days 

5–12) (Fig. 68A). Silicate concentration affected the growth of P. pungens, although it 

grew at all the concentrations, from 5 µM to 320 µM. Silicate affected the maximum cell 

concentration reached during the stationary phase (Fig. 69A). The highest cell 

concentration at stationary phase found on day 7 of the culture (84.8 x 106 cells Ll-1), at 320 

µM. The lowest (1.5 x 106 cells mL-1) was at 5 µM (Fig. 68B). The specific growth rate 

was lowest (0.84 d-1) at 5 µM, and increased to a maximum (1.43 to 2.26 d-1) at 20 to 320 

µM (Fig. 68C). The ANOVA test showed a significant variation in specific growth rate 

with silicate, with p = 0. Tukey’s post-hoc test showed a significant increase in specific 

growth rate from 5 µM to 320 µM, with p = 0. 

Highest DA production at different concentrations of silicate is shown in 

chromatograms given in Plate 2. Silicate followed a trend similar to that shown for 

phosphate. DA production rates were lowest at 320 µM (2.85 ng mL-1 d-1) and thereafter 

gradually increased with decreasing silicate concentration, reaching 4.32 ng mL-1 d-1 at 5 

µM (Fig. 68D). There was a significant variation in DA production between silicate 

concentrations, with p = 0 (one way ANOVA), and a significant decrease in DA production 

from 5 µM to 320 µM, with p = 0 (Tukey’s post-hoc test). 

The overall trend in DA concentration in the “whole culture” (expressed per mL) 

during the course of batch culture growth was similar at each silicate concentration, with 
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highest peaks on days 8 to 12 during the stationary phase (Fig. 69A–E). Interestingly, low 

but increasing levels of DA were again found during the exponential phase. 

Silicate concentration affected DA production. The lowest stationary-phase DA 

concentration (21.23 ng mL-1) was at 320 µM and it gradually increased (to 25.13 ng mL-1) 

at 5 µM (Fig. 69A–E). In comparison to the above, there was no indication that silicate 

affected DA when expressed per cell (fg cell-1; DA in the whole culture divided by cell 

number). Cellular DA was highest during the lag phase (days 0–1), with no secondary 

minor peak observed during the early exponential phase (Fig. 69A–E). The highest cellular 

DA level was ~500 fg cell-1 (Fig. 69D and E). Because the rate of increase in cell number 

was greater than the rate of DA production, DA per cell then decreased to very low levels 

(0.2 to 97 fg cell-1) during the stationary phase. 
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Figure 68. Effect of Silicate on the growth of Pseudo-nitzschia pungens isolated from the 
Zuari estuary. A) Growth curves; B) Maximum cell concentration at stationary phase; C) 
Specific growth rate and D) Effect of Nitrate on the rate of domoic acid (DA) production 
per day. 
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Figure 69. Change in domoic acid (DA) concentration in the “whole culture” (cells plus 
medium), expressed as ng ml-1 (� ) and fg cell-1 (� ), for Pseudo-nitzschia pungens growing 
in culture at Silicate concentrations of A) 5 µM; B) 20 µM; C) 80 µM; D) 160 µM and E) 
320 µM. 
�

�

�

�

�

�

�

�

A 

D 
C 

B 

E 



�

�

�

�

�� �

�

Plate 2. Chromatograms of Domoic acid (DA) showing highest peaks. Where A) 
Chromatogram of nitrate at 100 µM concentration; B) Chromatogram of phosphate at 0.5 
µM and C) Chromatogram of silicate at 5 µM concentration. 
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Prediction of HABs in the estuarine system of Goa: 

This study reported blooms of Pseudo-nitzschia pungens during the non-monsoon 

period over two years in both the Mandovi and Zuari estuaries. During the bloom period, 

the range in nitrate concentration was 0.81–2.35 � M, phosphate was 0.17–0.41 � M and 

silicate was 18.73–31.05 � M. Laboratory experiments conducted to study the effect of 

salinity and nutrients supported the above observations by showing that P. pungens grew at 

these nutrient concentrations. Based on field (in situ) observation and laboratory (in vitro) 

studies, salinity, nitrate, phosphate and silicate govern the distribution as well as the growth 

of Pseudo-nitzschia (Fig. 70). 

Laboratory experiments also concluded that strain (SP-1) of Pseudo-nitzschia 

pungens $"�!� �%�� Zuari �����" � produced small amounts of the neurotoxin Domoic acid 

(DA) in culture (<1 pg DA cell-1). This result supports the findings of Rhodes et al. (1996), 

Trainer et al. (1998), Baugh et al. (2006) and Calu et al. (2009). 

Pseudo-nitzschia pungens produces DA under the following conditions: 

a) Salinity: Highest growth rate was observed from 15–30 psu, but DA production of 

(29.88 ng L-1) took place at the highest salinity (35 psu). This suggests that higher osmotic 

pressure could trigger the production of DA. 

b) Nitrate: Maximum DA was produced at the highest nitrate concentration (100 � M). 

This is because DA is an amino acid that requires nitrogen for its formation. 
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c) Silicate and Phosphate: The maximum production of DA took place at lower 

concentrations of phosphate and silicate (i.e. at 5 � M and 0.5 � M, respectively). It is clear 

that limitation in silicate and phosphate can trigger the production of DA in culture as well 

as in nature. These results are similar to those found for P. multiseries, P. australis and P. 

seriata (reviewed by Lelong et al., 2012). 

 From above, it can be concluded that the low levels of DA produced by P. pungens 

do not impose a significant environmental hazard when nutrients and salinity are optimum 

for maximizing toxin production. The following model describes the conditions under 

which P. pungens can bloom and produce DA. Regular monitoring is required, especially 

when such environmental conditions prevail at the end of the monsoon season. 
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Figure 70. Proposed flow chart for the development of Harmful algal blooms in 

Mandovi and Zuari systems of Goa. 
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5.4. Discussion: 

Pseudo-nitzschia spp. are shown to be an important component of the 

phytoplankton flora in the Mandovi and Zuari estuarine waters of Goa, western India. In 

the Mandovi estuary, diatom species represent 71% of the total species, of which Pseudo-

nitzschia spp. account for ~10% of the total species (Pednekar et al., 2014). In the Zuari 

estuary, diatoms are 89% of the total species, of which 20% are Pseudo-nitzschia spp. Five 

Pseudo-nitzschia species were identified in this study: P. pungens, P. multistriata, P. 

seriata, P. australis and P. pseudodelicatissima; these were also described in Pednekar et 

al. (2012). Some or all strains of each of these is reported to be toxic elsewhere in the world 

(Bates et al., 1989; Lundholm et al., 2004; MacIntyre et al., 2011; Lelong et al., 2012 and 

Méndez et al., 2012). 

Pseudo-nitzschia seriata was the dominant Pseudo-nitzschia species in the Mandovi 

estuary at all stations during the non-monsoon period, with highest counts of 15,320 cells 

L-1 at the surface of the OldGoa station in March, when the salinity was ~25 psu. There was 

no evidence of water discoloration at this concentration. Nevertheless, it is comparable to 

that found at Natashquan, Quebec (northern Gulf of St. Lawrence, Canada), where a P. 

seriata concentration of 14,000 cells L-1 was associated with the presence of low levels of 

DA (0.89 � g DA g-1) in soft-shell clams (Mya arenaria), in August 1999 (Couture et al., 

2001). In the Baie des Chaleurs, Quebec (Southern Gulf of St. Lawrence), the P. seriata 

concentrations reached 62,000 cells L-1 in 2002, and the DA levels in blue mussels (Mytilus 

edulis) reached 89 � g DA g-1 (Bates et al., 2002), which is over the 20 � g DA g-1 regulatory 

limit, and resulted in a harvesting closure. 
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Other studies have used canonical correspondence analysis (CCA) to explain the 

variations in Pseudo-nitzschia spp. abundance with respect to environmental factors 

(salinity, nutrients, rainfall)  (Fig. 59) Pseudo-nitzschia pungens, P. multistriata, P. seriata 

and P. australis have shown significant positive variations in cell abundance with respect 

to salinity (Thessen et al., 2008). The cell abundances of P. multistriata, P. seriata, P. 

australis and P. pseudodelicatissima have also been related significantly with nitrite, 

nitrate, phosphate, silicate, as has been shown in other studies (Lundholm et al., 2010; 

Méndez et al., 2012; Naz et al., 2012 and Sahraoui et al., 2012). The genus Pseudo-

nitzschia is reported as cosmopolitan (Hasle 2002) and its blooms usually occur when 

nutrients are available and salinity is not reduced (Liefer et al., 2009). Pseudo-nitzschia 

australis and P. multistriata can bloom during both upwelling and non-upwelling 

conditions off the west coast of North America and can use both organic and inorganic 

forms of nitrogen (Howard et al., 2007 and Cochlan et al., 2008). Blooms of P. 

multistriata, with a cell concentration of 4 X 106 cells L-1, were observed in Mediterranean 

Sea during the summer (Quijano-Scheggia et al., 2010). Pseudo-nitzschia seriata is known 

to grow under conditions of high temperature and abundant silicate and phosphate 

(Lundholm et al., 2010 and Sahraoui et al., 2012) and also blooms during the summer (late 

June to August) in Scottish waters (Fehling et al., 2004, 2005). Pseudo-nitzschia 

pseudodelicatissima grows in nutrient-rich waters and its blooms are also affected by 

seasonal upwelling (Trainer et al., 2002; Lund-Hansen and Vang 2004 and Kaczmarska et 

al., 2007). 

The cell growth dynamics of P. pungens in the nitrate, phosphate and silicate 

experiments followed a logistic model that exhibits lag, exponential and stationary phases. 
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However, there were differences in the growth curve of each nutrient experiment in respect 

to the maximum cell concentration they have attended during stationary phase. Cell growth 

of P. pungens showed a greater preference for silicate than for phosphate and nitrate, as 

evidenced by the maximum cell concentration attained during stationary phase. The highest 

cell concentration (84.8 X 106 cells L-1) was observed at 320 � M silicate. As a diatom, 

Pseudo-nitzschia requires silicate not only for frustules formation but also for other 

metabolic processes (Pan et al., 1996; Moss 2001 and Marchetti et al., 2007). Specific 

growth rates increased with an increase in silicate concentration; the highest (2.26 d-1) was 

observed at 320 � M of silicate. Earlier studies from different parts of world reported the 

presence of P. pungens in the waters of high temperature, salinity and low nutrients 

(Aifeng et al., 2005 and Almandoz et al., 2007). This was true in the present study where 

bloom of P. pungens was reported during the non-monsoon period. 

The present study reports that Domoic acid (DA) production increases with an 

increase in nitrate concentration and vice versa in the case phosphate and silicate. The 

highest concentration of nitrate (100 � M) resulted in a DA production rate of 25.92 ng mL-1 

d-1. Bates et al., (1991) reported that P. multiseries produced small amounts of DA during 

the late exponential phase in the presence of nitrate as N source. This is also true in the 

present study, with P. pungens. This may be explained by the structure of DA, which is an 

amino acid, and therefore require nitrate as an essential nutrient for its synthesis. Bates et 

al., (1991, 1993) reported that the production of DA in P. multiseries (then known as N. 

pungens f. multiseries) increased with the addition of a source of nitrogen in the medium. 

In the present study, maximum DA production took place during the stationary phase. This 

is consistent with the work of Cusack et al., (2002), who reported that an isolate of P. 
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australis from Irish waters also produced high DA concentration during stationary phase of 

the culture. Lelong et al., 2012 and Trainer et al., 2012 further supported this study, where 

they reported many other species of Pseudo-nitzschia are also known to produce greater 

concentration of DA during stationary phase.  Another strain of P. australis isolated from 

Monterey Bay, found to produce more particulate and dissolved DA when enriched with 

ammonium in comparison to that of nitrate grown cells (Howard 2007).  

   Pseudo-nitzschia pungens in culture showed a reduced DA production with an 

increase in silicate and phosphate concentration. The maximum DA produced was 4.32 ng 

mL-1 d-1 at 5 � M silicate and 4.69 ng mL-1 d-1 at 0.5 � M phosphate. These observations are 

also consistent with those for other species of Pseudo-nitzschia. DA production by Pseudo-

nitzschia is thought to be triggered in part by physiological stress caused by silicate and 

phosphate limitation. Such limitation is believed to facilitate DA synthesis by reducing 

primary metabolic activity and making available required precursors, cofactors and high 

energy components or by expression of genes involved in DA biosynthesis (Pan et al., 

1998). Pseudo-nitzschia seriata isolated from Scottish waters showed a greater DA 

production when stressed by silicate limitation than with phosphate limitation during 

stationary phase (Fehling et al., 2004). However, P. multiseries strains produced a high DA 

concentration under the phosphate deficiency (Pan et al., 1996A, B, C; Kudela et al., 2003 

and Hagstrom et al., 2011). Trace metals may also affect DA production; P. multiseries and 

P. australis showed a greater DA production under Fe deficient and Cu stress conditions 

(Maldonado et al., 2002). 
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Pseudo-nitzschia pungens is ubiquitous, found in temperate and tropical coastal 

waters (Casteleyn et al., 2008; Anderson et al., 2010 and Lim et al., 2014, 2015). In the 

present study, P. pungens dominated all the other Pseudo-nitzschia species during both the 

monsoon and non-monsoon seasons in the Zuari estuary. The maximum cell count (9680 

cells L-1) was found at the Cortalim station in February, when the salinity was 28 psu. 

Alkawri and Ramaiah (2011) also found P. pungens along the Goa coast during the non-

monsoon period. Pednekar et al., (2012) provide additional information about the presence 

of this species during both seasons in the Mandovi and Zuari estuaries. 

Molecular and morphological studies have delineated three clades of P. pungens 

around the world (Casteleyn et al., 2008 and Lim et al., 2014). Clade I (P. pungens var. 

pungens) is found in temperate waters; clade II (both P. pungens var. pungens and var. 

cingulata) is from western Pacific waters; and clade III (P. pungens var. pungens and var. 

aveirensis) is found in warm temperate and tropical waters. Our morphological data do not 

allow definitive assignment of the P. pungens from the Goa estuaries to a particular clade. 

However, clade II can be ruled out based on its more restricted distribution. 

Pseudo-nitzschia spp. can grow at a wide range of salinities (Jackson, 1992; Villac 

et al., 2004; Casteleyn et al., 2008 and Churro et al., 2009). Most are euryhaline (reviewed 

by Lelong et al., 2012), but both higher and lower salinities can be stressful for the growth 

of some Pseudo-nitzschia spp. (Jackson et al., 1992 and Doucette et al., 2008). The new 

coastal species P. circumpora is incapable of growing at salinities lower than 20 psu, and 

had the highest division rate (1.01 µ d-1) at 35 psu and cell yield at 30 psu (Lim et al., 

2015). 
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This is first successful isolation and culturing of P. pungens from this area, and the 

first to study the effect of salinity on growth and toxin production by this species. The 

results of this field study are supported by the laboratory work carried out on cultures of P. 

pungens from the Zuari estuary. Here, the effect of salinity on the growth and DA 

production by P. pungens was clearly demonstrated. Salinities of 15 to 30 psu were best 

suited for its growth (highest specific growth rate: 1.19 µ d-1); higher (35 psu) and lower (5 

to 10 psu) salinities resulted in a growth rate reduction. The maximum cell concentration 

(9.64 X 105 cells L-1) was at a salinity of 25 psu. These results are supported by the field 

observations that were carried out at different stations in Mandovi and Zuari estuaries. In 

the Mandovi estuary, P. pungens showed the highest cell abundance (4412 cells L-1) in 

December, at ~32 psu salinity, and its cell abundance in the Zuari estuary was highest 

(9680 cells l-1) in February, at a salinity of 25 psu. Thus, P. pungens is dominant during the 

non-monsoon period, when the salinity is higher. Statistical analyses of the field data 

highlighted the variation of this species with respect to salinity. Cultures of P. pungens 

from Gunabara Bay, Brazil, grew well in a salinity range of 20 to 40 psu (Villac et al., 

2004). Pseudo-nitzschia pungens also grows in the colder, higher salinity waters of 

Chesapeake Bay (Thessen et al., 2005; Thessen and Stoecker 2008). Blooms of P. pungens 

can occur during the late summer, accompanied by warm temperatures, high salinity and 

low nutrients (Lund-Hansen and Wang 2004; Fehling et al., 2006; Almandoz et al., 2007; 

Leifer et al., 2009 and  Lelong et al., 2012). 

We conclude that our strain of P. pungens produces DA based on the identical 

retention times of the peak of the DA standard and the presumed peak on the HPLC 

chromatogram. As well, a spike of a known concentration of a standard DA solution had 
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the same retention time as the presumed DA peak and increased the DA concentration by 

the expected amount. Further analysis by liquid chromatography coupled with tandem mass 

spectrometry (LC-MS/MS) would absolutely confirm the identity of DA. 

 DA production by P. pungens increased as the salinity increased from 15 psu to 35 

psu, with the highest (5.15 ng mL-1 d-1) at 35 psu. On the other hand, the specific growth 

rates remained high (1.18 d-1) at 15, 25 and 30 psu, declining only slightly at the highest 

salinity (35 psu). This pattern is similar to that found by Thessen et al., (2005) and 

Doucette et al., (2008). For example, P. multiseries had the highest DA production, as well 

as growth rates, at 30 to 40 psu (Doucette et al., 2008). As in that study, there could be a 

competition for energy derived from photosynthesis between growth and DA production. 

However, P. pungens was able to maintain both high growth and DA production at 15 psu, 

in contrast to P. multiseries. Previous studies have shown that an increase in salinity boosts 

the production of the amino acid taurine (Jackson et al., 1992) and the sugar alcohol 

sorbitol (Stewart et al., 1997), which may regulate the osmotic pressure in the case of P. 

multiseries. Further work is required to establish if DA is indeed an osmoregulatory 

compound. 

Most studies show that toxin production by Pseudo-nitzschia spp. takes place 

during limitation by Si or P (Bates et al., 1998; Bates and Trainer 2006 and Trainer et al., 

2012), or during Fe limitation or Cu toxicity (Maldonado et al., 2002 and Wells et al., 

2005). Enhanced DA levels are reported mostly during the stationary phase, when the 

decline in cell division is related to the presence of required precursors and favorable 

bioenergetics for toxin synthesis (Pan et al., 1998). 
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Pseudo-nitzschia pungens was considered as non-toxic until 1994 (Bates et al., 

1998). It was then shown that this species has a capacity to produce low levels of DA. The 

presence of DA in Greenshell mussels in Marlborough Sounds, New Zealand (S Pacific), 

was attributed to P. pungens, one strain of which produced low levels of DA (0.47 pg cell-

1) (Rhodes et al., 1996). Another strain in Twin Harbor (Washington State) produced a still 

lower level of DA (0.07 pg cell-1) (Trainer et al., 1998). Baugh et al. (2006) reported a very 

low amount of DA (0.0018 pg cell-1) in an isolate of P. pungens from offshore Washington 

State. Up to now, the highest reported cellular DA level (0.2 pg cell-1) was in a strain of P. 

pungens from the Atlantic coast of France (Calu et al., 2009). In the present work, we 

report an unusually high cellular DA level for this species (0.77 pg DA cell-1) at the highest 

salinities (30 psu and 35 psu). However, it should be noted that this level was found only in 

lag-phase cells, indicating that DA was already present in the cell at the beginning of the 

experiment (cf. Douglas and Bates 1992). Indeed, the inoculum was taken from an 

exponentially growing culture, and the culture used in the salinity experiment was shown to 

produce DA during the exponential phase. Cellular DA levels then decreased rapidly when 

the cell number increased faster than the DA production rate, but they did not return to the 

initial elevated levels, in contrast to P. multiseries (Douglas and Bates 1992�. 

This is the first study to demonstrate that a P. pungens strain from the west coast of 

India is toxigenic. Furthermore, this species is dominant in our estuaries. Our laboratory 

cultures showed the highest growth at salinities of 15 to 25 psu, the same range at which 

field populations of this species were also predominant. This is also the salinity range at 

which our strain of P. pungens had the highest production rates of DA. Pseudo-nitzschia 

pungens is only one of the potentially toxigenic Pseudo-nitzschia species that we report in 
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our estuaries; strains of P. multistriata, P. seriata, P. australis and P. pseudodelicatissima 

from our waters should also be isolated into culture and tested for their ability to produce 

DA. 

Both the Zuari and Mandovi estuaries are important economic zones for fisheries 

and tourism. Our study is the first step towards studying toxin-producing Pseudo-nitzschia 

species from these estuaries. In light of the importance of tides and freshwater runoff in 

influencing salinity and nutrients like nitrate, phosphate and silicate during the monsoon 

period, additional field and laboratory studies are required to refine the relationship 

between salinity, nutrients and other physico-chemical factors in the development and 

toxicity of Pseudo-nitzschia blooms. 
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Summary 

  Since the last two decades Mandovi and Zuari estuaries of Goa are subjected to 

several anthropogenic activities which are known to promote the algal blooms. As evident 

from the literature that no work has been carried out with respect to HAB species from 

these estuaries, the present study was aimed at knowing the distribution and composition of 

HAB species from Mandovi and Zuari with respect to the environmental factors. An effort 

was also made to study the effect of salinity and nutrients on the growth and toxin 

production under laboratory conditions for the selected phytoplankton species.  

The present thesis is divided into Five chapters. Types of estuaries, effect of 

environmental factors on the functioning of estuaries, importance of estuaries to mankind    

forms the major part of Chapter I. Positive and Negative roles of the Phytoplankton is also 

explained. Relevant literature on the harmful algal blooms across the world is reviewed in 

the present Chapter .Objectives of the present study are discussed.    

Spatio-temporal variations in the phytoplankton of Mandovi estuary is discussed in 

Chapter II.  Daily and fortnightly sampling was carried out during the monsoon and non-

monsoon at a fixed station and at fixed time (Daily: Captain of Ports, Fortnightly- Verem, 

Ribandar and OldGoa). Water samples were collected using Niskin sampler and analyzed 

for Physico-Chemical (Salinity and Nutrients) and Biological parameters (Biomass and 

phytoplankton cell density). Major nutrients such as nitrate, nitrite, phosphate and silicate 

were analyzed using standard procedures outlined from (Strickland and Parsons, 1972). 

Salinity was measured using a Salinometer. Data on temperature was obtained from 

portable CTD profiler. Rainfall was obtained from the India Meteorological Department. 

Tidal heights were reported by means of Tide information from Tide tables. River 
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discharge rate in the Mandovi estuary was obtained from the River Navigation Department 

of Goa. Winkler’s method was used to determine dissolved oxygen. (Strickland and 

Parsons, 1972)  For phytoplankton enumeration, 500 mL water samples fixed with 2% 

Lugol’s iodine and concentrated to 5–10 mL volume were counted using a Sedgwick-

Rafter chamber. Identification of phytoplankton was based on Subrahmanyan (1968), 

Tomas (1997), Horner (2002) and Hallegraeff (2003). Phytoplankton biomass and 

Pigments were estimated using HPLC (Wright et al., 1991 and Bidigare and Charles, 

2002). Data analyses were carried out using software’s STATISTICA 6.0, StatSoft, OK, 

USA and PRIMER (version 6). Canonical Correspondence Analysis (CCA) (ter Braak 

1995) was performed using the Multi-Variate Statistical Package (MVSP) program version 

3.1 (Kovach 1998). Daily sampling studies at Mandovi showed highest nutrient 

concentration during monsoon period. Whereas highest phytoplankton biomass (Chl a) and 

phytoplankton cell density during the monsoon period.  Total   phytoplankton abundance 

comprised of 322 species with 91 genera. Bacillariophyta was the dominant phytoplankton 

group represented about 71%.  During study period nine phytoplankton species were 

observed to form blooms. The relation of phytoplankton species with the environmental 

parameters is explained in CCA. Fortnightly study at 3 different regions along the Mandovi 

estuary found total of 209 species belonging to 7 divisions. The highest phytoplankton cell 

density (5.17 X 104 cells L–1) and biomass (7.68 mg m–3 chlorophyll a) were observed in 

the upper reach during the non-monsoon period, while the highest diversity (3.46) was 

observed in the upper section during the monsoon period. The blooms of Streptotheca 

thamensis, Thalassiothrix frauenfeldii and Bacillaria paxilifer were observed in transect 

study.  
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Chapter III  deals with spatio-temporal variations in Zuari estuary. Daily sampling 

was carried out at Cortalim station and Fortnightly sampling was carried out along 

Chicalim, Island, Sancval, Zuari, Lutolim and Borim stations. Sampling methods and 

methods for Physico-Chemical and Biological parameters were as in Chapter II.  Data 

analysis was also carried out using the same softwares as mentioned in Chapter II. Daily 

sampling showed highest biomass of 17.18 mg m-3 and cell density of 39.37 X 104 cells l-1 

was observed during the monsoon period. Total 239 species and 85 genera were recorded 

out of which monsoon period showed high number of genera 74 and species 153. 

Maximum diversity was reported during monsoon period. Total species evenness ranged 

from 0.40-0.83. Phytoplankton species were found to show succession pattern in their 

distribution. Fortnightly study in the Zuari estuary reported highest biomass of 26.62 mg 

m–3 and cell density of 28.92 X 104 cells L–1 at Lutolim (Upper reach) station. Total 119 

species with 5 divisions were identified during the study period. Bacillariophyta was the 

dominant group with 71% distribution and dominated by Pennales (88) over Centrales (60). 

CCA analysis explains the phytoplankton species relation with the environmental 

parameters. The monsoon period supported the growth of oligohaline (0-15 psu) 

Coscinodiscus granii, C. radiatus (centric), Chaetoceros subtilis, Nitzschia longissima 

(pennate) and dinoflagellate Amphidoma nanum. Highly diverse euryhaline, eurythermal 

species like Actinocyclus octonarius and Thalassiothrix frauenfeldii are found to grow 

easily in estuarine conditions.  

Harmful Algal Flora from both the Mandovi and Zuari estuaries with respect to 

spatio-temporal variations is discussed in Chapter IV.  The sampling strategy and 

methodology followed is similar to that discussed in Chapter II. In Mandovi total 54 HAB 
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species with 49 in monsoon and 36 during non-monsoon period were reported during daily 

sampling. Blooms of five harmful algal species viz. Trichodesmium erythreaum, 

Skeletonema costatum, Gymnodinium splendens, Chaetoceros curvisetus and 

Cylindrotheca closterium were observed. Transect study reported all together 45 HAB 

forming species with 25 genera. Blooms of four HAB forming species i.e. Rhizosolenia 

setigera, Pseudo-nitzschia seriata and Skeletonema costatum were observed along surface 

and bottom of all the three stations. CCA analysis explained relation between the HAB 

species and environmental factors. In the Zuari estuary daily sampling reported total 46 

HAB species with 25 genera at Cortalim station. Nine HAB species were studied for 

seasonality and for its pigment composition. Bloom of Ditylum brightwelii was reported 

during the monsoon period along with Coscinodiscus welsii, Leptocylindrus danicus and 

Rhizosolenia setigera. Bloom of Gymnodinium breve and Prorocentrum gracile was 

observed only during post-monsoon period.  During monsoon and post-monsoon period 

blooms of Cylindrotheca closterium and Ceratium furca were observed. Bloom of 

Skeletonema costatum was observed in all seasons. Transect study reported all together 25 

genera with 51 HAB species. Highest HAB species were recorded at surface of Zuari 

station comprised of total 26 species of 20 genera during monsoon representing 60% of 

HAB species (59% Bacillariophyta and 1% Dinophyta). The results of the study indicated 

that monsoon plays vital role in occurrence and distribution of harmful algal species.  

Effect of salinity and nutrients on growth and domoic acid production was studied 

in Pseudo-nitzschia pungens in the Chapter V. A non-axenic culture of Pseudo-nitzschia 

pungens was established by isolating cell isolation method (Anderson and Kawachi, 2005). 

The culture was maintained in f/2 medium (Guillard and Ryther, 1962) at an irradiance of 
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35 µmol photons m2 s-1 (12:12 h light: dark cycle), at ~30 °C. Identification of Pseudo-

nitzschia pungens cells were based on SEM examination by KMnO4/HCL oxidation 

method (Miller and Scholin, 1998). To study the effect of salinity f/2 medium was prepared 

at a range of salinities from 5 to 35 psu, in 5 psu increments. The P. pungens cultures were 

adapted to different salinities under the above growth conditions for 12 days prior to 

carrying out the experiment. Nutrients such as nitrate (1 µM, 5 µM, 20 µM, 50 µM and 100 

µM), Phosphate (0.5 µM, 2 µM, 4 µM, 8 µM and16 µM) and Silicate (5 µM, 20 µM, 80 

µM, 160 µM and 320 µM) were studied. The effect of nutrients was studied by varying the 

concentration of one nutrient and keeping the concentration of other two constant. 

Experimental flasks containing 100 mL of medium were maintained in triplicates and 

inoculated with exponentially growing cultures, to achieve an initial cell concentration of 

6000 to 8000 cells mL-1 for both the experiments. Growth was monitored daily between 

13:00 and 15:00 h by aseptically removing 3-ml aliquots from each flask. Cells were 

preserved with 2% Lugol’s iodine and counted in duplicate using a 1-mL Sedgewick Rafter 

counting chamber. At least 50 fields or 300 cells containing chloroplasts were counted. The 

maximum specific growth rate was calculated using Guillard (1973): µ (d-1) = ln (N2/N1)/ 

(t2-t1), where t2 and t1 are the sampling times (in days) and N2 and N1 are the corresponding 

cell concentrations at sampling times t2 and t1. Domoic acid (DA) production was 

determined, by collecting 50-ml aliquots daily from the replicate cultures and frozen at -20 

°C for later DA analysis. DA was analyzed using 30 ml of “whole culture” (cells + 

medium; Bates et al., 1998) by a high-sensitivity 9-fluorenylmethylchloroformate (FMOC) 

pre-column derivatization method (Pocklington et al., 1990). Significant variations were 

found in specific growth rate and DA production between salinities. Maximum growth 
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rates (1.05 to 1.19 d-1) occurred at 15 to 30 psu, and decreased at the lowest (5 psu; 0.44 d-

1) and highest (35 psu; 0.98 d-1) salinities. DA production rates gradually increased with 

increasing salinity, reaching 5.25 ng mL-1 d-1 at 35 psu. In the case of nitrate maximum DA 

was produced at high concentration of nitrate (100 � M). In the case of silicate and 

phosphate rate of DA production decreased with increase in concentration. The results from 

the laboratory experiments were consistent with that of the field observations. Blooms of 

Pseudo-nitzschia were observed consequently for two years in Mandovi and Zuari estuaries 

during the post-monsoon season. Laboratory experiments conducted to study the effect of 

salinity and nutrients supplement the above observations. So it can be concluded based on 

the field observation and laboratory studies the salinity, nitrate, phosphate and silicate 

govern the distribution as well as growth of Pseudo-nitzschia pungens. Toxin production in 

the P. pungens culture increased with increase in salinity and nitrate concentration where as 

decreased with increase in silicate and phosphate concentration. When above mentioned 

conditions appears in the field, there may be chance that P. pungens might produce toxin in 

measurable quantity. Above study suggests the importance of regular monitoring of both 

the estuaries. 
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Outcome of the study/ Conclusions 

 

1. Mandovi – Zuari estuarine complex is studied first time for Harmful Algal Bloom 

(HAB) for one year. High biomass (Chl a) and diversity for HAB forming 

phytoplankton are observed. Present study reported 91 genera and 322 species of 

phytoplankton in Mandovi and 85 genera and 239 species of phytoplankton in 

Zuari, which is three times more than earlier studies. 

2. In Mandovi 54 HAB species where as in Zuari 45 HAB species reported which is 

extremely high in number. 

3. The increase in HAB was observed during post-monsoon period in Mandovi as well 

as in Zuari estuaries. 

4. Monsoon trigger blooms in these estuaries. High concentration of nitrate, 

phosphate, silicate and low salinity supported blooms during inter-monsoon and 

monsoon period. Medium to high salinity, medium nitrate, low phosphate and 

silicate create optimum conditions for the HAB’s during Post-monsoon period. 

5. The environmental finding certified during laboratory culturing of Pseudo-nitzschia 

pungens producing high Domoic acid (DA) during high salinity, high nitrate, low 

phosphate and low silicate combination. 

6. Monitoring of parameters like salinity, nitrate, and phosphate can predict HAB 

events in these estuarine complexe. 

7. Path way for predicting HAB is developed and presented. 
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