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Coastal ecosystems are known for biological pradigt and high
accessibility. They are found along the continemtalrgins incorporating a broad
range of habitats harboring rich bio-diversity. ylege known to filter the pollutants
from inland freshwater systems, store and cycle nb&ients and also help in
protecting the shorelines from storms and eroslaurettaet al, 2000). For this
purposes, the coastal zone is defined into (1)tids and (2) subtidal areas which
are above the continental shelf and adjacentslaBdastal zones also include the
Exclusive Economic Zones (EEZ) within the Natiodafisdiction (up to 200 nautical
miles from the coastline) (Roonwal 1997; Kennedyal, 2002 and Barbieet al,
2011).

On the basis of physical characteristics coastgions are classified as 1)
Near shore terrestrial — This includes Dunes, Roekyg Sandy shores etc. 2)
Intertidal — Estuaries, Lagoons, Salt pans, Mangrimrests etc. 3) Benthic — Kelp
forests, Seagrass beds, Coral reefs etc. 4) ela@pen waters above Continental
shelf, Free standing fish farms etc. (Laurettd al, 2000). Diagrammatic
representation of the zonations in the marine extesyis shown in Fig. 1.

Nearshore Nearshare : Offshore
.y +— Estuaring —=:+=—— Marine Marine
‘l‘\‘ i
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IMertidal e s s [ ea euriane
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Figure 1. Zonations in Marine ecosystem. (MHWSeau high water spring, MLWS
- Mean Low water spring) (Source: http://www.dfo-ongc.ca).
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Amongst the intertidal region Estuaries are the tnpoeductive and highly
diverse ecosystem on the earth. They are the paitesdurce of food for human
beings as well as used as shelters by many comatigreiable fish and shellfish. In
recent years these estuarine system is under inarstress due to rapid growth of
population density and economic activities. Heregutar monitoring of the estuarine

system has become necessary.

1.1. Estuaries

Estuaries with their associated river systems famintegral part of the
inshore waters. They have a free connection withdpen sea and within which
freshwater derived from land drainage dilutes séamwaneasurably. Estuaries
represent a stressful and harsh habitat definedfllgtuating salinities and
temperature for the organisms since it is a migjraund for freshwater and seawater.
In spite of the extreme conditions, estuaries artlé and excellent nursery grounds
for variety of commercially important fishes andapwns (Malone and Chervin 1979;

Elseret al, 1986; Kurupartkina 1991 and Piontkovskial, 1995).

Different estuarine habitat and ecological processathin estuaries are
affected by hydrological components which are assed with freshwater and
marine inputs. Particulate material brought in teshwater influx from the watershed
sinks in the estuary due to decrease in flow. Tiiew of seawater from the ocean
moves interior along the estuary bottom, retainthgse sinking particles and
stratifying the water column thereby affecting ttieealth” of the estuary if the
retained particles are contaminants or toxins (MtiGeet al, 1974; Durbinet al,
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1975; Walshet al, 1978; Kurupartkina 1991; Piontkovséd al, 1995 and Kennedy

et al, 2002).

Estuaries often harbor marshes or coastal wetldrascontain plants that are
tolerant to varying salinity. Coastal marshes i shb-tropical and temperate regions
support grasses or similar plants which are supgtéed by microscopic algae on
their surfaces. Salt marshes are replaced bydelant shrubs i.e. mangroves in the
intertidal zone. Growth of these plants dependdhensediment received from the
land. The existence of extensive tracts of marshédangroves vegetation is known
to protect the adjoining land as well as human fEimns from stormy water
produced during hurricanes and coastal storms. Marsutreach the excess nutrients
and contaminants in runoff thereby protecting theogen-sensitive sea grass which
play an important role in coastal food webs (Mc@art al, 1974; Durbinet al,

1975; Walstet al, 1978 and Laurettat al, 2000).

Dobson and Frid 1998 classified estuaries basedater circulation the way
that layers of water are formed within the estuaty four types are: a) Salt Wedge
Estuary, b) Partially Mixed Estuary, &)ell mixed estuary and d) Fjord - type
Estuary. He has also classified estuaries basegkological features as Qoastal

Plain Estuary, 2) Tectonic Estuary, 3) Bar - BEtuary and 4frjord.

1.2. Importance of estuaries to mankind

Estuaries are commercially important as they pmvidancial benefits for
fisheries, tourism as well as related recreati@uivities as well as support public

infrastructures such as ports and harbors requoetransportation and shipping .
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Estuaries represent a stressful and harsh haletiaied by fluctuating salinities and
temperature for the organisms since it is a mixgrigund for freshwater and
seawater. In spite of the extreme conditions, estsiaare fertile and excellent
nursery grounds for variety of commercially impottéishes and prawns. Tropical
and temperate estuaries are known for their biokdgiroductive. Salt marshes and
mangroves are important producers in the  tropicalstuaies.

(http://lwww.biologyreference.com

The animal productivity is supported by primary gwotion which is
increased due to nutrients received through runéffinnedyet al, 2002 have
reported considerable increase in the commercialelsting shellfish as well as fish
due to their dependence on estuaries for spawrsngedl as feeding. Estuaries are
also recognized as recreational centers (Envirotehétealth Center, 1998). Halpern
et al, 2008 have reported Estuaries and coastal mosaljathreatened ecosystem.
Estuaries are vulnerable to human activities swlsheore land reconstruction for
housing, recreational, agricultural and transpmtat Growing population is also

exerting more pressure on the resources derived these ecosystems.

1.3. Factors affecting functioning of estuaries

The abundance and distribution of population witkgtuaries are influenced
by the physico-chemical and biological factors. @Whare as follows:
Tides: Gravitational forces by the Moon and Sun togethé#h the rotation of the
earth cause rise and fall in the sea level whidmates flushing of estuary 12.42

hours. In and out movement of salt water and fresker results in to cleansing
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effect. Erosion, deposition and sediment transa@talso caused by the movement of

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

Light: Light is the major factor having direct corretatiwith photosynthesis. Entire

food web is directly governed by this process.

Temperature: Abundance and distribution of organism is govdrbg this abiotic
factor. Metabolism, vegetative and reproductivewgho of plants is affected by
temperature. Migratory behavior of phytoplanktorthe response to the temperature

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

Oxygen Due to mixing of both fresh and saline water andstant inflow oxygen
levels in the estuary are high. The primary produmcincreases when sediment is

enriched with nutrients. This can result into hyigoor anoxiczone formation which

controls the distribution of organisms (Kaistmal, 2005).

Nutrients: Major nutrients like Nitrogen, Phosphorus andcaie are essential for
the growth. Trace nutrients include Iron, Magnesi@uopper, Nickel etc are required
for the metabolic activities. Increase in the rarits level by means of land run-off

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

Salinity: Estuarine area is known for continuous fluctuaionthe salinity which are
due to the tidal cycles. Evaporation and preciiatalso play important role in
determining salinity. The community structure varigom head (Fresh water) to

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

Turbidity:  Turbidity is the optical characteristics of watdrich describes the clarity
of water column. Turbidity results from influencé dissolved organic matter from
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sewage treatment plants and washes out from catistiusites, shoreline erosion
which includes suspended particulate matter invéer column. Turbidity is usually
high in tidal driven areas specially estuariediniits light penetration in to the water
column there by hampering process of photosynthé&emthic algae dominated
intertidal part of the estuary while uppermost wectof the water column is
dominated by phytoplankton (Cloern 1997). Accogdio Wilson and Parkes 1998
estuarine species are detritivorous and obtaim @margy from organic matter present
in the sediment or from suspension. So depositeisednd filter feeders play major

role in transferring energy.

Biotic factors include living organisms like phytapkton, zooplankton, other
organisms includes bivalves, crabs, fishes etc.dDthis 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 inteehdifferent categories: the
benthos, the nekton and the plankton. The benttmggconsists of bottom dwelling
organisms which are either sedentary or can coveliseance with the help of
appendages (eg. crustaceans, gastropods). Thenrektsists of those organisms that
can maintain their position and move against tlallourrents (eg. fish, squids). On
the other hand, the planktonic group consists o$¢horganisms that drift according
to the wind and currents. Though some of them avélen the motility is weak in
comparison to the prevailing movement of the watBtankton consists of
phytoplankton, which includes the plant life andoglankton, which includes the

animal life (Huntchinson 1967 and Valiela 1984).
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Phytoplankton is the autotrophic, microscopic, flleating plant community
and are the primary producers of the aquatic etesysorming the base of marine
food web which sustains zooplankton, fish and dtely human beings.
Phytoplankton are found mostly in the euphotic z¢@re the upper 100 m) of the
water column of ocean so as to absorb solar enexgyired for the process of

photosynthesis (Mann 1982).

Depending on the size Malone, 1980 and Kawagetlal, 2001 classified
phytoplankton as picophytoplankton (¥8n), nanophytoplankton (>Bm to <10
mm), microphytoplankton (>1@m to <20nmm) and macrophytoplankton (>2€mn).
Phytoplankton belongs to the following taxonomiowgs. Taxonomic features of

these groups are given below.

Bacillariophyta: They are known as Diatoms unique feature of dglthat they

are enclosed within a cell wall made of silicealled a frustule Diatoms are

unicellular, colonial. The major pigments present are caratlsnand fucoxanthin.
Diatoms are broadly divided into Centrales or Jea& and the Pennales or
Pennatae, depending on the structure and sculptutkeir cell walls (Tomast al,

1997).

Centrales The valves of the centric diatoms has radiasoglpture either central or
lateral, without raphe and without movement. Exampinclude Coscinodoscuys

Thalassiosiraetc.

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

bilaterally symmetrical. Examples inclutiavicula, Pleurosigma.
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Dinophyta: Dinoflagellates are diversified group of organismkich move
around in water with the help of their cilia ordkllae. The cells bear paired flagellae
which arise in close proximity, usually with onadkllum trailing behind the cell and
lying in a groove (sulcus) and the ribbon like saerse flagellum also lying in a
groove (cingulum or girdle). Wing like extension$ the body probably assist
floatation in some genera. The major pigment presgperidinin. Dinoflagellates are
further divided depending on the mode of their itiotr as autotrophs, heterotrophs
and mixotrophs (Stoecker 1999). Among the autotimp#lanktonic organisms,

Dinophyta come next in importance to the Bacillphygta (Tomagt al, 1997).

Cyanophyta: The members of this class are distinguished frdrotaker algae in
being the absence of an organized nucleus, lacking nucteambrane and
chromosome, instead a central body is present.y @he known as cyanobacteria.
Besides chlorophylls, thehloroplast contains a blue green pigment known as
phycocyanin also presernilanktonic blue green algae are unicellular, c@bor
filamentous in habit. In the inshore environmebtepming of one filamentous form,
Trichodesmiunspp. is a common phenomenon, causing discolourafievater and
sometimes harmful affects to the aquatic organidaiamentous blue green algae
possess specialized cells called Heterocyst. Taes¢hought to be concerned with

nitrogen fixation (Tomast al, 1997).

Chlorophyta: The members of this class are having grass gresme, yellow
chromatophores. Starch is the customary form ofag® of the products of

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

Chlorella, NannochloropsiandTetraselmigTomaset al, 1997).

Chrysophyta: This includes dlicoflagellates, small star shaped organisms
characterized by th@ossession of a skeleton taking the form of franrewaf
silicious rods, arranged diverse ways and with intervening spaces ofriiefishape.
Outside thisskeleton is a delicious layer of cytoplasm and amig a number of
bright yellow to brownish yellow discoid chromatophoresit@ining xanthophylls
and carotene as accessory pigmenRepresentative genera arBictyocha,

DistephanugTomaset al, 1997).

Haptophyta: The members of this class are golden yellow or bréagellates
measuring less than 10 microns. The flagellateshaWe one to two flagella which
arise from the front end. Carotene and xanthoplpyjsments are dominant other than

chlorophyll. Eg.l1sochrysisandChromulina(Tomaset al, 1997).

Growth of the phytoplankton is controlled by theygical and chemical
environment and is very sensitive to the changkmdaplace in the environment.
Because of the quick response to changing envirataheonditions phytoplankton
are considered as bioindicator. The major factéecang phytoplankton growth in
an estuary are the dynamic changes in salinitgl-fldshing, pH, turbidity of the
water column. Even the concentrations of dissolyasks, trace metal concentrations
and nutrients so also various organic compoundskapevn to be affecting the
photosynthesis by phytoplankton. Combination of soof these factors provides

optimal conditions for this phytoplankton to tramsh into blooms (Tilstonet al,
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1994 and Taret al, 2006). Process of bloom initiation and formatiduring the

favorable conditions is shown in Fig. 2.

Ideal bloom conditions Poor bloom conditions

Flow Water Temp Mixing Sunlight Salinity
High flow Warm water Still water Highéight Nagi) Low salinity
|I'Itense blooms: ‘:‘15':(-] [itﬂew'nd] {l ck,ud] '.“"". [hh(]: D‘E‘lﬁ}
Cooler water Mixed water Lower light Higher salinity
No/weak blooms: m flow (<1500) E@ (Winds) (louh) (NaCl: >5%)

Conceptual diagram detailing the main factors that determine HAB occurrence

Figure 2. Environmental conditions that lead tonhfat algal blooms (HABS)

(Source;_http://ian.umces.edu

1.5. Harmful Algal Blooms (HABS)

Phytoplankton is very important component of marfimed web contributing
around 40% of the world’s primary productivity (kowisky 1984). About 7% of
marine phytoplankton out of approximately 5,000csg® are known for formation of
algal blooms. This includes Dinoflagellates, Diagym Silicoflagellates
Raphidophytes, Premensiophytes and (Sournia 199BQut ~ 2% of them are

harmful or toxic (75%) contribution is by dinofldgdes (Smayda 1997). Algal
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blooms are of two types harmful and non-harmfulrrifal algal blooms (HABS)
occur when the algal cells in the marine or frestterwvgrow out of proportion causing
economic loss and severe impacts on marine liferamdan health (Anderson and
Garrison 1997 and Hallegraedt al, 2003). Bloom forming species are divided into
two types toxic species and non-toxic species whighshown schematically in Fig.
3.

Toxic: Toxins of certain algal species reach humans thrdogd chain and cause
several gastrointestinal as well as neurologicdresses which are detailed in Table
1.

Non-toxic: This includes two types

Species that produce harmless water discoloratavascapable of forming dense
blooms resulting into sevier fish kill and inventates due to oxygen depletion
(Gonyaulax polygramma, Scrippsiella trochoidea, Aka® sanguinea,
Trichodesmium erythraeuamdNoctiluca scintillans

Species that are harmful to invertebrates and dshhey damage or clog the gills
however these are non-toxic to huma@hdetoceros convolutes, C. concavicorne,

Chattonella marinaandPrymnesium parvun

First International Conference (1974) addressedréisearch related to the
Toxic Dinoflagellate Blooms. However the Fourthdmtational Conference (1989)
concluded that the increase in the global bloortridigion is due to human activities.
So many international programmes were createdudysthe harmful algal blooms

(Hallegraeffet al, 2003).
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The occurrences of HAB species are linked to impdateather conditions
on water parameters like temperature, salinityriewnt concentrations, currents,
monsoonal pattern and geomorphology of the pladst¢heet al, 1994 and Tarmt
al., 2006). The frequency of harmful algal blooms (HABs increasing across the
world and their effects are noticed by ecosysterasagers, scientists and the general
public. Understanding of the bloom dynamics requiiseterdisciplinary studies

(Hallegraeffet al, 2003)
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Tablel. HAB species producing type of toxin, symades and symptoms associated with it in human beings

Phytoplankton species Type of Type of toxic | Associated foods Symptoms in Human| References
toxin effect/ (transvectors) beings
Syndrome

Alexandrium Neurotoxin Paralytic Bivalve shellfish,| Diarrhoea, nausea,Cembella, A.D.
catenellg Alexandrium | (Saxitoxin) shellfish primarily  scallops, vomiting leading tg (1998); Taylor, F.J.R.
tamarense Alexandrium poisoning (PSP)| mussels, clamg, paraesthesia of mouth2003 and Azanzeaet
fundyense Pyrodinium oysters and certaipand lips al., 2001
bahamense var. herbivour fish and
compressum crabs
Karenia brevis, K| Brevetoxin Neurotoxic Bivalve shellfish,| Diarrhoea and Watkins et al, 2008
papilionacea, K. Shellfish primarily  scallops, vomiting, tingling and and Landsberg, J. H.
selliformis and K. Poisoning (NSP) mussels, clamg,numbness  of lips, (2002)
bidigitata oysters tongue and throat;

muscular  aches and

reversal of the

sensations of hot and

cold
Dinophysis acuta, D} Okadaic acid| Diarrhetic Bivalve shellfish,| Nausea, vomiting, Badenet al, 1995 and
acuminata, D. caudata, shellfish primarily  scallops, abdominal pain, chills, Musicet al, 1973
D. fortii, D. novegica, D. poisoning (DSP) mussels, clams, headache, fever
mitra, D. rotundata, D. oysters

sacculus and

Prorocentrum lima

Contd.
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Table 1 contd.

=

1%

Phytoplankton species Type of Type of toxic | Associated foods Symptoms in Human| References
toxin effect/ (transvectors) beings

Syndrome
Pseudo-nitzschia Domoic acid | Amnesic Bivalve shellfish,| Diarrhoea, vomiting| Bates, S.S and Traineg
australis, P. shellfish primarily  scallops, abdominal pain andV.L. 2006; Traineret
delicatissima, P Poisoning (ASP) mussels, clamg, neurological problemsal., 2008 and Lefebwvrg
multiseries, P, oysters and fish such as confusion,and Robertson, 2010
pseudodelicatissima, P. memory loss and
pungensandP.seriata comma
Gambierdiscus  toxicus,Ciguatoxin, | Ciguatera Fish Large reef fish eg. 2-6 hrs: abdominal Swift A and Swift T,
Coolia spp, Ostreopsig Maitotoxin, | Poisoning (CFP) grouper, red snapperpain, Nausea, vomiting,1993; Schepet al,
spp, Prorocentrunspp Scaritoxin barracuda Diarrhoea, 3 hrs 2010

paraesthesia
Anabena circinalis| Anatoxin, Cyanobacterial | Fish and Shellfish gastro-intestinal and Stewart et al, 2008
Microcystis  aeruginosa, Microcystin | toxin poisoning hay fever symptoms grand Stewart et al,
Nodularia spumigena and pruritic skin rashes 2006
Nodularin

Pfiesteria piscicidaandP. | Aerosolized | Estuarine Aerosolized seawatef Acute eye irritatiorleming et al, 2007
shumwayae Ptychodiscugrevetoxin associated acute respiratory and Baden DG, Mend
brevis syndrome distress (nont TJ., 1982

(Through productive cough

aerosol) rhinorrhea)

(Adopted from Hallegraetét al, 2003)
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Figure 3. Schematic representation of differentesyppf HABs (adopted from
http://products.coastalscience.noaa.gov/pmn/_infagkdiagramlg.gif)
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1.6. Literature Review

Study on the algal blooms is gaining more imporeéaday by day as
this phenomenon is increasing all over the worlgu&lly phytoplankton
blooms appear depending on the health of the @séuaystem and oceans in
which they are present (Franesal, 1878; Clarkeet al, 2006 and Acharyya
et al, 2012). Extensive work has been carried out ofemdint aspects of
estuarine ecosystem around the world. Phytoplangegulation, distribution,
composition, abundance and variations with respecits ecology is well
studied for the east coast of India. Achuthankatyal, 1981 studied the
plankton composition along Shastri and Kajvi esesrobserved more
phytoplankton composition during pre-monsoon peridgtudy on the
phytoplankton variation in respect to seasonal tadal influence was carried
out by Chandran 1985 in gradient zone of Vellau@st Phytoplankton
bloom study along the east coast of India was edwut by Manget al, 1986
in Vellar estuary and Det al, 1991 in Hoogly estuary. Diurnal variations in
phytoplankton along Rushikulya estuary were studigdsoudaet al, 1989.
Work on phytoplankton community was reported altimgy Gopalpur estuary
by Padhi M. and Padhi S., 1999. Study on the dityeo phytoplankton was
undertaken in the Vellar estuary by Rajasegal, 2003. Seasonal variations
in phytoplankton distribution was undertaken alding east coast in Maipura
estuary by Panigrahét al, 2005 and Palleyet al, 2008 showed seasonal
variations in phytoplankton abundance in Brahmatuary of Orissa. In the

case of Mahanadi estuary highest phytoplankton assnand cell density was



reported during post-monsoon season Ndilal, 2009. Periyanayagit al,
2007 studied the phytoplankton relation with resp&x environmental
pollution in Uppanar estuary. Work on biodiversity phytoplankton by
Palleyiet al, 2011 was reported along the Dharma river estudrg.study on
the distribution and occurence of diatom communitas done by
Shashikumaret al, 2002 in the Dakshina Kannada estuary in Karnataka
Eswariet al, 2002 reported the distribution and abundancehgtgplankton

in the Chennai estuarine waters.

Pattern of phytoplankton distribution and compaesitwith respect to
seasonality is well studied along the west coadialiconsiderable work has
reported the distribution pattern and compositidnpbytoplankton with
respect to seasonality. Gopinatleral, 1974 studied the seasonal abundance
of phytoplankton in Cochin back waters. Anotherdgtlby Devassy and
Bhattathiri 1974 was in relation with ecology ofypdplankton. Work on
distribution of phytoplankton in Cochin back watesss carried out by
Jayalakshmyet al, 1986 and Gopinathaet al, 1994. Seasonal variations in
phytoplankton distribution were undertaken along ¢last coast in Netravathi
estuary by Gowdeaet al, 2001. Monsoonal effect on the phytoplankton
distribution in presence of fresh water influx bestudied by Jyothibabat
al., 2006 and Madhet al, during 2007 in Cochin back waters. Study on the
influence of hydro chemical parameters on phytdgiam distribution was
carried out in the Tapi estuary by George al, 2012. Work on the

dinoflagellate community along the Mumbai JawaHa¥ehru port was done



by D'costaet al, 2008 and also studied diatom community dynammcthe
year 2010.

As far as the Goa coast (west coast, India) is @wea, considerable
studies have been carried out with respect to pigmiton distribution,
diversity, primary production and community struetu Bhargava and
Dwivedi 1974 reported diurnal variations in phytmkton pigments.
Goswami and Singbal 1974 studied the ecology oftg@gignkton in the
Mandovi and Zuari estuaries. The seasonal distabubf phytoplankton
pigments was studied by Bhargava and Dwivedi 1986gaMandovi and
Zuari estuarine complex of Goa. Bhattatheti al, 1976 worked on the
primary production at different trophic levels inaktlovi and Zuari estuaries.
Study on the phytoplankton production is also earidut by (Devassy 1983
and Krishna Kumariet al, 2002). Bhargavaet al, 1977 recognized
contribution of nanoplankton to primary productiarthe Mandovi and Zuari
estuaries. Diel changes in phytoplankton populatieere carried out by
Devassy and Bhargava 1978 in Mandovi and Zuariaeste complex.
Devassy and Goes 1988 studied the phytoplanktarctate in the same
estuaries. Garg and Bhaskar 2000 and Redekar agth Y2G00, studied the
diatom fluxes. Mitbavkar and Anil 2002 worked ore ttemporal and spatial
variations in the diatoms of microphytobenthic coamity in Mandovi
estuary. Matondkaet al, 2007 studied the phytoplankton for their diversit
biomass and primary production in Zuari and Mandesiuaries of Goa.

Temporal variations in benthic propogules alongrZzestuary was studied by



Patil and Anil 2008. Mitbavkar and Anil 2008 andtiPand Anil 2011, deal
with the seasonal variations in phytoplankton comityuwith respect to

fouling diatoms in the Zuari estuary.

The events of HABs are reported all around the @voifhe first HAB
event was byNoctiluca scintillans and Skeletonema costaturm 1933,
reporting the death of Razor clams and some s#ielii China (Fei 1952).
Allen 1946 reported red tide waters in La Jolla BBgll 1961, reported the
blooms of Coscinodiscus convolutuand C. concavicornisalong the west
coast of U.S. and also noticed the penetratiosetdie into the gills causing

fish death due to suffocation from excessive mymwosuction.

Bloom of Prorocentrum minimusvas observed in the Bohai sea of
China in 1977 which lasted for twenty days coverfi&f Knf area caused
mass mortality of fish, causing losses to the Idishlery (Hua 1989). During
1952 — 1998 around 322 HAB events were documeritadyaChina (Yaret
al., 2000). PSP outbreak was caused by bloonmAlekandrium minutum
leading to the mortality of fish and bivalve in theuthern Chile (Koray Tufan
1992). Bateset al, 1989 observed the bloom BEeudo-nitzschia puegs in
Prince Edward Island which produced potent neuintcalled Domoic acid
(DA) leading to the series of human illness andtlteafter consumption of
mussels contaminated by DA. Fish mortality causgtlbom ofCerataulena
pelagic (diatom)was reported in New Zealand by Taytdral, 1985. Dundas
et al, 1989 reported mortality of wild and caged fishedio massive and

unpredicted bloom afhrvsochromulina polylepis the Scandinavian waters.



The outbreaks dDinophysis cf. acuturim Thermaikos Gulf in Greece
reported by Mouratidouet 2004 where he detectecptbsence of DSP toxin
in mussels. Ichthyotoxic dinoflagellate bloom Kgrlodinium veneficunwvas
reported in the River estuary, North Carolina intdber 2006 (Hallet al,
2008). Naz and Siddiqui 2012 reported bloom of piady harmful diatom

Coscinodiscus wailesin Pakistan.

Saxitoxin produced by dinoflagellatByrodinium bahamensear.
bahamensavas found in the fish tissues in the IRL (Indiavé&i Lagoon)
Florida USA (Landsberget al, 2006 and Abbottt al, 2009). Paralytic
Shellfish Poisoning (PSP) associated with unknowrint produced by
Alexandrium tamarenswas detected from sea food in 2003, Korea (hin

al., 2008).

Anthropogenic disturbances are found to be often@ated with HAB
events which are mainly due to nutrient loadingafP&997; Smayda 1990 &
2005; Andersoret al, 2002 and Verity 2010). Jennifet al, 2010 reported
bloom of Cyanobacteria in the Florida bay as resuttue to nutrient loading.
Fresh water discharge during monsoon season ershémeeutrients loading
which promotes the phytoplankton blooms (Admireiahl, 1990; Yaret al,

2000; Scavia and Bricker 2006 and Brickéeal, 2008).

Around 101 cases of HABs have been reported froth the coasts of
India during 1908 to 2009 and their predominanthim west coast of India. It
was observed that majority of the blooms appearstddfter the withdrawal of

South West monsoon (D'Silvat al, 2012). Blooms of dinoflagellates



dominated towards west coast and diatoms towarstsceast (D'Silveet al,
2012). Aiyar 1936 reported pink colouration totevadue toNoctiluca
miliaris with no fish mortality along the Madras coast, TlaNadu. Chacko
1942 reported bloom of cyanobacterfaichodesmium erythraeunalong
Krusadai Island where as mortality of fishes &talothuria atrawas reported
from Southern coast of Pamban Tamil Nadu. Gulf ankfar, Chidambaram
and Unny 1944, reported bloom Bfichodesmium erythraeualong with fish
and crabs mortality. Blooms of diatoRhizosolenia alataand Rhizosolenia
imbricata were observed along inshore waters off MandapaynRaghu
Prasad 1956. Raghu Prasad 1953 and 1958 reporbedn bbf Noctiluca
miliaris in Palk Bay, Mandapam-Tamil Nadu. Bloom ®fichodesmium
erythraeumwas reported by Ramamurthy 1968, 1970 and 197@gaRorto
Novo, Tamil Nadu. Bloom of diatorAsterionella japonicavas observed with
greenish—brown discolouration of coastal watersi@lOff Vishakhapatnam,

Andhra Pradesh (Subba Rao 1969).

Joseph 1975 reported bloom Mbctiluca miliarisin Vellar Estuary,
Tamil Nadu. Blooms ofTrichodesmium thiebautiwas observed with Fish
mortality along the Gulf of Mannar, Tamil Nadu (@ben and Alagarswami
1978). Silast al, 1982 reported one death and several hospitaizatiue to
the consumption oMeretrix castain Vayalar village, Tamil Nadu. Maret
al., 1986 found bloom of along Vellar Estuary, Tamaédu. Choudhury and
Panigrahy 1989 observed greenish-brown patchAstierionella glacialis

bloom along Gopalpur, Orissa coast. Sargunam amd1R89 in Kalpakkam,



Tamil Nadu reported bloom ®octiluca miliaris Panigrahy and Gouda 1990
observed bloom in Rushikulya estuary caused&tgrionella glacialisOrissa
coast. Blooms of Asterionella glacialis, Coscinodiscus centralis,
Coscinodiscus excentricuand Thalassiothrix fraunfeldiiwere found in
Bahuda estuary, Orissa coast by Mishra and PanigtB5. Satpathy and
Nair 1996, Off Kalpakam, Tamil Nadu reported bloofmA. glacialisbut no
fish mortality was found. Blooms dRoctiluca scintillansimparted green
colouration to water along Port Blair Bay, AndamgBashwaret al, 2001).
Jyothibabuet al, 2003 observed blooms df. erythraeumwith brownish-
yellow colouration of water with no fish mortaligtong Tamil Nadu and Off
Kolkata. In Minnie bay, Port Blair—Andamans, greeolouration was
observed to Water, due to bloom Mbéctiluca scintillansby Dharaniet al,
2004. Sasamadt al, 2005 observed dark-brown discolouration of walee
the bloom of Asterionella glacialisin the Gopalpur estuary. Blooms of
Noctiluca scintillanswas reported by Mohantgt al, 2007 caused red
discolouration and oxygen depletion in water columnBloom of
Trichodesmium erythraeumimparted yellow-green colouration of water
however fish mortality was not reported (Satpathwl, 2007) Bloom caused
by Noctiluca scintillansin the Gulf of Mannar was dark-green in colour and
due to lack of oxygen there was bleaching of coraisl death of marine fauna

(Gopakumaet al, 2009).

In India along the west coast massive fish moytaltas observed

along the Malabar to south Kanara (Hornell J., 1908.7 and Hornell and



Nayudu 1923) and also observed discoloration ofewdue to blooms of
Ditylum sp., Thalassiosirasp. and Dinoflagellate species. Bhimachar and
George (1950) reported that although there wasistodeath fishes avoided
the area. Which lead to the break and sudden detbathe fisheries industry.
Subrahmanyan (1954) in Calicut, North Kerala folboiddom of Hornellia
marina, giving green discolouration, along with fish afalinal mortality.
Prakash and Sarma 1964 reported bloom of dinofltgelGonyaulax
polygrammawhich observed virtual exclusion of zooplanktoriodns of
Trichodesmium erythraeum and T. hildebrontiére observed in Ullal, off
Mangalore by Prabhet al, 1965. Trichodesmium erythraeurbloom was
reported in Laccadive Island by Qasim 1970. HowdNagabhushanam 1967
observed the adverse effects Taichodesmium erythraeutnloom were on
Tuna fisheries in Minicoy Island, Lakshadweep. Besyal974 reported bloom
of diatom of Fragilaria oceanica Off Kaikani, Mangalore. Deavssy and
Bhattathiri 1974, observed blooms &fitzschia sigmaand Skeletonema
costatumin Cochin backwaters, Kerala. Verlancar 1978 dased the bloom

of T. erythraeumwith the swarming oPhysaliaalong Ratnagiri-Mangalore.

Off Quilon, Kerala, Venugopadt al, 1979, found bloom dfNoctiluca
milliaris associated with red discoloration of water. In Kienkestuary,
Mangalore coast Paralytic Shellfish Poisoning cedkrwas observed where
the causative organism was not known (Karunasagjaal, 1984), which
leading to one deaths and hospitalization aftexkmtof clam3Meretrix casta

Intense green colouration of water was observed tdud. miliaris bloom



along Mangalore by Kattet al, 1988. Segart al, 1989 in Mangalore
reported unknown causative species, with lowesel¢ewf PSP found in
shellfish. Karunasagar, 1993, reported bloonGgmnodinium nagasakiense
in fish farm Kodi, Karnataka he also reported the fisbrtality. Dharamtar
Creek, Mumbai found bloom dbkeletonema costatuby Tiwari and Nair
1998. Karunasagaat al, 1998 reported the deaths of seven persons assvell
hospitalization of around 500 people due to theb@ak of PSP after the

consumption of bloom affectd®eridinium indicain Vizhinjam, Kerala coast.

Nagvi et al, 1998, reportedNoctiluca sp. bloom, causing severe
mortality of fish due to oxygen depletion in Cochualicut, off Kerala coast.
Nayak and Karunasagar, (2000) reporhddraxella like bacteria associated
with bloom ofN. milliaris along off Mangalore. Green colouration to water by
N. scintillanswas also reported by Matondkat al, 2004 in Porbander
(Gujarat) coast. HABs ofCochlodinium polykrikoides and Karenia brevis
were observed along Kerala coast (The Hindu an@ Hmdustan Times,
2004). Sahayalet al, 2005, off south Thiruvananthapuram, Kerala coast
reported N. miliaris, causing red discolouration of water. The Stenéh o
Cochlodinium polykreikoidewas observed along the southern Malabar Coast
by (Ramaiahet al, 2005). Brownish-red discolouration of water dwe t
Coscinodiscus asteromphalus var. centrddisom was reported along Off
Kodikkal-Calicut, Kerala coast by Padmakuratal, 2007. A bloom of some
dinoflagellates include&arenia mikimotoiduring whichmass mortality of

fish was observed (lyest al, 2008 and Madheet al, 2011) along Kerala



coast. Deep-green colouration of water dueNtomiliaris Off Gujarat was
observed by Padmakumat al, 2008a.Microcystis aeruginosdloom was
observed along Chalakudy River in Central KeralaFagdmakumaet al,
2008b. Santhosh Kumaat al, 2010 another bloom of same species was

found with discolouration of water causing skirta&tion and itching.

Non-harmful bloom ofProtoperidiniumsp. was reported Mangalore
coast (Sanilkumaet al, 2009). Bloom of Raphidophyt€hattonella marina
was observed with effect on fishery along Calicot Tellicherry, Kerala
(Jugnu and Kripa 2009). Bloom adding Brick red disared water with no
fish mortality was reported Off Kochi, Kerala cadséy N. scintillans
(Padmakumaet al, 2010a).T. erythraeumbloom was found Off Kollam,
Kochi and Kannur, Kerala coast (Padmakunedr al, 2010b). Karenia
mikimotoi imparted intense brownish colouration to waterQGnchin bar
mouth, Kerala by Madhet al, 2011. Rusty brownish-red discolouration of
water due toCoscinodiscus marinan Off Kochi, Kerala reported by
Padmakumaet al, 2011. Many cysts of toxic dinoflagellate spedies been
reported in the sediments along south west of Imlliing the Southwest
monsoon period (Godhet al, 2000; Karunasagaat al, 1990 and D’costat

al., 2008).



1.7. Mandovi-Zuari estuarine complex of Goa

Mandovi and Zuari rivers together with Cumbarjuaaaform the
major estuarine system of Goa. They are locatedidsn 18 21'and 183
31'N and 73 45’and 73 49’E. Both the rivers originate in Sahyadri hilts
Western Ghats and come under the influence of Séékt monsoon. These
estuarine systems receives large amount of rumoff fJune to September
(south west monsoon). As a result these estudrgeome fresh water
dominated during monsoon. Goa receives 80% dbttd rainfall from June
to August. Mandovi gets freshwater throughout tearythrough its tributaries
while Zuari receives most of its fresh water durihg monsoon. Summer and
monsoon are the two distinct seasons that deterthmextent of saline and
freshwater (Shetyet al, 2007). During peak monsoon season, the estuary is
predominantly freshwater, which later slowly becsnsaline. Salinity is an
important factor governing the growth of phytopltork (Qasimet al, 1972).
The decline in salinity is accompanied by an inseeen nutrients during the
onset of monsoon season, which is an importantofacontrolling the
distribution, abundance, and productivity of phyémkton (Devassy and Goes
1988 and Krishna Kumaret al, 2002). Generally, tropical estuaries with
moderately low salinities support a greater phynogton population than
those with a higher salinity (Desikachary and R&72Land Qasinet al,

1972).

Another unique feature of the rivers along the westst of India is the

phenomenal tides that they are subjected to. Aengefjuence, these rivers



experience large influxes of seawater which havsigaificant impact on
circulation, salinity as well as water column talibj caused by the
disturbance of bottom sediments (Devassy and G&@8; Shetyeet al, 2007
and Vijith et al, 2009). On account of this free mixing of coastaveater
with freshwater, these rivers represent a streskaigtat for phytoplankton
growth defined by large fluctuations in salinity,utrients, light and

temperature (Devassy and Goes 1988).

With rapid increase in population and in indusiziation during the
last few decades, the estuarine channels have eode increasing stress due
to anthropogenic activities. It is suspected tHadsé activities could be
causing irreversible changes in the chemistry dnbbdpy of the estuaries. In
recent years the anthropogenic activities haveeas®d in these estuaries
(Goldar and Benerjee 2004; Alagarsamy Rengasamy;28@wantet al,
2007; and Mayat al, 2011). This has lead to the increase in the matcoo
nutrients concentration specially nitrate and phasp, suspended particulate
matter, and trace elements (Pradhan and Shirodk#)2Such conditions are
known to promote the algal blooms. Following are teports of algal blooms

in coastal and near-shore waters of Goa.

Trichodesmium erythraeunfCyanobacterium) bloom was reported
with no fish mortality in the coastal and near-ghowaters of Goa
(Ramamurthyet al, 1972 and Devassst al, 1978). Dinoflagellate bloom by
Noctiluca miliariswas reported imparting green colouration to waitowed

by decrease in fish catch in the estuarine watéfgdandovi and Zuari and



also along the off Goa coast (Devassy and Nair 1®&tondkaret al, 2004
and Sanilkumaret al, 2009). Bloom of coccolithophor€. polykrikoides
occurred which coincided with fish mortality in tbé Goa region (O’Herald

2001).

Another important characteristic feature of thestuaries is the
presence of thick mangrove vegetation along thaikb which makes this
area high in biological productivity (Selvakunetral, 1980; Parulekaet al,
1982 and Devassy 1983). As discussed earlier theensiderable increase in
the anthropogenic activities like construction ettips, ship building and boat
traffic (cruising), mining activities, sewage distbe, agricultural runoff
which is known to alter the phytoplankton compasitiand production of

blooms.



1.8. Obijectives of the present study

Phytoplankton flora of Mandovi and Zuari estuarymsll studied for
its diversity, distribution and ecology. Studiesaprovide some information
on primary production and biomass of phytoplanktBnt HAB producing
species did not receive the required attention.sNmly reveals a complete
picture on Inter and Intra variability in the dibtition of HAB species. No
study has monitored exact effect of salinity andrieats on temporal
dynamics of HAB species based on regular and fregfield studies which
are actually required for getting exact floristictpre and to know bloom
events. There is no laboratory evidence to proeeetifiect of environmental
factors on the production of toxins by HAB spediesn Goa. So to fill up
these gaps present study is focused at followingctives

1. Distribution of Phytoplankton with respect to HAB$ Mandovi —

Zuari complex

2. Ecology of Phytoplankton with respect to HABs in Mavi — Zuari

complex

3. Laboratory Experiments on Toxic speciePstudo-nitzschia pungens
4. Prediction of HABs in Mandovi — Zuari estuarine tgeys

Based on the field study, laboratory analysis axgkeements conducted the
present thesis is divided into Five Chapters. Sumraad bibliography is also

given.
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2.1. Introduction

Estuaries and their associated river systems farnm@egral part of
inshore waters. Despite extreme conditions, estsare fertile and provide
excellent nursery grounds for a variety of commadlgiimportant fishes and
prawns. The Mandovi estuary, on the west coasnhdial is one of the life
lines of Goa which stretches up to 40 km inlandthéligh partially
landlocked, the Mandovi estuary is exposed to @mdtushing and flooding
by the semidiurnal tides, influencing the enviromtaé features of the area
(Vijith et al, 2009). The flow in the estuarine system is regdaby the
incoming tide at the adjacent Zuari estuary, whigdiches the Mandovi River
through the Cumbarjua canal. The flow is reversathd the outgoing tide.

Summer and monsoon are the two distinct seasohslét@rmine the
extent of saline and fresh water. During peak monsseason, the estuary is
predominantly fresh water, which later slowly beesnsaline. Salinity is an
important factor governing the growth of phytoplark (Qasimet al, 1972
and Shetyet al, 2007). The decline in salinity is accompaniedahyincrease
in nutrients during the onset of monsoon seasonichwitontrols the
distribution, abundance and productivity of phyam)ton (Devassy and Goes
1988 and Krishna Kumast al, 2002). The tropical estuaries with moderately
low salinities are known to support a greater ppigokton population
(Desikachary and Rao 1972; Qasenhal, 1972 and Bhargava and Dwivedi

1976).



The present study attempts for understanding thea in inter
variability in phytoplankton population in relatiaa environmental factors in
Mandovi estuary. Study also reports the stratifoces in salinity and nutrients
due to tidal and monsoonal seasonality along thedda estuary affect the
temporal dynamics of phytoplankton species comjmositabundance, and
spatial distribution. Study also represents thesmeal 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 i

tropical and located between 25 N and 7345 E. Mandovi along with the
Zuari river and the Cumbarjua canal, forms the magtuarine system of the
State of Goa (Fig. 4). Across the coastal plainthefwest coast of India, the
Mandovi and the Zuari rivers are important conddits freshwater run-off

from the slopes of the Sayhadri hills into the Aasb Sea. During the
southwest monsoon (SWM, summer) freshwater rurisoffreatest, usually
from end of June to early September, during whidstmivers along the west
coast of India become freshwater dominated (Vigthal, 2009). Mandovi

estuary was sampled during the year 2007-2008dno¢ of one year, which
comprised of monsoon (June to September 2007) andnonsoon (October

to May 2008) season.



2.2.2. Sampling:

1) Daily samplingcarried out at a fixed station at fixed time (1hfs)

sampling station 1 (Captain of Ports) and during@ang only surface water
was collected because during the highest high-tiedeemaximum depth at the
sites was 6m. Daily sampling was undertaken toysthd effect of monsoon
driven changes in environmental factors on phyttgtian population in more
precise manner.

2) Fortnightly samplingvere carried out along transect which consisted of

three stations [Station 2-Verem (mouth of the egdueStation 3-Ribandar

(middle reach) and Station 4-OldGoa (upper rea@hy. 4). Both surface and

bottom samples were collected.

2.2.3. Sample collection and Laboratory analysisWater samples for

Physico-Chemical and Biological parameters werdectdd using Niskin

sampler. The samples were immediately transportgalastic carboys under

cold and dark conditions for further processinthatlaboratory.
Physico-Chemical parameters:

Temperature Water surface and bottom temperature was obtaimeoh f

portable CTD (Conductivity- Temperature-Depth) pesf

Salinity. Salinity was measured using a salinometer witmiglrange 0 to

(Atago S/Mill, Japan); ~100; resolution 1 betwe@nahd 20 °C.

Rainfall: Rainfall over the entire west coast of India vedained from the

India Meteorological Department (http://www.imd.gioy.




Tides Tidal heights were reported by means of Tide mifation from tide
tables by Survey of India.

River discharge River discharge rate in to both the Mandovi andarZu

estuaries was obtained from the River Navigatiopddenent of Goa.

Dissolved oxygenwWinkler's method (Strickland and Parsons 1972) wsed

to determine DO.

Nutrients Water samples were stored at’@before analysis. Major nutrients
such as N@N), nitrite (NO,-N), phosphate (P£P) and silicate (Sigbi) were
analyzed using standard procedures outlined frotrickland and Parsons

1972).



Figure 4. Study map of Mandovi and Zuari estuarjnevé @ - Daily sampling
stations andj - Fortnightly sampling stasioln Mandovi Daily sampled
station — Captain of ports; Fortnightly sampledistes are Verem, Ribandar and
OldGoa. In the Zuari estuary Daily sampled statiorCortalim; Fortnightly

sampled stations are Chicalim, Island, SancvalriZuatolim and Borim.



Biological parameters:

Phytoplankton enumeratioVater samples for phytoplankton taxonomy were

placed in 500-mL opaque plastic bottles and fixath\2% Lugol’s iodine.
Samples were then allowed to settle for 2 weekspBawas concentrated to
5-10 mL volume by carefully siphoning the top laydrthe sample with
silicon tubing one end of which was covered with hOnytex mesh which
then deepened inside the bottle without disturkivegbottom layer. One mL
of each concentrate was counted using a SedgwitteiRehamber, under an
Olympus® 86 inverted microscope (Model IX 50) atO0magnification.
Phytoplankton abundance was expressed as célls Identification of
Phytoplankton were identified using standard taxoico literature
(Subrahmanyan (1959), Tomas (1997), Horner (2002) #&lallegraeff
(2003)).

Phytoplankton biomass and PigmentsHigh Performance Liquid

Chromatography (HPLC) method outlined by Wrightl, 1991 and Bidigare
and Charles 2002 was used to analyze phytoplankimmass estimated as
chlorophyll (Chl)a, and other pigments. Before HPLC analysis, théefsl

were extracted in 90% acetone, overnight under anlttidark conditions and
finally sonicated. To eliminate the particulate dekfrom the sample, it is
filtered through 0.2 mm, 13mm PTFE filters. To abigs of 1ml of the

pigment extract 0.3 ml of distilled water was addted 2 ml amber vial and
allowed to equilibrate for 5 min before injectingo an HPLC (Agilents 1100

series) equipped with a diode array detector. Thbilm phase was a gradient



mixture of three solvents: Solvent A - 80:20, vimethanol: 0.5M ammonium
acetate aqg., pH 7.2; 0.01% BHT, w: v; Solvent B -6812.5, v: v; acetonitrile:
water; 0.01% BHT, w: v and Solvent C - ethyl acetdthe eluent gradient
program of Wrightet al, (1991) as adapted by Bidigare and Charles (2002)
and Parafet al, 2006 was used to separate pigments in a C-18seyphase
column. Chlorophyllsd, bandc), xanthophylls and carotenoids were detected
by their absorbance peaks at 436 nm and identifiedomparison with the
retention times of standard pigments obtained fraHI® Water and
Environment, Denmark, and Sigma Aldrich ChemiBaISA.

2.2.4. Data analysesThe physico-chemical parameters and phytoplankton
data are analysed using software’s STATISTICA 6ftSoft, OK, USA and
PRIMER (version 6). Spatial and temporal variation environmental
parameters was determined by two way Analysis afavi@e (ANOVA) with
Tukey’s Post Hoc test. Principle Component Analy§iI€A) was performed
on the normalized environmental data to show treisggemporal variations
of the parameters in the study area. Bray-Curtislarity index and Multi
Dimensional Scaling (MDS) was constructed basedthen phytoplankton
abundance. From the cluster and MDS analysis diftedivisions were
grouped and the species contributing greater todhiision were determined
using SIMPER. Canonical Correspondence AnalysisAIC@r Braak 1995)
was performed to evaluate the temporal variatiomsthe effect of the

environmental characteristics of the water colunm tbhe phytoplankton



communities at Mandovi and Zuari, using the Mulaf\ate 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 variemnfr24.23 -
32.46C. Highest temperature was reported during the-mpastsoon period
and lowest temperature was observed during mongeood (Fig. 5A).
Salinity. During study period, salinity varied from 0 — 3€up In the monsoon
season salinity ranged between 0-35 psu and possono period it varied
from 30 psu — 37 psu (Fig. 5A).

Rainfall The maximum rainfall throughout the study periodsv82.70 mm
with an Maximum was observed in the month of J@§"(July 2007) (Fig.
5A).

Tides Tide height varied from 0.04-2.31 m with averagelod m and
SD+0.58. (Fig. 5A).

River dischargeDischarge rate ranged between 70-15805h The highest

discharge rate of 1580%* was observed in the August during the monsoon
period when the rainfall was heavy (Fig. 5C).

Dissolved oxygenDissolved oxygen varied from 2.86-7.38 mg. Highest

concentration was observed during monsoon periédrigy L* and minimum

of 3.1 mg ' during post-monsoon period (Fig. 5B).



Nitrate (NOs-N): Nitrate is one of the important elements required the
growth of the phytoplankton. In the present studyconcentration varied from
0.1- 25.61 uM. Highest nitrate concentration waporged during inter-
monsoon period. During the monsoon period nitrateged between 0.50-
20.12 uM. (Fig. 5B).

Nitrite (NO,-N): Nitrite concentration ranged between 0.2-1.8 pMthe
present study. Highest concentration of nitrite waported during inter-
monsoon period (Fig. 5B).

Phosphate(PO,-P): During the study period phosphate concentratiomedar
from 0.16 -6.13 pM with average of 2.1 and SD #21Maximum of 6.13 uM
and minimum of 0.5uM of concentration phosphate wlserved during the
monsoon period (Fig. 5B).

Silicate (SiGs-Si): During entire study period silicate concentratioaried
from 0.06 -132.84 uM. Highest concentration ofcsite was reported during
monsoon and inter-monsoon period. In the case w@r-monsoon period
concentration ranged between 11.6-132.8 uM whene tie monsoon period
it varied from 9.8 - 132.84 uM (Fig. 5B).

Correlation between the environmental parameterge linear correlation

coefficients between the physico-chemical variabfesionthly data are given
in Table 2.1. Temperature was positively relatethvgalinity (r=0.78; p<
0.05), while dissolved oxygen negatively correlavgth salinity (r=0.5; p<
0.05) and temperature (r= -0.97; p< 0.05). Nitrai#tite, phosphate and

silicate showed significant correlation with disagrate (Nitrate r= 0.89; p<



0.05, nitrite r=0.42; p< 0.05, phosphate r=0.880@35 and silicate r=0.78; p<
0.05). Tidal height correlated with nutrients arainfall. Dissolved oxygen
also showed correlation with nutrients, rainfalietheight and discharge rate
and negatively correlated with salinity and tempae

Principal Component Analysis (PCAYhe PCA was carried out to find

influence of parameters on the environment of tluglysarea. In PCA, the
Eigen values were used to determine numbers ofipghcomponents (PCS)
were to be maintained for further study. A screet por the Eigen values
indicated distinct change of slope mainly afterrtbuEigen values. Hence first
four PCs were retained, as they indicated 98.3%h@fvariancgTable 2.2;
Fig. 6). The first principal component (PC1) suggested%of the variance
which was influenced by temperature and salinitgifpeely while nitrate,
nitrite, phosphate, silicate, rainfall, tidal heigbxygen and water discharge
rate negatively loaded. Post-monsoon season shioigkest rating on the first
PC1. While monsoon showed highest scoring on PC& Bnd PC4 and
therefore, it can be concluded that second, thid faurth components are
strongly influenced by temporal variability wher€2 and PC3 explained
11.7% and 6.1% of the variability (Table 2.3; F&. PC2 showed positive
loading of nitrite and dissolved oxygen. PC3 showmitive loading of
nitrite, silicate and rainfall. PC4 explained 1.5%th positive loading of tidal

height, temperature and discharge rate.



Table 2.1. Correlation matrix between the environtakeparameters p<0.05

Salinity | Nitrate | Nitrite | Phosphate Silicate Raili fa Tide | Temperature Dissolved River
Height Oxygen | 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 1.0d
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 0.7% 1.90
Temperature 0.78 -0.84 -0.74 -0.77 -0.80 -0.52 80,8 1.00
Dissolved | 505 | 990 | 066 0.80 0.88 0.65  0.92 -0.97 1.0(
Oxygen
River A
. -0.87 0.89 0.42 0.88 0.78 0.47 0.89 -0.82 0.87 1.00
discharge
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




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 15
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-0Z
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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Figure 5A. Daily variations in physico-chemical gareters (Tide height, Salinity,
Temperature and Rainfall) at station 1 (Captainpofts) in Mandovi estuary

during June 2007- May 2008.
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Figure 5B. Daily variations in physico-chemical @aweters (Nitrate, Nitrite,
Silicate, Phosphate and Dissolved Oxygen) at statio(Captain of ports) in

Mandovi estuary during June 2007- May 2008.
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Figure 5C. Monthly variations in wateiseharge in Mandovi estuary
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Stations 2-4 - Fortnightly sampled

2.3.2. Physico-chemical parameters

Temperature Temperature did not show much variatiorthaee stations. At surface
maximum temperature was reported at Ribandar withverage of 31.68C and SD
+ 0.03°C (Fig. 7A) during non-monsoon season. At bottornaRdar reported 31.52

°C with an SD * 0.03C in non-monsoon period (Fig. 7B).

Dissolved Oxyger(DO): Verem reported maximum DO of 6.84 miglwith an

SD+0.71 mgL* during monsoon period at surface (Fig. 7C). Maximzoncentration
of DO 6.24 mgl* with an SD+ 0.71 mgt was found at Verem bottom during

monsoon period (Fig. 7D).

Salinity: Salinity decreased from Verem to OldGoa. Maximsatinity was observed
at bottom then at surface. OldGoa reported maxin@r9 psu with an SD + 1.41

psu at bottom during non-monsoon period (Fig. 7&@n

Nitrate: Maximum concentration of nitrate was reported \&rem station in
comparison to OldGoa and Ribandar. Highest conagair of 18.28 uM with SD+
0.34 pM being reported at Verem surface during raonsperiod (Fig. 8A). At
bottom maximum concentration of 19.23 uM with SDH6)uM was observed at

Verem during monsoon period (Fig. 8B).



Nitrite: At surface maximum concentration of nitrite witharerage of 3.23 uM with
SD+ 0.71 pM was observed at OldGoa (Fig. 8C). Attdm Verem reported

maximum concentration of 3.32 uM with SD+ 0.64 puMidg monsoon season (Fig.
8D).

Phosphate Phosphate concentration decreased from Verem tGdadstations. At

surface maximum concentration of 3.28 pM with SDB00uM was observed at
Ribandar during monsoon period (Fig. 8E). At bottoraximum of 4.96 uM with

SD+ 0.07 uM was observed at Verem during monsoan &F).

Silicate Silicate concentration followed opposite trendntreased from Verem to
OldGoa stations. Highest concentration was obseaveirface then at bottom at all
the stations. Maximum silicate concentration wamreed at OldGoa surface with an

average of 132.84 uM and SD* 52.60 uM during mongmriod (Fig. 8 G and H).

Correlation between the environmental parametd?earson’s Correlation analysis

for the environmental parameters is given in Table Salinity was correlated with
temperature (r= 0.89; p< 0.05), but showed sigaificnegative correlation with
nitrate (r=-0.78; p< 0.001), phosphate (r= -0540.05), silicate (r=-0.84; p< 0.05).
Dissolved oxygen was positively related with nérifr= 0.69; p< 0.05). All the
nutrients were significantly correlated with eathes. Nitrate showed significant

Principal Component Analysis (PCAh PCA, the Eigen values are used to know the

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

plot of the Eigen values obtained showed changslaye after third Eigen value.



Therefore the first three PCs were retained as #gyained 95% of the total
variability in environmental parameters (Table Z4g. 9). The PC 1 accounted for
67.8% of the variability and showed positive loadiof salinity and temperature.
Whereas nutrients like (Nitrate, nitrite, phosphaiel silicate) and dissolved oxygen
was negatively loaded on the first axis. The secpndcipal component (PC 2)
accounted for 22.1% of the variability. Nitrate asiicate had the highest positive
loading on the PC2 axis. The third principal comgran(PC3) accounted for 5.3% of
the variability. Nitrate, nitrite, phosphate, site and salinity showed positive
loading. While all the three stations (Verem, Ril@nand OldGoa) monsoon season
had the highest scoring on PC2 and PC3 Table 2.6.

Analysis of Variance (ANOVABSummary of the environmental parameters is given

in Table 2.7. Annual changes in temperature wepéc#y of tropical estuary and
showed significant variation between season (pOO@L; Table 2.7). Tukey's post
hoc test for differences showed that the tempegatas highest at Ribandar station
during the non-monsoon season. Salinity showedospanhporal variations with (p <
0.00001). Tukey's post hoc test for differenceswanb salinity at Verem were
significantly high at bottom during non-monsoonipér(Table 2.7). In the case of
nutrients nitrate was significantly high at Veremridg monsoon season (p <
0.00001; Table 2.7). Phosphate was consideragly thuring monsoon at bottom of
Verem station, where as silicate was high at Old@Ga@ng monsoon period. High

dissolved oxygen was observed at Verem surfac@glanonsoon period.



Table 2.4. Correlation matrix between the environtakeparameters p<0.05

Nitrate | Nitrite| Phosphate Silicate Salinity Dissad | Temperature
oXxygen
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 | 55 | (69 0.35 0.12| -0.27 1.00
oXxygen
Temperaturg  -0.86 -0.38 -0.82 -0.8b 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 (%) 67.8 221 5.3
Cumulative variation
(%) 67.8 90.0 95.3
Table 2.6 Principal Component Scores
Sample SCORE1 SCORE2 SCORES3
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




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_Postmonsoopn 2.21 -0.348 -0.281

O_B_Postmonsoon 2.28 -0.588 -0.285

Table 2.7: Factorial ANOVA result showing the véina of environmental data
between station (3), season (2) depth (2) and tim@raction. F statistic and
probability (p)

Parameters F P
Temperature Station 28.68 0.0001
Season 28.20 0.07
Station x Season 29.54 0.03
Salinity Station 25.32 <0.0001
Season 30.45 <0.00001
Depth 24.04 <0.0001
Season x Depth 30.66 <0.00001
Nutrients:
Nitrate Station 5.87 0.03
Season 11.36 <0.00001
Station x Season 12.94 0.02
Nitrite Season 1.58 <0.00001
Station x Season 2.07 0.03
Phosphate Station 1.71 0.03
Season 2.4 <0.00001
Depth 1.72 0.001
Season x Depth 2.81 0.0002
Silicate Station 54.21 0.004
Season 74.42 <0.00001
Station x Season 94.99 <0.0001
Dissolved Oxygen Station 4.43 <0.0001
Season 4.07 0.003
Depth 4.04 0.01
Season x Statio | 5.41 0.00002




Fortnightly sampling
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Figure 7A-F. Monthly variations in physico-chemicparameters (Dissolved Oxygen (DO),

Temperature and Salinity) at stations 2,3 and 4€e Ribandar and OldGoa) in Mandovi estuary
during June 2007- May 2008. Where A) Surface Teatpeg, B) Bottom Temperature, C) Surface
DO and D) Bottom DO, E) Surface Salinity and F)tBot Salinity.
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Figure 8A-H. Monthly variations in physico-chemicgarameters (Nitrate, Nitrite,
Phosphate and Silicate) at stations 2, 3 and 4efWeRibandar and OldGoa) in Mandovi
estuary during June 2007- May 2008. Where A) Serfddrate, B) Bottom Nitrate, C)
Surface Nitrite, D) Bottom nitrite, E) Surface Ppbate, F)Bottom phosphate, G) Surface
Silicate and H) Bottom Silicate.
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Station 1 (Captain of Ports) Daily sampled
2.3.3. Phytoplankton community structure

Biomass and cell densityDaily variations in biomass and cell density aldhg Mandovi

estuary are given in Fig.10. Phytoplankton celigity and biomass coincided with each
other. Throughout the study period phytoplanktantass varied from 0.22 - 14.16 mgm

In the case of pre-monsoon period biomass wasénrdahge of 5.1-9.83 mgfwith an
average of 7.37 mgt Inter-monsoon i.e. in the month of June phytokian biomass
varied from 0.61-14.16 mgrhand an average of 5.17 mgniThe 14.16 mgiiis the
highest biomass throughout study period observed®hJune 2007. During monsoon
period (July-November) biomass was in the rang8.22-7.71 mgrii with an average of
2.28 mgnT. In the case of post-monsoon season total biowassd from 0.434-7.237
mgmi® with an average of 2.71 mginTotal phytoplankton cell density throughout study
ranged between 0.05-6.63 X*Oells L. During pre-monsoon period cell density ranged
between 1.71-3.93 X f(Cells L'* and an average of 3.05 X 1Qells L* .In the inter-
monsoon period (June 2007) phytoplankton cell densiried from 0.28-6.63 X f0Cells

L with an average of 2.15 X i@ells L*. Monsoon season recorded cell density in the
range of 0.05-6.48 X f0Cells L* and average of 0.86 X i@Cells L. During post-
monsoon cell density varied from 0.12-6.55 X O&lls L average of 0.90 X foCells L™.

Phytoplankton compositioll together 322 species with 91 genera of phytokian were

collected from station-1. List of the phytoplankt@ollected is given in Table 2.8.
(Bacillariophyta - 58 genera with 196 species, Pimga- 23 genera with 114 species,

Cyanophyta- 2 genera with 3 species, Dictyochophytagenus with 1 species,



Chrysophyta- 3 genera with 3 species, Haptophytagebus with 1 species and
Chlorophyta- 3 genera with 3 species). The seasdisalibution in the phytoplankton
population was observed. During pre-monsoon pebBddyenera with 124 species were
observed (Bacillariophyta - 40 genera with 86 spgcDinophyta - 15 genera with 35
species, Chrysophyta - 1genus with 1 species amoh@phyta - 1 genus with 2 species).
During inter-monsoon period i.e. June total 68 geneith 158 species were recorded
(Bacillariophyta - 47 genera with 116 species, pimga - 17 genera with 37 species,
Chrysophyta - 2 genera with 2 species, Cyanophyta genus with 2 species and
Chlorophyta - 1genus with 1species). Monsoon petatdl 257 species with 83 genera
(Bacillariophyta - 55 genera with 160 species, pimga - 19 genera with 87 species,
Chrysophyta - 3 genera with 3 species, Cyanophgtgenera with 3 species, Chlorophyta
- 3 genera with 3 species and Haptophyta - 1 geimtirs1l species). During post-monsoon
total 184 species with 72 genera were observedil{@aaphyta - 52 genera with 132
species, Dinophyta - 17 genera with 48 speciesy<Ophyta - 2 genera with 2 species and
Cyanophyta - 1 genus with 2 species). During canmsex pre-monsoon period all together
55 genera with 92 species of phytoplankton wererdsmd. Group wise representation was
as follows: Bacillariophyta - 42 genera wit 69 spsc Dinophyta - 11 genera with 20
species, Cyanophyta - 1 genus with 2 species amardpinyta - 1 genus with 1 species
(Fig. 11A and B).

Percentagewise seasonal distribution for Bacilnaa is given in Fig. 12A and for
dinoflagellate in Fig. 12B. Diatoms (Bacillariophytconsisted of 58% centrales and 42%
pennales during pre-monsoon; 42% centrales and f%ales in inter-monsoon season;

44% centrales and 56% pennales in monsoon seasstin@nsoon showed 48% centrales



with 58% pennales and pre-monsoon 2008 58% cestraled 42% pennales.
Dinoflagellates consisted of highest number obaaphic forms (37%) was found during
the pre-monsoon period, heterotrophic forms (38%g)nél during monsoon; and post-
monsoon period and mixotrophic forms (55%) wererega during pre-monsoon period of
2008.

Diversity. Total diversity decreased from pre-monsoon peri6@72to the pre-monsoon
period 2008. The highest average total diversity.@fi was observed during pre-monsoon
period with SD + 0.54. The average diatom diversity3.81 was highest during the inter-
monsoon period with SD £+ 0.51. Dinoflagellate dsity was highest during pre-monsoon
period with average of 2.48 and SD+ 0.48. Otheaalglso showed highest diversity of
0.35 during the pre-monsoon season (Fig. 13A).

Species evennes3he highest species evenness of diatom was repodedg inter-

monsoon period with average of 0.78 and SD + (Mdoflagellate species evenness was
highest during pre-monsoon period 2008 with avedd®e89 and SD * 0.15 (Fig. 13B).

Phytoplankton blooms and its pigment compositidh station 1 i.e. Captain of Ports

blooms of nine phytoplankton species were obseriégse blooms were either mixed
species or single species. Seasonality was repamtéde occurrence of these blooms
forming species which leads to succession of spebléxed species bloom of three centric
specieCoscinodiscusnarginatus(12,426 Cells [%), Coscinodiscusadiatus (13,414 Cells
L™Y) and Thalassiosiraeccentrica(12,654 Cells [*) was observed (Fig. 14A, B and C).
During this bloom period pigments like fucoxant{h474 mgrt); Chl C2 (1.967 mgr)
and -carotene (8.293 mgt) were found in very high concentration. Anothkrdm peak

of Coscinodiscusnarginatuswith cell counts of 14,010 Cells™lwas found in the same



season. Monsoon period witnessed blooms of threeiesfp The mixed species bloom of
Chaetoceros subtili§13,702 Cells [) and Chaetoceros fragile(9690 Cells [}) was
reported. The pigment composition of this mixedcg® bloom peaks consists of Gl
(1.255 mgrit); Chl C2 (1.428 mgriY); fucoxanthin (1.925 mgi) and -carotene 5.428
mgm® (Fig. 14D and E). Another bloom peak Ghaetoceros subtilisvas observed with
cell counts of 11,340 CellsLand consists of CHC2 (0.726 mgriY); fucoxanthin (1.145
mgm°) and -carotene 4.568 mgf(Fig. 14E). The bloom oThalasionema nitzschoides
with cell counts of 10,144 CellsLwas reported during this season. During this bloom
pigment composition was made up of @# (1.128 mgr?); fucoxanthin (1.761 mgH)

and -carotene 4.445 mgm(Fig. 14F). Post-monsoon observed bloomStfeptotheca
thamensiswith cell counts of 13,560 Cells’L Bloom composed of Chi (0.989 mgr?);
fucoxanthin (2.375 mgif) and -carotene 2.873 mgm(Fig. 14G). Bloom ofChaetoceros
laciniosus (10,322 Cells [}) was observed during pre-monsoon of 2008. Pigment
composition of peak was Chl(7.509 mgrt); fucoxanthin (1.182 mgf) and -carotene
1.398 mgrit (Fig. 14H). The blooms ofhalassiothrix frauenfeldifound in two seasons
(post-monsoon and pre-monsoon) during the studipgédFig. 141). The highest bloom
peak with cell counts of 12,616 Cells'was reported during the post-monsoon period
which was accompanied with pigment concentratio€lofb (4.113 mgrit); fucoxanthin
(1.155 mgnT) and -carotene 3.016 mgrhrespectively.

Temporal variations in phytoplankton flordray-Curtis cluster analysis grouped the

sampling months into four groups based on theidigion of dominant phytoplankton
species (Fig. 15A). The pre and inter-monsoon ne(tay 2007 and June_2007) formed

group | with similarity values of 85%. Group Il indes all monsoon months (July -



November) which is a major along with Group Il lmgdes post- monsoon months
(December- April) clustered at 79.56% similarity D8 also showed similar pattern of
grouping of the months (Fig. 15B). The results t¥IBER analysis are summarized in
Table 2.9. Group | showed the complete dominanc&haflassiosira angustduring pre
and inter-monsoon period accounted to 35% of tlesimlilarity observed (Fig. 15C).
Monsoon season showed the dominanceé ofragile was responsible for clustering of
monsoon months and its dissimilarity with otherup® (Fig. 15D). March did not cluster
with any group (Group IV) mainly due to the dominarof Streptotheca thamens(gig.
15E). In general, the phytoplankton flora was dated by few species and most of them
persisted throughout the study period. However,abendance of some species showed
marked temporal fluctuation. The first community tbk area was characterized by the
dominance ofThalassiosira condensatand Coscinodiscus nitidugFig. 15F and G)
reported during monsoon season. A shift in the camity was observed during the post-
monsoon period. This community was characterized elggeptional high counts of
Thalassiothrix frauenfeldiandS. thamensi¢Fig. 15H and I). The community composition
changes were primarily caused by drastic declitberdominant species. Of all the species
Thalassiothrix frauenfeldiand S. thamensisilominated the community throughout the
study period but was most dominant during the postsoon period.

Effect of environmental variables on phytoplankt@opulation The effect of

environmental variables on the Total phytoplanktlamsity, Total diatom density, Total
dinoflagellate density, Total other algae densiiy a, Chl b, Chl c2, Fucoxanthin and
Peridinin is shown in the CCA biplot (Fig. 16A)n the CCA biplot, 2 axes explaining

68.71% and 87.4% of the relationship between gén@rgtoplankton composition and



environmental variables (Table 2.10). Nitrite, falhand water discharge were most
important variables influencing Total phytoplanktdansity, Total diatom density, Total
dinoflagellate density, Total other algae densitg &hla distribution. In addition to these
variables like salinity, nitrate, silicate and tideight also affected the distribution of Total
dinoflagellate density, Cb2 and peridinin. The accompanying species biplobméed the
preference of species for particular environmengalable (Fig. 16B), 4 axes explaining
54.65% and 78.17% of relation between phytoplanktommunity and environmental
variables (Table 2.10). Nitrate influences the ribstion of species likeNitzschia
angularis Nitzschia sp., Pleurosigma angulatumBacillaria paxillifer, Chaetoceros
decipiens Thalassiothrix frauenfeldiiand Streptotheca thamensisre all diatom.
Environmental variables like salinity, phosphatgtite, silicate, tide height, temperature
and water discharge plays role in influencing thstridbution of diatom species like
Coscinodiscus nitidysStauroneis amphioxysNavicula directa Chaetoceros fragile
Chaetoceros subtilisand Thalasionema nitzschoidewhereas dinoflagellates include
Amylax triacantha Gonyaulax kofoidji Pyrophacus horologiumand Protoperidinium
tristylum Salinity in combination with nutrients like nitega nitrite, silicate and water
discharge affected the distribution Ghaetoceros decipien€haetoceros laciniosuand
Thalassiothrix frauenfeldiiSpecies likeCoscinodiscus nitidysStephanopyxis palmeriana
Gonyaulax kofoidji Protoperidinium tristylumand Chaetoceros lorenzianushowed

preference for elevated level of silicate, rainfatle height and water discharge.



Table 2.8. List of Phytoplankton species in Mandgsiuary during the year 2007-2008.

Phytoplankton Taxa

Captain of Pot

ts

Verem

Ribandar

OldGoa

Genera/species

Mon

Pma

n Mon

Pmon

Mon

Pmon
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Pmon

S

S

S

B

/B | S

S| B

Bacillariophyta

Acanthochiasma fusiformis

+

+
1

Acanthochiasma serulata

+

1
+

+
1

Achananthes brevipes

Achananthes longipes

Actinocyclus octonarius

Actinoptychus senarius

+ |+ |+
+ |+

+ |+
+ |+

+ [+ |+

+ [+ |+
+ [+ |+

+
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Amphiprora alata

Amphiprora surirelloides

+
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+ |+
+|+

+ |+
+ |+

1
+

Amphora hyalina

+ 4+ |+

Amphora ostreria

o o o e I o e

Amphora ventricosa

Fl |||+

+ |+

Amphorasp.

Asterionella japonica

Asteromphalus flebellatus

+|+ |+

+ |+

+|+| |+

Asteromphalus heptactis

++ [+

++ [+

Asterolampra marylandica

Bacillaria paxillifer

1
+

Bacteriastrum furcatum

+
1

+ |+ |+

Bacteriastrum hyalinum

Biddulphia aurita

Biddulphia regia

+|+

*Biddulphia mobilensis

*Biddulphia sinensis

||+ [+

e R S
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+|+|+|+

Calonies liber

Calonies linearis

+
+

+

Calonies rectangulata

+ |+

Calonies subsalina

Calonies westii
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Campylodiscus echeneis

Cerataulina turgida

Chaetoceros breve

+ |+ |+ +

Chaetoceros coaractatus

1
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Chaetoceros compressum
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*Chaetoceros concavicornis

*Chaetoceros curvisetus

Chaetoceros decipiens
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Table 2.9. SIMPER analysis based on group obtafred cluster and MDS ordination
showing the species that contributed to the diffees among the groups Av. Abund:

average abundance; Av. Diss: average dissimilationtrib: Contribution

Av dissimilarity 25.66 Group | Group Il

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 | Group IlI

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 Il Group lll

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 |  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 Il 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 Il 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




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

Table 2.10Cumulative constrained percentages of the 2 axesaad in the CCA analysis for
general phytoplankton composition and 4 axes etedai 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
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Figure 14. Daily variations in the bloom progressmf different phytoplankton species in relationthe

ileB)

pigment composition at Stationl (Captain of Parisylandovi estuary. Where AJhaetoceros fragil
Chaetoceros laciniosyu€) Chaetoceros subtilid)) Coscinodiscus radiatug) Coscinodiscus marginatus
F) Thalasionema nitzschoide$;) Thalassiosira eccentricusH) Thalassiothrix frauenfeldiiand 1)

Streptotheca thamensis.
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Stations 2-4 - Fortnightly sampled

2.3.4. Phytoplankton community structure

Phytoplankton biomass and cell densifyotal phytoplankton cell density and biomass

showed seasonal distribution. Total cell densitg &omass increased from Verem to
OldGoa stations. At surface maximum cell density7dfl X 18 Cells L* with an SD+
3.96 X 1¢ Cells L' was observed at OldGoa station during non-monsoerog
(Fig.17A). Whereas biomass was highest with anamepf 8.22 mgmwith an SD+ 4.70
mgm® was reported at OldGoa during monsoon season {#Bg.JAt bottom maximum
total phytoplankton cell density was observed daRdar with an average of 4.47 X*10
Cells L' and SD+ 3.33 X 1DCells L* (Fig.17C). Total biomass was highest at OldGoa
with an average of 7.27 mghand SD+ 4.70 mgiduring non-monsoon season (Fig.
17D).

Phytoplankton compositiorill together 209 species with 80 genera of phydogton were

collected from station- 2-4. List of phytoplanktobserved 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.



Total diatom cell density was highest during nonasemon period in the month of March at
all three sections (Fig. 18A). Lower section repdrhighest of 2.10 X f@ells L' during
non-monsoon period and 0.56 X*Ills ! was observed in the month of September
during monsoon period (Fig.18A). Middle sectionapd highest of 3.62 X f@ells L*in
the month of March, while 0.55 X i@ells L' was reported in the month of October
(Figure 18A). In the case of upper section higlést.92 X 10 cells L* was found in the
month of March (Fig. 18A). During monsoon perioé thighest of 0.45 X f@ells L* was
reported in the month of November. In the case inbfthgellate total density at lower
section was reported highest of 0.31 X d@lls L* in the month of September and 0.17 X
10* cells L*was during non-monsoon period in the month of Ddmmm(Fig. 18B). Middle
section showed highest during monsoon period 0.1%%ells L* in the month of August
(Fig. 18B). At upper section dinoflagellate cellndity (0.24 X 16cells L) was highest
during non-monsoon period in month of March. WKil&7 X 1d cells L' was observed in
July during monsoon period (Fig. 18B).

Division-wise percentage distributions at the igte are given in Fig. 19A-19D
Bacillariophyta formed the highest proportion (66%2%) at the upper, middle and lower
reaches during the monsoon and non-monsoon seBsoophyta did not show much
variation in the percentage distribution of geremnd species along the three sections. Only
during the monsoon period the percentage of gemaiaspecies were > 20% at the lower
section. During the non-monsoon period the pergentz genera were > 20% at all the
three sections, while that of species percentagex\20% at lower section only. Members
of the Haptophyta were present only at the lowache with 2% of the genera and 1% of

the species during the monsoon; they were absenhgdiuhe non-monsoon period.



Chromophyta were present at all stations duringnie@soon and non-monsoon periods,
with 2-3% of the genera and 1-2% of the speciesysdiphyta were present only at the
lower section during both seasons, with 2% of tlemega and 2% of the species.
Chlorophyta and Cyanophyta were represented ahwede stations during the monsoon.
Chlorophyta was not represented in the middle gapusections during the non-monsoon
period (Fig. 19A-D).

In total Bacillariophyta consisted of 60 Centradesl 88 Pennales (Table 2.8). From
this total composition, only the families having m@enera and species are considered. In
the case of Four families of centrales were: Clamtiaceae (13 species, 2 genera),
Coscinodiscaceae (8 species, 1 genus), Thalassieag (6 species, 4 genera), and
Rhizosolenia (6 species, 1 genus). Pennales intlAdananthaceae (5 species, 3 genera),
Cymbellaceae (5 species, 1 genus), Naviculaceasp@ddies, 6 genera), Bacillariophyceae
(14 species, 4 genera), and Surirellaceae (7 speRigenera). In general, the centric
diatoms decreased from the lower section (Verentheéaipper section (Old Goa), whereas
the pinnate diatoms followed the opposite trend.(EDA and B).

The percentage distribution of dinoflagellate aldhg three stations of Mandovi
estuary is given in Fig. 21A. The autotrophic formesreased from lower region to upper
region (31% to 41%). Whereas heterotrophic and troypdic forms increased from Verem
to Ribandar and decreased towards OldGoa statigelit mixotrophic forms (43%) and
heterotrophic 36% were reported at Ribandar.

Phytoplankton DiversityDuring the study period, diversity ranged betwediizand 3.46.

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

observed at the middle section in April (Fig. 21B).



Phytoplankton species evennebighest species evenness at all the three stativas

found during inter-monsoon period and lowest wa®red during the pre-monsoon period
(Fig. 21C).

Blooms of Phytoplankton species and its pigmentposiion At Ribandar (Middle

region) two blooms were observed during the postsoon season at surface. The bloom
peak ofStreptotheca thamersswas observed during post-monsoon period withamelhts

of 13560 Cells [*. Pigment composition of this peak was Chl(0.989 mgrit);
fucoxanthin (2.375 mgif) and -carotene 2.873 mgf(Fig. 22A). The bloom of pennate
diatomThalassiothrix frauenfeldiwith cell counts 13,498 Cells'iwas observed. Pigment
composition consists of fucoxanthin 0.57 myiffFig. 22A). At bottom mixed species
bloom of Bacillaria paxillifer and Streptotheca thamens&ppeared on the same day.
Bacillaria paxillifer showed total cell density of 19,320 Cells' land Streptotheca
thamensigeported cell counts of 28,000 Cells.[Pigment composition of this bloom was
Chl C2 (0.73 mgnT) and fucoxanthin (2.60 mgi (Fig. 22B). The bloom of
Thalassiothrix frauenfeldivas also observed at bottom with cell counts ¢28@ Cells [*
with the presence of CIT2 0.77 mgrit. Towards the upper region (OldGoa) at surface
bloom peak ofStreptotheca thamensigas observed during post-monsoon period with cell
counts of 32,400 CellsL(Fig. 22C). At bottom again bloom &treptotheca thamensis
was observed with cell count of 12,860 CeflsThe pigments present were G2 (0.47
mgnmi®) and fucoxanthin (1.45 mgi Fig. 22D.

Spatio-Temporal variations in phytoplanktodBeasonal abundance was subjected to Bray-

Curtis cluster analysis and MDS ordination (FigA23The data based on the average

abundance exhibited four clusters (Fig. 23B). @udtis formed at 50% of similarity



which includes the monsoon season of (RibandaraSeyfOldGoa- surface and bottom).
Cluster Il represents the monsoon season at Vesemiace formed at around 30% of the
similarity. Cluster Il formed at around 40% sinmitg includes (Monsoon season at
Verem-bottom and Ribandar-bottom and Post-monsosesan at Ribandar-bottom).
Cluster IV includes post-monsoon season (Ribandtpin, OldGoa-surface, OldGoa-
bottom, Verem-surface and Verem-bottom). SIMPERyai(Table 2.11) showed species
which contributed to the similarity of groups fordhen cluster. In Cluster-1 showed the
similarity with Gymnodinium gracile (29.19%), Nitzschia longissima(3.3%) and
Amphidoma nanun26.56%) (Fig. 23C). The second Cluster formedwatb similarity
with Protoperidinium inflatum(8.34%), Chaetoceros subtilg€8.19%) (Fig. 23D) and
Pyrophacus horologiun(10.55%). Species which contributed to third Gludtl was
Navicula directa(6.48%) (Fig. 23E). Cluster-IV showed the domiramd post-monsoon
species which wer&treptotheca thamensid7.32%),Bacillaria paxillifer (5.98%) and
Pleurosigma angulatur(10.56%) (Fig. 23F) formed.

Effect of environmental variables on phytoplankpmpulation CCA biplot with 2 axes

explained 68.66% and 86% of the relationship betwgleytoplankton composition and
environmental factors of three stations in Mandesgtuary. Eigen values of axis 1
( 1=0.073) and axis 2 §=0.018) (Table 2.12). The CCA showed a high cotiela

between nitrite and temperature on the first ai¢rate, salinity, silicate and dissolved
oxygen correlated on second axis. Nitrite and teatpee were favorable factors for the
density of dinoflagellates and other algae (exelgdiiatoms). Chl C2 was also found to be
favorably influenced by Nitrite and temperatureatifalgae. Chla and fucoxanthin were

influenced by nutrients like nitrate, silicate,isay and dissolved oxygen (Fig. 24A). CCA



biplot of phytoplankton species (Fig. 24B) depietect of environmental factors on its
distribution. Environmental parameters like tempae salinity, dissolved oxygen and
nutrients are affecting the distribution of phytamkton species. The species distribution on
the CCA ordination graph indicated a strong infeerof some of the environmental
variables on the distribution of some of the phidaogton species. For edctinocyclus
octonarious Melosira moniliformis Gyrosigma fasciola Pinnularia angulatum
Amphidoma nanumGymnodinium gracileand Protoperidinium acbromaticunshowed
close association with phosphate, silicate, sgliaitd dissolved oxygen. Bloom forming
species viZl'halassiothrix frauenfeldiiStreptotheca thamensBacillaria paxillifer were at
the centre of the ordination plane indicating cogtglinfluence of both the physical and

chemical factors for their distribution.



Table 2.11. SIMPER analysis based on group obtafireed cluster and MDS ordination
showing the species that contributed to the diffees among the groups Av. Abund:
average abundance; Av. Diss: average dissimilationtrib: Contribution

Av dissimilarity 79.93 Group | Group Il

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 Il Group |

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 Il Group IlI

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 |  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 Il 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 Il 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




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 percentagebeoPtaxes extracted in the CCA analysis for gdner

phytoplankton composition and 4 axes extractetiénGCA analysis for phytoplankton species

Factors Axis 1 AXxis 2 Axis3 Axis4
General phytoplankton composition 68.66 86
Phytoplankton species 33.803 57.734 77.3857.346




Fortnightly sampling
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Figure 17. Seasonal variations in total phytoplanktell density and biomass along the
surface and bottom at 3 different stations in Mam@stuary during June 2007—May 2008.
A) Total phytoplankton cell density at surface, B)omass at surface, C) total

phytoplankton cell density at bottom and D) biomatsisottom.
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Figure 22. Monthly variations in the bloom progressof different phytoplankton species
in relation to the pigment composition at threetistes in Mandovi estuary. Where A)
Streptotheca thamensibloom at Verem surface, Bftreptotheca thamensis and
Thalassiothrix frauenfeldiibloom at Ribandar surface, C3treptotheca thamensis,
Bacillaria paxillifer and Thalassiothrix frauenfeld bloom at Ribandar bottomD)
Streptotheca thamendidoom at OldGoa surfacend D) Streptotheca thamendidoom at

OldGoa bottom.
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Figure 23. Bray-Curtis cluster A) and MDS B) basedthe monthly species abundance.
Bubble plots showing the monthly variations in @eundance of dominant species C)
Nitzschia longissimupD) Chaetoceros subtileE) Navicula directaand F)Pleurosigma
angulatum Where V_S - Verem surface; V_B- Verem bottom; SRRibandar surface;
R_B- Ribandar bottom; O_S- OldGoa surface and (DIBGoa bottom
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2.4. Discussion

During the SWM of 2007, rainfall over the entiresveoast of India was normal,
(India Meteorological Department, 2008). As withyamormal monsoon year, the rainy
season of 2007, extended from June to Septembersmiall breaks of sunshine. This is in
contrast to a bad monsoon year, where in totafathimay be in a range of 1500-2000 mm,
and breaks in between rainy spells can last foers¢wdays at a stretch. Therefore our
observations are considered as representativenoirraal monsoon year and as baseline
data for studies future aimed at understanding dbesequences of climate-mediated
changes in rainfall patterns predicted for thedandsubcontinent which is also in agreement
with Goswamiet al, 2006.

Devassy and Goes (1988) reported that phytoplankiahe Mandovi estuary are
not nutrient limited at any time of the year as paned to most other estuaries along the
west coast of India. Our results suggest thatishespecially true following the onset of the
SWM where land runoff causes a large influx of rumis. The >10 fold fluctuation in
phytoplankton cell numbers (0.1 - 6.6 x“*1@ells L") and the large changes in
phytoplankton biomass (~14 mg3nand in phytoplankton community composition
observed by us on time scales of a day was largs$pciated with abrupt changes in
salinity and the surge in available nitrate.

Several ecological factors are known to regulagedynamics of phytoplankton in
response to the changing estuarine gradients (uWmderet al, 1998; Lelancet al, 2001,
Quinlan and Philips 2007 and Margt al, 2007). The Mandovi estuary is governed by the
monsoon regime. Breaks in the monsoon and daiy widriations create changing nutrient

and salinity zones, which are instrumental in affecthe adaptability of phytoplankton



population composition (Qasimt al, 1972; Devassy and Goes, 1988 and Matoal,
2011). During the monsoon season, the Mandovi gstgats flushed by fresh water
entering upstream, which leads to an extreme dnogalinity conditions (Shetyet al,
2007). The salinity of the upper section was fotmfe in the range of 0-23 psu. Remnants
of fresh water brought in by monsoonal runoff areved downstream and mixed with the
saline water at the lower section (Sheg¢yeal, 2007). This results in variations in salinity
with ranging from 3-32 psu at the middle sectiomnti#e lower section towards the mouth
of the estuary, salinity varies from 4-36 psu. Ongribution of nutrients in the Mandovi
estuary is greatly influenced by land runoff duringnsoon leading to flushing of nutrients
into the estuary, with additions from anthropogeagtivities and sediment re-suspension
(DeSousa 1983; Martiet al, 2007). Nitrate was found to be higher (18.76 dil)lthe
lower section during the monsoon period. Nitritel @mosphate followed a similar pattern.
However changes in the silicate concentration afleenced by the tides. A significantly
high silicate concentration (129.7 uM) was repodéethe upper section.

The highest phytoplankton cell density (5.17 X @élls L) and biomass (7.68 mg
Chl a m®) were reported during the non-monsoon period atupiper section, where the
cell density was dominated by diatoms. Whereaspthgoplankton diversity was greater
during the monsoon season (3.46) compared to themomsoon season (3.21). This may
be attributed to changes in species compositioteatafig the species preference to
different salinity range and also on part by phidogton from fresh water source (Qasim
et al, 1972; Devassy and Goes, 1988 and Krishna Kuetai, 2002). The results of the
present study showed more than a double numbdreddgecies of phytoplankton, i.e. 209

species, including 148 diatoms, 53 dinoflagellated 8 other algae. This is basically due



to the difference in the sampling strategy. In camgon to earlier study by Devassy and
Goes (1988) recorded 82 species of phytoplanktom fthe Mandovi and Zuari estuarine
complex during 1979 to 1980. Another study (Krish§amnari et al, 2002) reported still
lower number of 49 species. However the adjaceatiZastuary 136 species (83 diatoms,
44 dinoflagellates and 9 other algae) were repofRatil and Anil 2011) which is still
lower compared to our study.

Phytoplankton community of the Mandovi estuary wa®minated by
Bacillariophyta with 71% of the total phytoplankt@bundance. This was followed by
Dinophyta, Dictyochophyta, Chrysophyta and Cyanéghgach with 25% or less of total
abundance. Similar observations were recorded @vipus studies, where diatoms and
dinoflagellates were the most abundant groups aofnaghytoplankton (Latiét al, 2013;
Patil and Anil 2011; Pednekat al, 2011 and Pednekat al, 2014). Other estuaries also
reported dominance of Bacillariophyta. The highcspe abundance of Bacillariophyta
reported at the middle and upper sections durieghtbnsoon period can be related to the
high concentration of silicate and nitrate thaflished out from the mangrove swamps
towards the upper section of the estuary, which tbeentually leadings to the diatom
growth. Underwoockt al, 1998; Tanaka and Choo 2000 observed that thebdison of
diatom depends on gradients in the salinity andients. Moreover nutrient uptake by the
diatoms during the monsoon period is known to des@an nutrient concentration during
the non-monsoon period (Patil and Anil 2008 andniekdret al, 2012). Bacillariophyta
were dominated by Pennales over Centrales in theeéWlandovi estuary. Many pennate

diatoms are regarded as benthic and are often @domin shallow and turbulent waters



(Sahuet al, 2012 and Shamat al, 2012). Within the estuary, pennate diatoms irszda
from the lower to the upper sections while reversed was observed for the centric forms.
Dinophyta showed little difference in the distrilont along all three sections and
seasons due to their multiple adaptive strategiesntzironments. Highest cell density of
dinoflagellates (0.15 X facells L) during the monsoon season in the upper sectibns o
Mandovi estuary can be correlated to high conctatraf phosphate and nitrate. Similar
observations are also made by (Desousa 1983; M#réh 2007 and Mayat al, 2011).
Species composition and distribution are dependemhany environmental factors.
Although phytoplankton flora in Mandovi is represmhby high number, 26 species at the
lower section and 24 at middle and upper secti@mesented significantly high cell
density of (> 1000 cellst). The monsoon period supported the growth of biédime (O-
15 psu) phytoplankton community which includ€aetoceros subtiljsCoscinodiscus
granii andC. radiatus(centric) andNitzschia longissimdpennate) and the dinoflagellate
Amphidoma nanumwith cell counts > 1000 cells”Lonly during the monsoon period
towards the lower and middle sections of the egtuiadicating the role of increased
concentrations of nutrients in the water columngionating in part from the resuspension
of sediments during the rains. However Huastgal, (2004) reported high counts of
Nitzschia longissimaluring the dry season in the Pearl River estuayil and Anil (2008)
also reported\itzschia longissiman surface waters of the adjacent Zuari estuamngu
the monsoon period. Species lil&ephanopyxis palmeriana, Amylax triacanthad
Thalassiosira angustetc. were observed only during inter-monsoon seasghmonsoon
period which related to river discharge. These iggeare not estuarine originated and

brought inside during South West monsoon periodutin flushing of estuary.



Dinoflagellates were especially abundant at theeupgection during the non-
monsoon period which was dominated by autotropbien§. The autotrophic marine
dinoflagellate Gymnodinium gracilewas detected only during the monsoon period and
found to grow in mesohaline conditions with lowis@y (15-25 psu) and high levels of
phosphate and humic acids in the present study.eMercymnodiniumhas been reported
to grow in both fresh and marine waters fR et al, 2010). Other dinoflagellates like
Protoperidinium inflatum Protoperidinium tristylumand Pyrophacus horologiunwere
present only at the lower section during Octobevétober with high cell density (D’
Costaet al, 2008 and Madhet al, 2011). A bloom oProtoperidiniumwas first reported
by Sanilkumatret al, (2009) in October along the west coast of Indeerg nutrients were
abundant. Whereas Growth of pennate diatoms ssi@taaironeis amphioxys, Nitzschia
angularisandBacillaria paxillifer showed positive correlation with high concentnasiof
nutrients, especially nitrate and silicate (Pednekal, 2012 and Pednekat al, 2014) in
the lower and middle sections of Mandovi estuamrady monsoon period.

Centric diatoms likeChaetoceros laciniosusind Streptotheca thamensigand
pennate diatom$itzschia angularis, Pleurosigma angulatuamd Bacillaria paxillifer
were reported only during non-monsoon period (DdmarMay) where salinity ranged
from 25-35 psu and showed positive relation withngg and negative correlation with
nutrients confirming the observations made by Adadiet al, (1990); Polat and ik,
(2002); Alp and Sen, (2010) and Sadal, (2012). However Smayda and Reynolds 2001
and Saunders 2011 reported that by adopting K-typerth strategy diatoms can grow in
stressful conditionsNitzschia angularisPleurosigma angulatuntreptotheca thamensis

are examples of large cells capable of exploitiogy Inutrient concentrations, e.g. by



storing nutrients (Quinlan and Philips 2007). Tleatac diatomStreptotheca thamensis
showed very high cell density in March at all thatisns, when total phytoplankton cell
density and biomass were also elevated and itsepcesis an indication of organic
pollution (Sahwet al, 2012 and Nailet al, 2009).

The present study reports high countsPobtoperidinium acbromaticunin the
month of March towards the upper section for thst fiime form India. Their growth is
known to be favored in environments that are richulvic and humic acids, and other
dissolved organic compounds, which constitute thi& bf the estuarine colored dissolved
organic matter (CDOM) pool agreeing with Hair andsBett 1973; Goret al, 2003 and
Suzumureet al, 2004.

Highly diverse species of centric diatoms includiAgtinocyclus octonarioys
Chaetoceros lorenzianusand two pennate diatom3halassiothrix frauenfeldiiand
Chaetoceros lasciniouare euryhaline and eurythermal species that pratéderapidly in
estuarine conditions. Large centric diatoms Watinocyclus octonariouand Chaetoceros
lorenzianushave a low surface to volume ratio and begin miyitig during the monsoon
period when the nutrient concentration is highgamironment conducive for their growth.
Thalassiothrix frauenfeldiwere present in high numbers during the non-mamg®viod,
perhaps due to their high surface to volume ratid thus their ability to absorb nutrients
rapidly, when nutrient concentrations are low anel $alinity is optimum (Achargt al,
2010; Kukrer and Biyukisik 2013 and Shamet al, 2012). Diatom genera like
Thalassiothrixand Chaetocerosare known to produce resting cells and spores runal
silicate and nitrate limitation. These end up i® surface sediments, where they can

eventually grow into vegetative cells under nutrdgoh, illuminated conditions (Cetin and



Sen 2004; Cheat al, 2009 and Koger anden 2012), leading to their growth during both
seasons.

The Mandovi estuary is a highly dynamic ecosystemnere phytoplankton
communities can change drastically from day to dBlye most important drivers of
changes in the phytoplankton community compositetinin the Mandovi estuary were
clearly salinity and nutrient combination. The giirdecrease in salinity following the first
monsoonal showers and rapid increase in nitrateesdration was responsible for the
increase in phytoplankton biomass observed ovestuay period. Although our sampling
site is not necessarily representative of the emstuary, it does appear that the Mandovi
estuary closer to its mouth is largely a diatom ohated system for most part of the year,
with the exception of a brief period during the Po®nsoon, when the increase in salinity
and associated changes in the environment appdavdo dinoflagellate growth. During
the peak of the monsoon when the estuary was &eghest, phytoplankton biomass was
lower side, but surprisingly the community was mageof the largest number of species.
Similar observations are also reported from otlgians of Donana marshland from (SW
Spain) and Paraibado Sul river estuary in (SE Brayi Reyeset al, (2008) and Costat
al., (2009), where species richness is driven by nifiagnce of the fresh water flow in to
the estuary. A bloom of nine phytoplankton spediwes been reported during daily
sampling period which throws more insight on thegpession of each bloom species.

The present annual study showed on the seasonaniy®m of phytoplankton
supported a greater phytoplankton cell densityl@adhass during the non-monsoon period
at the upper section (OldGoa), whereas the spefiiessity was high during monsoon
period at the lower section (Verem). Study foundossantially large number of
phytoplankton species (209) from this estuary isibaited to the sampling frequency.
Bacillariophyta dominated the phytoplankton popolatvith  70% of the total number of
genera and species at middle and upper sectionsgdhoth the seasons. 26 dominat
species with cell density of > 1000 cells' lwere observed in the present study,
representing four types of species adaptation kespect to changes in salinity and nutrient
concentration. First type oligohaline e@haetoceros subtiljsCoscinodiscugranii and
Amphidoma nanumepresenting the monsoon seasGgmnodinium grcilevas found to



grow in mesohaline conditions in the present stwdth salinity range of 15-25 psu.
Species like Streptotheca thamensisand Protoperidinium acbromaticumfound to
proliferate only during the non-monsoon period whigh cell density at upper section in
the present study. Fourth type is euryhaline spgeéietinocyclus octonariousand
Thalassiothrix frauenfeldiwere found to grow through the study period. Thespnce of
certain species likStreptotheca thamensis proposed to be used as an indicator of water

guality of the Mandovi estuary.
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3.1. Introduction

Zuari river flowing westward along with Mandoviteary is the foremost estuarine
complex of Goa, India. This estuary is located gltime central west coast of India and
influenced by the southwest monsoon regime. Theirmax rainfall received by this
region is during the monsoon period (June - Sepég)jribading to rise in River discharge
and therefore referred to as monsoonal regionsty€keal, 2007 and Vijithet al, 2009).
Monsoonal estuaries are unigue and remain in uihgtetate for most of the time in

comparison with that of temperate estuarine sys{@&nand Subha&t al, 2014).

Mormugao port is located along Zuari estuary isown for anthropogenic
activities. It is leading in exporting of iron ofSivadaset al, 2011). There are two
Sewage Treatment Plants (STPs) located on sideapbiMormugao Headland, near the
mouth of Zuari and other one by side of the mouthhe estuary at Baina. Along the
southern bank of Zuari in the Mormugao Port, thare ship building industries, yards,
workshops, etc. and various other anthropogeniwiaes. The anthropogenic wastes
generated in this regime includes washing fromsshifeaning, scraped paints and oil and
various other domestic wastes which are primariscltarged into the Zuari estuary

(Shirodkaret al, 2012 and Ananedt al, 2014).

Above mentioned activities have influence on tteewr quality and productivity of
the Zuari estuary (Patil and Anil 2008 and Pradaad Shirodkar 2009). It is know that
productivity of the estuarine ecosystem dependhenphytoplanktons which regulate the
quality of the estuarine waters due to their quiekponse to environmental changes.

According to Devassy and Goes 1988 Patil and ABd&and Pednekaat al, 2011 the



abundance and composition of phytoplankton areetjoassociated to various physical
(temperature, light, rainfall, salinity and tidehemical (nutrients and dissolved oxygen)

and biological (grazing) factors.

Zuari estuary is tide dominated and is influencganmnsoon (Qasim and Sengupta
1981). During South West monsoon due to high xthere is decrease in the salinity and
increase in nutrients and turbidity affecting threvgth of the phytoplankton. Fresh water
enters through the mouth of the estuary leadindetoease in salinity, increase in nutrients
and turbidity levels (Devassy and Goes 1988). Caargssociated with the southwest
monsoon have pronounced effects on the communityarine phytoplankton and food
web (Bhattathiret al.,1976; Devassy and Goes 1988 and Patil and AnilR@uring this
period, large amount of freshwater the mainly fribv@ river, land run off and precipitation
is added to the estuary which is changing the glysihemical properties water. So there
are no systematic studies have been undertakemrsm fthis estuary focusing on the
Spatio-temporal variations of phytoplankton popolat So to address this knowledge gap
one year extensive daily observations were cawigdat fixed station in the mid-estuary
region and transect along estuary to examine te# and intra seasonal variability in the
phytoplankton biomass and distribution which argutated by monsoon driven rainfall

and consequent discharge pattern in the estuary.



3.2. Materials and Methods

3.2.1. Study area

Zuari is located along central-west coast of Inst@wveen 1381 N and 7349°E It
is tropical and active aquatic ecosystem with angfrseasonal incline, in terms of plankton
assemblages and environmental variables mainly tdueoupling of biological and
physico-chemical factors (Shetge al, 2007). The Zuari River originating in the Western
Ghats is extending up to 70 km before joining thabdan Sea. The mouth of estuary is
about ~5.5 km with depth about ~5—-6 m. Sampling ezased out during the year 2008-
2009 for period of one year, which comprised of samn (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 samplingwas carried out at a fixed station and at fixeakti(11:00hrs) for station

1 (Cortalim) and during sampling only surface watexs collected because of its shallow
depth.

2) Fortnightly samplingwas carried out along transect which consistediofstations

[Station 2-Chicalim (mouth of the estuary); Stati®sland and Station 4-Sancval (lower
reach); Station 5-Zuari (middle reach); Stationudlim and Station 7- Borim (all at the
upper reaches)] were selected (Fig. 4.). Bothaserand bottom samples were collected.

3.2.3. Sample collection and Laboratory analysisPhysico-chemical and biological
parameters remained same as in Chapter II.

3.2.4. Data analyses: Data analyses of physic-chemical and biologicameters are

given in Chapter II.



3.3. Results
Station 1 (Cortalim) - Daily sampling

3.3.1. Physico-chemical parameters

Temperature Throughout the study period temperature variethf26.99 — 31.6C with

an average of 30.6C (Fig. 25A). Highest temperature of 31%64vas observed during the
post-monsoon period in the months of October, Jgrarad March. Lowest temperature of
26.99°C was observed during inter-monsoon period anchdurionsoon season comprised

of (July, August and September).

Salinity. Salinity throughout the study period varied fro39 psu with an average of 19
psu. Maximum salinity of 34 psu was observed dutimg pre-monsoon period with an
average of 30.83 psu (Fig. 25A). Monsoon seasa@wstt minimum of 0 psu and
maximum of 25 psu with average of 8 psu. Inter-neonssalinity was in the range of 0-

33 psu with average of 10 psu.

Rainfall: During year 2008-2009, maximum peak of rainfall@ Bmm) was observed in
the month of June Fig. 25A. In the year 2008 rdiméceived was below normal (2490.2

mm).

Tides Tide height throughout the study period varied fréhi0- 2.28 m with average of
1.30 m. Maximum tide height of 2.28 m was repodedng inter-monsoon period (Fig.

25A).



River discharge Throughout the study period river discharge \érfiem 12.00 - 2250

ms* with average of 554.08 1si*. Maximum of 2250 rfs* recorded in the August during
monsoon period with average of 1684.6%h{Fig. 25C).

Dissolved oxygen (DO)During the study period DO varied from 0.98-5.18Lm with

average of 3.84 mgl Lowest DO (0.98 mgt) was reported during monsoon period.

Highest was recorded during post-monsoon periagl @5B).

Nitrate (NG-N): Nitrate during the study period varied from 0.2QL6.21uM with an

average of 3.32 uM. Inter-monsoon reported the mari concentration of nitrate 16.21
UM (Fig. 25B). During monsoon period nitrate cortcation varied from 0.20 uM - 10.13

MM and average of 4.23 pM.

Nitrite (NO,-N): Nitrite concentration varied from 0.11-10.29 pMlaaverage of 1.49 uM.

Inter-monsoon recorded the maximum nitrite conegimin of 10.29 uM. Concentration
reduced during the monsoon period varying from @25b uM and average of 0.91 uM.

(Fig. 25B).

Phosphate (P@P): Phosphate distributed highest during the inter-monsperiod which

further reduced during monsoon and post-monsooivgé€Fig. 25B). During the study
period phosphate concentration was in the ran@e0ff-8.82 uM and average of 1.69 uM.
In the inter-monsoon period concentration variennfrl.60-8.82 pM with average of 3.22
UM (Fig. 25B). Monsoon observed variations in phgp between 0.71 -7.51 puM.

Silicate (SiQ-Si). Silicate distributed highest during the monsooniqeemwhich further

reduced during post-monsoon and pre-monsoon péfigd 25B). During the study period

silicate concentration was in the range of 18.782uM. In the pre-monsoon period



concentration varied from 38.52-38.54 uM (Fig. 25Bjonsoon observed variations in
silicate between 42.10-42.15 pM.

Correlation Analysis between the environmental pagters The linear correlation

coefficients between the physico-chemical variabfesonthly data are given in Table 3.1.

Temperature was positively related with salinityQf78; p< 0.05), while dissolved oxygen

negatively correlated with salinity (r=0.5; p< 0)0&nd temperature (r= -0.97; p< 0.05).

Nitrate, nitrite, phosphate and silicate showeadificant correlation with discharge rate

(Nitrate r= 0.89; p< 0.05, nitrite r=0.42; p< 0.(ihosphate r=0.88; p< 0.05 and silicate
r=0.78; p< 0.05). Tidal height correlated with memts and rainfall. Dissolved oxygen also
showed correlation with nutrients, rainfall, tideight and discharge rate and negatively
correlated with salinity and temperature.

Principal Component Analysis (PCAThe Principal Component Analysis (PCA) was

carried out in order to find the factors which ughced the environment of the study area.
In PCA, the Eigen values are normally used to timel number of principal components
(PCS) that can be used for further study. A scteefpr the Eigen values derived showed
a change of slope after fourth Eigen values. Tloeeethe first four PCs were considered,
as they explained 98.3% of the variance in the (ledble 3.2; Fig. 26). The first principal
component (PC1) explained 79.5% of the variance \aad influenced by salinity and
temperature positively while nitrate, nitrite, ppbate, silicate, rainfall, tidal height,
oxygen and water discharge rate negatively loaBedt-monsoon season showed highest
score on the first PC1. While monsoon showed higbesring on PC2, PC3 and PC4 and
therefore, it can be concluded that second, thind Bourth components are strongly

influenced by temporal variability where PC2 and3R&plained 11.7% and 6.1% of the



variability (Table 3.3; Fig. 26). PC2 showed pastiloading of nitrite and dissolved
oxygen. PC3 showed positive loading of nitriteicalle and rainfall. PC4 explained 1.5%

of the variance with positive loading of tidal hieigtemperature and discharge rate.



Table 3.1. Correlation matrix between the environtakeparameters p<0.05

Salinity | Nitrate| Nitrite | Silicate Phosphate Raihfa Tide Temperature Dissolved Water

height oxygen | 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.r4 1j00

Rainfall -0.94 0.51 -0.05 0.6p 0.716 1.00

Tide height -0.12 -0.28 0.38 0.18 0.12 0403 1.00

Temperature 0.96 -0.44 -0.09 -0.62 -0/85 -093 10.0 1.00

Dissolved

0.51 -0.08 0.04 -0.61 -0.53 -0.44 -0.64 0J39 1.00
oxygen
Water discharge -0.8y 0.19 -0.19 0.64 070 .83 60.3 -0.74 -0.72 1.0G

Table 3.2: Results of Principal Component Analysble 3.3 Principal Component Scores

Variable PC1 PC2| PC3 Sample SCORE1 SCORE2SCORES
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

-3.39E-

Silicate 0.343| 0.002] 0.081 Aug_2008 3.57 02 0.766

Phosphate 0.381 0.075 -0.033 | Sep_2008 291 -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 -0.09y Nov_2008 -0.906 -2.51 -0.377

Temperature -0.3894 -0.142 0.194 | Dec 2008 -1.43 -1.62 -1.98
-8.53E-

Dissolved oxygen -0.287 0.43] -0.199 | Jan_2008 -2.17 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




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




Daily sampling
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Stations 2-7 (Transect) - Fortnightly sampling
3.3.2. Physico-chemical parameters

Temperature Temperature was reported highest during non-mongeoiod.. At surface
maximum temperature of 32.63 °C with SD* 0.69 °G vegorted at Island (Fig. 27A). At
bottom maximum temperature was reported at Islaitll &werage of 32.33 °C and SD+
0.7 °C during non-monsoon period (Fig. 27B).

Salinity. Salinity decreased from Chicalim to Borim stafoAt surface highest salinity of
35 psu with an SD+ 0.71 psu during non-monsoorodenias observed at Chicalim (Fig.
27C). At bottom the lowest salinity of 24 psu widh SD+ 2.12 psu was observed at
Borim and Lutolim stations (Fig. 27D).

Dissolved Oxygen (DOPO concentration decreased from Chicalim to Bodsurface

highest concentration with the average of 6.46 thglith an SD+ 0.25 mgt was
observed at Chicalim during non-monsoon period .(RgE). At bottom maximum
concentration 6.38 mgtwith an SD+ 6.38 mgtwas found at Chicalim station (Fig.
27F).

Nitrate: The highest concentration of nitrate with an ageraf 11.37 uM and SD+ 6.19
MM was observed at the surface of Sancval stakan 28A) during monsoon period. At
bottom maximum concentration of nitrate with anrage of 10.89 uM and SD+ 7.68
MM was observed at Zuari station (Fig. 28B).
Nitrite: Nitrite concentration was maximum both at surfaed bBottom of Lutolim station
(Fig. 28C-D).

PhosphateHighest concentration of phosphate with an avecdd@e04 uM and SD+ 0.72

MM was observed at surface of Sancval station (EP8E). At bottom maximum



concentration of 6.18 uM and SD+ 3.85 uM was reggbet Zuari station during monsoon
period (Fig. 28F).

Silicate Fig. 28G and H gives variations in silicate concatin at six stations. Lutolim
observed maximum concentration of 84.34 with an SD+ 88.64 uM at surface during
monsoon period. At bottom highest concentration fwaad at Sancval with an average of
72.47 M and SD+ 32.32 uM during monsoon period.

Correlation Analysis Pearson’s Correlation analysis was carried outh wihe

environmental parameters is given in Table 3.4in8wlshowed significant negative
correlation with nitrate (r = -0.61; p = 0), phospd (r = -0.22; p = 0.17), silicate (r = -
0.45; p =0) and DO (r = -0.27; p = 0.001) whilespiwe correlation with temperature (r =
0.21; p = 0). Dissolved oxygen was positively rethtvith nitrite (r = 0.69; p < 0.05). All

the nutrients were significantly correlated withcleaother. Nitrate showed significant
positive correlation with nitrite (r = 0.35; p =00) and tide height (r = 0.21; p = 0.34).
Phosphate correlated with silicate (r = 0.37; p.60R Silicate correlated positively with
DO (r = 0.17; p = 0.039). Temperature negativelatesl with silicate (r = -0.24; p =

0.004), tide height (r = -0.28; p = 0) and DO (0-98; p = 0.00).

Principal Component Analysis (PCA¥cree plot of the Eigen values in PCA analysis

showed a change of slope after third Eigen valoeth8 first three PCs were considered as
they explained 76.9% of the total variability inveonmental parameters (Table 3.5; Fig.
29). The PC1 accounted for 38.1% of the variabiftyd showed positive loading of
salinity, temperature and tide height. Whereasients like (Nitrate, nitrite, phosphate and
silicate) and dissolved oxygen was negatively |dagie the first axis. The second principal

component (PC2) accounted for 22.2% of the vaitgbilNitrate, tide height and



temperature showed positive loading on the PC2 &kis third principal component (PC3)
accounted for 16.6% of the variability. Nitratetrite, phosphate, silicate and temperature
showed positive loading. While all the six statiggest- monsoon season had the highest
scoring on PC1 and PC2 Table 3.6.

Analysis of Variance (ANOVABummary of the environmental parameters is given

Table 3.7. Spatio-temporal variations was obsemwedemperature showed significant
variation between Station x Season x Depth (p €2).0able 3.7). Tukey’s post hoc test
for differences showed that the temperature higla¢sZuari surface during the post-
monsoon season. Salinity also showed spatio-terhpeith (p = 0.0002) seasonal
fluctuations was statistically significant. Tukeyp®st hoc test for differences showed
salinity at Island were significantly high at batt@uring post-monsoon period (Table 3.7).
In the case of nutrients nitrate showed signifigahigh at Zuari surface during monsoon
season (p < 0.00001; Table 3.7). Nitrite alsoofwd similar trend as nitrate. Phosphate
was significantly high during monsoon at bottomZafari station, where as silicate was
high at Zuari bottom during monsoon period. Disedhoxygen was significantly high at
Chicalim surface during monsoon period (p = 0.00D&hle 3.7). Highest tide height was

recorded at Sancval station with (p = 0.0002; T&oI8.



Table 3.4. Correlation matrix between the environtakeparameters p<0.05

E3

Nitrate | Nitrite | Phosphate| Silicate  Salinity  Tideight | 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 -.0455| -.1152 -0926| .1720| -.2666 2737 1.0000
oxygen
Temperature .1060 .1038 -0178| -.2417 2673 -.2838 -.9578 1.0000
Table 3.5: Results of Principal Component [§sia Table 3.6 Principal Component Sores
Variable PC1 PC2 PC3 Sample SCORE1 SCORE2 SCOR
Nitrate -0.061| 0.634 0.228 C_S Monsoon -2|.724.86E-02 -1.39
Nitrite -0.042 -0.08 0.718 C_S_Post-monsopn 2 -0.474 -1.75
Phosphate -0.484 -0.117  0.179 C_B_ Monsoon -8.05 -1.14 -0.114
Silicate -0.509| 0.002 0.161 C_B_Post-monsaon 1.35 -1.48 -0.3
Salinity 0.211 | -0.588] -0.113 IS Monsoon -2122  0.261 -0.893
Tide height 0.118 0.426 -0.41p IS Post-monsopn 35p. -0.443 -0.915
Dissolved oxygen  -0.48§ 0.082 -0.29 I_B_Monsoon 4872 -1.1 0.607
Temperature 0.446 0.208 0.324 |_B_Post-monsgon 921 -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-monsopn 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 17 -1.01 1.03
B_S_ Monsoon 0.781 1.55 -1.11




Table 3.7. Factorial ANOVA result showing the véioa of environmental data between
station (3), season (2) depth (2) and their inteyacF statistic and probability (p)

Parameters F P
Temperature Station 29.84 0.0001
Season 29.11 0.0002
Season x Depth 29.31 0.0002
Station x Depth 29.95 0.0001
Station x Season 31.04 0.0001
Station x Season x Depth 31.21 0.0002
Salinity Station 26.31 0.0001
Season 24.63 0.0002
Depth 20.89 0.0002
Season x Depth 27.57 0.0002
Station x Depth 28.30 0.0001
Station x Season 32.36 0.0001
Station x Season x Depth 32.54 0.0002
Nutrients:
Nitrate
Station 11.08 0.0001
Season 5.54 0.0002
Depth 6.01 0.0002
Season x Depth 6.24 0.0002
Station x Depth 18.51 0.0001
Station x Season 15.24 0.0001
Station x Season x Depth 28.51 0.0002
Nitrite
Station 2.67 0.0001
Season 1.83 0.0002
Depth 1.90 0.0002
Season x Depth 2.11 0.0002
Station x Depth 3.02 0.0001
Station x Season 3.34 0.0001
Station x Season x Depth 4.31 0.0002
Phosphate
Station 2.71 0.0002
Season 2.71 0.0002
Depth 2.29 0.0002
Season x Depth 3.32 0.0002
Station x Depth 2.89 0.0001
Station x Season 3.54 0.0001
Station x Season x Depth 4.68 0.0002
Silicate
Station 34.83 0.0001




Season 42.96 0.0002

Depth 35.21 0.0002

Season x Depth 45.50 0.0002
Station x Depth 40.28 0.0001
Station x Season 54.64 0.0001
Station x Season x Depth 57.22 0.0002

Dissolved Oxygen

Station 4.66 0.0001

Season 4.56 0.0001

Depth 4.28 0.0002

Season x Depth 4.71 0.0002
Station x Depth 4.72 0.0001
Station x Season 541 0.0001
Station x Season x Depth 5.51 0.0002

Tide Height

Season 0.72 0.0002

Depth 1.25 0.0002

Season x Depth 1.45 0.0002
Station x Depth 1.28 0.0001
Station x Season 0.77 0.0001
Station x Season x Depth 1.55 0.0002




Fortnightly sampling
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Figure 27A-F. Monthly variations in physico-chemigamrameters (Dissolved Oxygen
(DO), Temperature and Salinity) at stations 2,3@and 7 (Transect) in Zuari estuary
during May 2008- May 2009. Where A) Surface Temper B) Bottom Temperature, C)
Surface Salinity and D) Bottom Salinity, E) Surfd2® and F) Bottom DO.
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Figure 28A-H. Monthly variations in physico-chenlicparameters (Nitrate, Nitite,
Phosphate and Silicate) along transect in Zuadaegtduring May 2008- May 2009.
Where A) Surface Nitrate, B)Bottom Nitrate, C) Swé nitrite, D) Bottom nitrite, E)
Surface phosphate, F) Bottom phosphate, G) Surf8deate and H) Bottom silicate.



7 5 Post-monsoo
Mitrate

4-1
Tide height
Temperature
Digsolved oxygen
3 'l Silicate
o
trite B\ S_Monsoon
Phosph ale NI )I
S_MofrsS

ost-monsoon

S S Monsoon E

S_Mops
0+ C_S_N Mbg sggm'g;r:ﬂiggn%mbw mﬂns'ﬂ%nﬂzpum maorsoon

S B_kansoon

Figure 29. Principal Component Analysis based onrenmental parameters and seasons
where Aug- August, Sep- September, Oct- Octobev-Navember, Dec- December, Jan-
January, Feb- February, Mar- March and Apr- April.



Station 1 (Cortalim) - Daily sampling
3.3.3. Phytoplankton community structure

Phytoplankton biomass and cell densitpaily variations in biomass (Cha) and

phytoplankton cell density at station 1 (Cortalim)Zuari estuary are explained in (Fig.
30). During the study period Chlorophyl varied from 0.45 - 17.18 mgwhile cell
density ranged from 0.08 - 39.37 X*10ells L. In the case of pre-monsoon season (May
2008) Chla ranged between 4.44 -14.41 mgmwith an average of 9.81 mgin
Phytoplankton cell density varied from 0.52-2.43% Cells L*with an average of 1.09 X
10* Cells L. During inter-monsoon period phytoplankton biomamsged between 1.48-
11.62 mgrit with an average of 3.53 mgimTotal cell density ranged between 0.11-7.30 X
10" Cells L* with an average of 1.48 X 1Qells L. Monsoon showed the highest biomass
ranging between 0.45 -17.18 mgran average of 3.14 mgmTotal phytoplankton cell
density 0.11 - 39.37 X foCells L and average of 3.14 X i@ells L. Post-monsoon
period observed maximum of 15.50 mgmwith an average of 1.31 mgin Total cell
density varied from 0.08-6.70 X i@ells L! an average of 0.08 X {@Cells L. Pre-
monsoon (May 2009) phytoplankton cell density \érfeom 0.13-3.77 X 1bCells L*
with an average of 1.91 X i@ells L. Chla ranged between 4.41-10.69 migwmith an
average of 7.66 mgrh Altogether more than 50 peaks of high ehbiomass and cell
density were observed in the present study. Aralfhgeaks coincided with the blooms of
phytoplankton species.

Phytoplankton compositionThroughout the study period at Cortalim stationZuari

estuary total 241 species with 85 genera were tegofFrom this 160 species with 55

genera of Bascillariophyta, 22 genera and 72 spdi@éongs to Dinophyta, 3 genera with 3



species belongs to Chrysophyta, Cyanophyta 1 gendisl species, Chlorophyta 2 genera
and 2 species and Charophyta 2 species and 1 ¢Eable 3.8 ). Seasonal distribution at
Cortalim station showed total 38 genera with 64csgeduring pre-monsoon period 2008
were identified. Out of this total 27 genera with gpecies belongs to Bacillariophyta, 8
genera and 16 species of Dinophyta, Chrysophytevesthd genus with 1 species, 1 genus
and 1 species of Cyanophyta and Chlorophyta was Wigenus 1 species (Fig. 31A-B).
Inter-monsoon period reported total 46 phytoplanigenera with 67 species. Out of which
34 genera with 60 species belongs to Bacillarioghwythile 10 genera with 14 species of
Dinophyta, 1 genus with 2 species of Cyanophyta@hnadrophyta consists of 1 genus and
1 species (Fig. 31 A-B). Monsoon period showed \egh total number of genera 74 and
species 153. This total in turn is divided intode#hera of Bacillariophyta with 106 species
respectively. Dinophyta found all together 17 ganand 38 species. Other algae includes
Chrysophyta 3 genera with 3 species, CyanophytanLigywith 2 species, Chlorophyta 2
genera and 2 species and Charophyta representaus geth 2 species (Fig. 31 A-B).
During post-monsoon period total 240 species bahango 81 genera. Bacillariophyta
accounted for 160 species and 54 genera. Whiledbiyta 20 genera with 71 species.
Chrysophyta 3 genera and 3 species, Cyanophytandsgend 2 species, Chlorophyta 2
species belonging to 2 genera and Charophyta ¢srsisl genus with 2 specids. the
case of pre-monsoon period of 2009 total 41 gem#tta67 species were identified. From
these total 31 genera of Bacillariophyta with 5&ces, 9 genera with 12 species of
Dinophyta and only 1 species with 1 genus of Choiagta was found (Fig. 31 A-B).
Seasonal distribution in Bacillariophyta is givefig. 32A). In the case of pre-

monsoon period Bacillariophyta showed total wit®®b8pecies belonging to centrales and



47% species were found to be pennate. During mtamsoon period Bacillariophyta
divided into 52% species of centrales and 48% speoif pennales. Monsoon period
showed 54% species as centric 54% as pennate fddomsng post-monsoon period
Bacillariophyta accounted for 49% species as aematnd 51% species as pennate. In the
case of pre-monsoon period of 2009 Bacillarioptsttawed 63% species as centric and
39% species as pennate forms.

Seasonal distribution of Dinophyta reported 25%ce®e as autotrophic, 25%
species as heterotrophic and 50% species as mphitrqFig. 32 B). During inter-
monsoon period dinophyta showed 29% species rageeseitrophic forms, while 21%
species as heterotrophic and 60% species as mpkatréorms. Monsoon period showed
Dinophyta 34% species as autotrophic, 21% spesiéeterotrophic and mixotrophic 39%
species. Post-monsoon period observed Dinophytadg&2% species as autotrophic, 28%
species as heterotrophic and 39% species of mpdoiro In the case of pre-monsoon
period of 2009 total dinophyta divided as 33% specs autotrophic, 17% species as
heterotrophic and with 50% species as mixotroptims were identified (Fig. 32 B).
Diversity: During pre-monsoon period, total diversity vargfdl.78 — 4.11 with average of
3.16 (Fig. 32 C). From the total diatom diversignged between 1.56 - 3.76 with an
average 2.79. Dinoflagellate diversity was maximefr2.51 with an average of 1.89. Other
algae showed maximum diversity of 1. In the casan@r-monsoon period total diversity
was in the range of 0.53-3.50 with an average 85.2ln the total diatom diversity was
maximum of 3.42 and minimum of 0.42 and average2.@4. Dinoflagellate diversity
showed an average of 0.61 and maximum of 1.75. iawa diversity was reported during

the monsoon period. Total diversity varied from7469 with an average of 2.33. From



total diatom diversity varied from 0.36-4.32 with average 2.14. Dinoflagellate diversity
was maximum with 3.60 and an average of 0.68. [Qumost-monsoon period total
diversity was in the range of 0.30-4.12 and avemafgé.0. Diatom diversity during post-
monsoon period varied from 0.17 — 3.73 with averafj@. Dinoflagellate diversity was
maximum of 3.1 and average of 2. Pre-monsoon pdotal diversity ranged between
1.03-3.78 averages of 2.53. Dino flagellate ditgnsias highest on 14May with 2.64 and
average of 1.12. (Fig. 32C).

Species evennesEotal species evenness ranged from 0.40-0.83 avitverage of 0.66.

Seasonal variations are explained in Fig. 32D. myrpre-monsoon period species
evenness of diatom was 0.39-0.85 with an avera@e6df (Fig. 32D). Species evenness
Dinoflagellate ranged between 0.60-0.77, average.@d. Other algae showed maximum
species evenness of 1. In the case of inter-mongenad diatom species evenness varied
between 0.12-0.89, an average of 0.60. DinoflaggeBpecies evenness with an average of
0.58 varied between 0.10-0.93. Monsoon period thaBpecies evenness also ranged
between 0.10-0.92, an average of 0.57. DinoflagelEpecies evenness was with an
average of 0.62. Species evenness of other algasdvaom 0.37-1.00 average of 0.80.
During post-monsoon period diatom species everwasshighest of 0.92 and an average
of 1. Dinoflagellate species evenness ranged bet@eel-1 an average of 1. In the case of
other algae species evenness vary from 0.72-1 amthverage of 1. Pre-monsoon period
diatom species evenness ranged between 0.21-Od7@naaverage of 0.55. Dinoflagellate
species evenness ranged between 0.46-1.0 withemagevof 0.74 respectively (Fig. 32D).

Phytoplankton blooms and its pigment compositi&easonality has also been observed in

the blooms of phytoplankton species. Bloom of diatBleurosigma angulatunwas



observed continuously for three seasons pre-monsoe@i-monsoon and monsoon period
(Fig. 33A). The highest peak of bloom with cell diégn of 16,682 Cells I* was appeared
during pre-monsoon period. The pigment compositibbloom includes Chb (2.15 mgm

%), fucoxanthin 1.11 mgm zeaxanthin 1.70 mgrhand ChlC2 1.01 mgritrespectively.
Bloom of dinoflagellate speciedmphidoma nanunwas observed only during inter-
monsoon period, with cell counts of 14,036 Cells Bloom was observed with pigment
composition of 1.86 mg of Chl C2 and peridinin 0.18 mgrh(Fig. 33B) The bloom
peaks ofBidulphia regiaappeared in two seasons i.e. inter-monsoon an¢@oonseason.
Highest bloom peak was observed during inter-momgumiod with cell counts of 13,968
Cells L* (Fig. 33C). Pigment composition of this bloom peainsists of ChiC2 (1.83
mgmi®) and fucoxanthin 2.43 mgr The blooms of phytoplankton species which appkeare
only during the monsoon season aksteromphalusp. bloom was observed on™.2uly
2008 with cell counts of 11960 Cells'and it consists of pigments like GBR (0.79 mgm

%), fucoxanthin 0.84 mgiand zeaxanthin (0.68 mgin(Fig. 33D). Two days continuous
bloom of Asteromphalus cleveanwsas found during monsoon period with cell counts
varying from 19866 -12464 Cells™L Bloom peak consists of CHb (0.64 mgnt),
fucoxanthin (1.64 mgff) and ChIC2 (2.47 mgn?) (Fig. 33E).

Two bloom peaks ofStephanopyxis palmerianaere reported during monsoon
season in the same month. Bloom peaks accountexkliocounts of (18,720-13,376 Cells
LY. Pigment composition made up of GB2 (1.64 mgr¥) and fucoxanthin 3.29 mgm
3(Fig. 33F). Bloom of autotrophic dinoflagella@onyaulax brevisulcaturwas found on
29" of August with cell counts of 10,176 Cells"LMajor pigments composition was Chl

C2 (0.92 mgrt) and peridinin (0.468 mgt). Blooms of six species were appeared only



during the post-monsoon season (Fig. 33&}inoptychus senariusloom was found in
the month of January with cell counts of 9120 Celfswith the dominating pigment of
fucoxanthin 1.30 mgm (Fig. 33H). Gyrosigma littoralebloom peak was found during
November with cell counts varied from 14,364-16,488ls L*. The pigment composition
of this bloom peak consists of OBR with 0.86 mgr* andfucoxanthin (1.16 mgi) (Fig.
33I). Pleurosigma elongatunbloom was observed during post-monsoon period with
highest peak was observed in the month of Decemlikrcell counts of 29,376 Cells™L
Pigment composition of this highest peak consisBhd C2 0.90 mgn?, fucoxanthin (2.45
mgm°), zeaxanthin (0.85 mgfM and Chlb (0.50 mgr¥) (Fig. 33J). Mixed bloom of
dinoflagellateProtoperidinium tristylumandPyrophacus horologiurappeared on the same
date during post-monsoon period (Fig. 33K-LBrotoperidinium tristylum showed
maximum counts 13,280 Cells'lat bloom peak. Where&yrophacus horologiurehowed
maximum counts of 13,320 Cells'IPigment composition of this peak is made up of Chl
C2 0.87 mgnt, peridinin (0.31 mgn), zeaxanthin (0.31 mgi and Chib (0.49 mgn)
(Fig. 33K-L). Bloom of Amylax triacanthawas observed during both the monsoon and
post-monsoon season. The highest bloom peak o7@%2lls ' was appeared on Bof
September, with pigment composition of GB2 0.89 mgr¥, fucoxanthin (1.95 mgi)
and Chlb (0.45 mgnt) (Fig.33M). Bloom of diatomchaetoceros laciniosugnd
Actinocyclus octonarioug/as found in both monsoon and post-monsoon pé¢Fimd 33N-

0). Highest peak of the bloom was appeared inhewith cell counts of 42,012 cells'L
Peak consists of pigments other than chloroplaylincludes ChlC2 3.81 mgn,
fucoxanthin (1.71 mgf), zeaxanthin (2.15 mgf) and Chib (1.78 mgrt). Thalassiothrix

frauenfeldii bloom was found during post-monsoon and pre-mamgoeriods. Highest



peak of the bloom was found in the month of Novemtiéh cell counts of 50,116 cells'L
(Fig. 33P)Pigment composition of peak consists of C&0.53 mgnt, fucoxanthin (1.31
mgm°), zeaxanthin (0.85 mgf) and Chib (0.45 mgn).

Temporal variations in phytoplankton flor&he Bray-Curtis and MDS ordination based on

dominant phytoplankton species abundance in diffeseasons (Fig. 34A-B). The months
are differentiated into seasons. Based on analysae major clusters are formed at 40% of
similarity Cluster | consists of (May 2008 to Octwb2008), Cluster Il consists of
(November 2008) and Cluster Ill (December 2008 tayN2009). SIMPER analysis was
carried out to find the species that accountedther dissimilarity between the different
seasons (Table 3.9). Group | showed 77.67% andL®!dssimilarity with Group Il and
[l respectively.Protoperidinium lenticulatunandNitzschia levidensisvas responsible for
the differences (Fig. 34C-D). Group Il and Il alsbowed variation in their community
(78.70%).Hemiaulus haucki(44.96%) andGyrosigma fasciola(78.92%) dominated in
Group Ill and accounted for 44.96% and 78.92% efdhserved dissimilarity (Fig. 34E-F).

Effect of environmental variables on phytoplanktgopulation The effect of

environmental factors on the Total phytoplanktomgily, Total diatom density, Total
dinoflagellate density, Total other algae densi@hl a, Chl b, Chl c2, fucoxanthin,

zeaxanthin, diadinoxanthin and peridinin has bdwwed in the CCA biplot (Fig. 35A). In

the CCA biplot two axis explaining 71.58% and 90@2@®f the relationship between
general phytoplankton composition and environmentaiables (Table 3.10). Salinity,
nitrite, phosphate, rainfall and water dischargewstd positive correlation on axis one
where as combination of salinity, phosphate, rdlirsflad temperature showed relation on

axis two. Environmental parameters like nitritelirsy, phosphate, rainfall and water



discharge influenced the distribution of Ghlfucoxanthin, zeaxanthin. Indeed among ten
composition of phytoplankton seven of them wereelto the centre of the CCA diagram.
This is probably due to the composition charadiesg<f this composition.

In the CCA biplot of phytoplankton species resaits explained on 4-axis (Table
3.10). Species likeProtoperidinium lenticulatum Gonyaulax milneri, Gonyaulax
brevisulcatumm,Dinophysis expulsa, Rhizosolenia imbricata, Ceratilongirostrum,
Nitzschia levidensis, Stephanopyxis palmeriashowed positive correlation with
phosphate, rainfall, temperature, dissolved oxygamd tide height. Pleurosigma
angulatum Asteromphalussp., Coscinodiscus graniiGonyaulax milneriand Biddulphia
aurita showed influence of nitrate in the waters. Combamabf nitrate, tide height and
temperature on third axis influenced the presericspecies likeGyrosigma littorale
Gonyaulax kofoidiandThalassionema nitzschioiddsitzschiasp.1,Nitzschia longissima
Hemiaulus sinensis, Gonyaulax brevisulcatamdPleurosigma angulaturwere positively

with salinity, phosphate, rainfall and temperat{ig. 35B).



Table 3.8 List of Phytoplankton species in Zuartiuasy during the year 2008-2009. Where

Mon-monsoon and Nmon- Non-monsoon; +-Present; sefib *-Harmful species and **-

Toxic species

Phytoplankton Taxa

Cortalim

Chicalim

Island

Zuaridge

Genera/species

Mon

Nmo

n

Mon

Nmon

Mon

Mo

Nmon

S

B

S

S

B

[da)

S

B

Acanthochiasma serulata

Acanthochiasma fusiformis

+|+|»

+|+(n

+

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

+ 4|+ |+

Bacteriastrum hyalinum

+|+ |+

Bacteriastrum varians

Biddulphia aurita

Biddulphia inflexa

*Biddulphia mobilensis

Biddulphia regia

+ 4|+ +

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




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

+ |+ +H|+

+

+

Coscinodiscus marginatus

+ |+

+ |+ [+ |+

+ |+

+ |+

+

Coscinodiscus nodulifer

Coscinodiscus nitidus

*Coscinodiscus wailesii

*Cylindrotheca closterium

+|+]|+

S R N e e e S

+ |+

+ |+

+ |+

+ |+ |+t

+ |+ |+

+|+| |t

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

|+ ]|+

N N e A




Gyrosigma littorole

Gyrosigma wansbeckii

+

+

Guinardia delicatula

Hemiaulus hauckii

+

Hemiaulus sinensis

+

Lauderia annulata

+ |+

*Leptocylindrus danicus

+ |+

+ |+

+ |+

+ [+ |+

+ |+

*Leptocylindrus minimus

+|+

+

Melosira juergensi

+

+

Melosira moniliformis

+

[+ ]|+

+|+

+ [+

+

Melosira nummuloides

4+ |+

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

Naviculasp.

++ |+

Naviculasp.1

Naviculasp.2

4|+

+

+ |+ +|+]|+

Naviculasp.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

Nitzschiasp.

Nitzschiasp.1

+ |+

Okedinia inflexa

Paralia sulcata

Pinnularia ambigua

+ |+

Pinnularia angulatum

Pinnularia rectangulata

+|+

Pinnularia travelyana

** Pseudo-nitzschia australis

+|+ [+

** Pseudo-nitzschia pseudodelicatissi

** Pseudo-nitzschia multiseriata

** Pseudo-nitzschia pungens

+ |+ |+

+|+

+

** Pseudo-nitzschia seriata

+ |+

Planktoniella sol

+

+ |+ [+ |+

Pleurosigma aestuarii

Pleurosigma angulatum

+

+ |+ |+

Pleurosigma elongatum

+|+|+]|+

+ |+

+ |+

||+ +]+

+ |+ |+

Pleurosigma galapagense

S T S S R P

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

el TP L [ T [ [ [+ L L [ [ [ [ [ [ B ] [ [+ L [ e [ ] ]




Suriella smithii

Suriella striatula

Streptotheca temesis

+|+ [+

Thalasionema nitzschoides

+[+

Thalassiosira anguste

+ |+

++

+ |+

+ |+

Thalassiosira baltica

Thalassiosira condensata

+

Thalassiosira eccentricus

+

+|+ [+

+ |+

+|+

+

+

+

*Thalassiosira rotula

+|+

T4+

*Thalassiosira subtalis

Thalassiothrix frauenfeldii

+|+

+

Thalassiothrix longissima

+|+

+ |+

Thalassiosira pacifica

++|+ [+

+|+ [+ |+

++|+ [+

++ |+

++[+|+

4|+

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




** 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




Protoperidinium divericatum

Protoperidinium longicolum

+

Protoperidinium lenticulatum

Protoperidinium minisculum

Protoperidinium simulum

+ |+

+ |+

Protoperidinium paradoxum

Protoperidinium schilleri

** Protoperidinium steinii

Protoperidinium subinermae

+[+

++|+ [+

Protoperidinium subpyriformae

Protoperidinium tristylum

+

+ |+

+ [+

+ |+ |+

Protoperidiniumsp.

+ |+

Pyrocystis noctilucae

+

Pyrophacus horologium

+|+

+

+

Pyrophacus vancompoae

*Scripsiella trachoidea

+

+|+|+

Undetermined sp.

Actinomonas morabilis

Clostridiniumsp.

*Dictyocha fibula

Dinobryon balticum

+ |+

*Distephenus speculum

4+ [+ 4

+|+]|+

Dunaliella maritima

Goslleria sp.

Pediastrum sp.

Scenedesmisp.

** Trichodesmium erythraeum

Trichodesmium thibautii

+H |+ + |+

+ |+ |+




Table 3.8 List of Phytoplankton species in Zugsiuary during the year 2008-2009

Phytoplankton Taxa

Sancoale

Borim

tbbon

Genera/species

Mon

Nmon

Mon

Nmon

Mon

S

B

S

S

B

Acanthochiasma serulata

+ -

+

Acanthochiasma fusiformis

+

+ -

Achananthes brevipes

Achananthes longipes

Actinocyclus octanarious

++ [

Actinocyclus roperi

++ |

Actinoptychus senarius

+

Aulacodiscus orbiculatus

Amphiprora surirelloides

+
1

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

+
1

Biddulphia inflexa

*Biddulphia mobilensis

+
1

Biddulphia regia

Biddulphia rhombus

*Biddulphia sinensis

+ 4|+

+|+ |

+|+]
1

+

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 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

S

+|+

+ [+

+

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

+




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

Naviculasp.

Naviculasp.1

Naviculasp.2

Naviculasp.3

+ |+ 4]+

+|+|+|+ ]|+

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

Nitzschiasp.

Nitzschiasp.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




Streptotheca temesis

Thalasionema nitzschoides

Thalassiosira anguste

+ [+

+ |+

+ |+

Thalassiosira baltica

Thalassiosira condensata

+

+

Thalassiosira eccentricus

+ |+

+ |+

+ |+

+

Thalassiosira rotula

*Thalassiosira subtilis

Thalassiothrix frauenfeldii

Thalassiothrix longissima

+ |+ |+

+ |+ |+

Thalassiosira pacifica

+ 4|+ [+

+ |+ |+

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




Dinophysis odiosa

Dinophysis smithii

Dinophysis sp.

Gonyaulax armatum

Gonyaulax brevisulcatum

Gonyaulax digitale

Gonyaulax fragilis

Gonyaulax fratercula

Gonyaulax kofoidi

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




Protoperidinium longicolum

Protoperidinium lenticulatum

Protoperidinium minisculum

Protoperidinium simulum

Protoperidinium paradoxum

Protoperidinium schilleri

*Protoperidinium steinii

Protoperidinium subinermae

Protoperidinium subpyriformae

Protoperidinium tristylum

Protoperidiniumsp.

Pyrocystis noctilucae

Pyrophacus horologium

Pyrophacus vancompoae

*Scripsiella trachoidea

Undetermined sp.

Actinomonas morabilis

Clostridiniumsp.

*Dictyocha fibula

Dinobryon balticum

*Distephenus speculum

Dunaliella maritima

Goslleria sp.

Pediastrum sp.

Scenedesmisp.

*Trichodesmium erythraeum

Trichodesmium thibautii

Table 3.8 List of Phytoplankton species in Zu#siuary during the year 2008-2009

Phytoplankton Taxa

Sancval

Borim

Genera/species

Mon

Nmon

Mon

Nmon

S B

B

S

B

S

B

Acanthochiasma serulata

+ -

Acanthochiasma fusiformis

+ +

+ | !

+ -

Achananthes brevipes

Achananthes longipes

Actinocyclus octanarious

++ ]

+
1

+

Actinocyclus roperi

+| +

Actinoptychus senarius

+ |

+ |
1

+ 1

Aulacodiscus orbiculatus

Amphiprora surirelloides

+ |

+ |
1

+ 1

Amphora decussata

Amphora graeffi

+

+

Amphora ostreria

+|+]
1

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

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




*Coscinodiscus concinnus

Coscinodiscus curvulatus

Coscinodiscus granii

Coscinodiscus occulus

+ |+ |+

+ |+ |+

+[+

+ |+

Coscinodiscus occulus iridis

Coscinodiscus radiatus

Coscinodiscus marginatus

B e [ ey

+ |+

+ [+

+

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




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

Naviculasp.

Naviculasp.1

Naviculasp.2

Naviculasp.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

Nitzschiasp.

Nitzschiasp.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

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




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




*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 scbhilleri

** Protoperidinium steinii

Protoperidinium subinermae

Protoperidinium subpyriformae

Protoperidinium tristylum

Protoperidiniumsp.

Pyrocystis noctilucae

Pyrophacus horologium

Pyrophacus vancompoae

*Scripsiella trachoidea

Scripsiellasp.

Actinomonas morabilis

Clostridiniumsp.




*Dictyocha fibula

Dinobryon balticum

*Distephenus speculum

Dunaliella maritima

Goslleria sp.

Pediastrum sp.

Scenedesmisp.

*Trichodesmium erythraeum

Trichodesmium thibautii

Table 3.9. SIMPER analysis based on group obtafre@d cluster and MDS ordination
showing the species that contributed to the diffees among the groups Av. Abund:
average abundance; Av. Diss: average dissimal&@uantrib: Contribution

Av dissimilarity 77.67 Group | Group Il

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 kofoidi 2.63 3.12 1.93 2.09 2.49 89.02
Av dissimilarity 64.81 Group | Group lll

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 Il Group Il

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




Nitzschiasp.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 3.10Cumulative constrained percentages of the 2 axeaated in the CCA analysis

for general phytoplankton  composition and 4 aggacted in the CCA analysis for

phytoplankton species

Factors Axis 1 AXxis 2 Axis 3 Axis 4
General phytoplankton compositior 71.584 90.257
Phytoplankton species 28.92 47.385 61.679 72.58




Daily sampling

Figure 30. Daily variations in Caland phytoplankton cell density at Station 1(Caral
during 2008-2009 in Zuari estuary.
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Figure 31. Seasonal variations in A) Total numbeploytoplankton genera and B) Total
number of phytoplankton species at Station 1 (diorjan Zuari estuary.



Figure 32. Percentage distribution of A) Centricd apennate forms of diatom; B)
Dinoflagellate forms; C)the diversity index of Diatom, Dinoflagellate anabtal
phytoplankton populatiorand D) species evenness of Diatom, Dinoflagellate androthe

algaeat Station 1 (Cortalim) in Zuari estuary.









Figure 33. Daily variations in the bloom progressmf different phytoplankton species in relationthe
pigment composition at Stationl (Cortalim) in Zuestuary. Where A)Pleurosigma elongatumB)
Amphidoma nanumC) Biddulphia regia, D) Asteromphalus sp.E) Asteromphalus cleveanus;)
Stephanopyxis palmerian®,) Gonyaulax brevisulcatunij) Actinoptychus senariu$) Gyrosigma littorale,
J) Pleurosigma angulatumK) Protoperidinium tristylum,L) Pyrophacus horologiumM) Amylax
trichantha,N) Actinocyclus octonariu$)) Chaetoceros laciniostend P)Thalassiothrix frauenfeldii.







Figure 34. Bray-Curtis cluster A and MDS B basedr@monthly species abundance. Bubble plots
showing the monthly variations in the abundancearhinant species. where €yotoperidinium
lenticulatum D) Nitzschia levidensj€) Hemiaulus hauckiand F)Gyrosigma fasciola

Figure 35. CCA Conjoint biplot A) General phytapkton composition and B)
Phytoplankton species.



Zuari estuary -Stations 2-7 (Transect)
3.3.4. Phytoplankton community structure

Phytoplankton biomass and cell denstijghest phytoplankton cell density of 15.50 X' 10

Cells L* with SD+ 18.89 X 16 Cells L* was reported during non-monsoon period at
surface of Lutolim station (Fig. 36A).Whereas higihkiomass at surface was observed at
Lutolim with an average of 16.19 mghwith SD+ 14.75 mgmi® during monsoon period
(Fig. 36B). At bottom maximum cell counts were rgpd at Borim with an average of
10.20 X 1d Cells L*and SD+ 1.08 X 1DCells L' during non-monsoon period (Fig. 36C).
At bottom Lutolim station showed highest biomassl#f69 mgrit with SD+ 6.49 mgri
during non-monsoon period (Fig. 36D).

Phytoplankton compositionSeasonal distribution has been observed in phyt&a

composition. During monsoon season station Borippmed maximum number of genera
of Bacillariophyta division 28 genera and 64 spediEig. 37A-B). Dinophyta reported
with maximum genera 11 at Chicalim and 21 spedesri and Lutolim station reported
the presence of Chlorophyta division with 2 genand 2 species (Fig. 37A-B). Non-
monsoon season reported maximum number of Baoiihyita genera (35) at Zuari station
with 58 species. At Zuari station Division Dinopaywwas represented with 1 genus and 1
species (Fig. 37C-D). Division Chlorophyta was regiresented.

Seasonal distribution of Bacillariophyta shown iig.F38A-B. During monsoon
period maximum numbers of centrales species (58%iewobserved at Lutolim. In
pennales highest 74% were observed at Borim st@imn 38A-B). Non-monsoon period
found 59% of centrales species at Sancval statiohnainimum of 48% at Lutolim (Fig.
38A-B).

Autotrophic forms were maximum during non-monsaeason with 44% species

at Lutolim station (Fig. 38C-D). Highest of 42% bkterotrophic forms reported at



Chicalim station, where as mixotrophic forms weraxmum at Sancval station with 75%
species during monsoon period (Fig. 38C-D).

Diversity. Diversity was found to be maximum during non-moms@eriod at Chicalim
(2.74) station. Diatom diversity was highest at Zsation (2.58) and during monsoon
season highest was found at Zuari station with.Z#doflagellate diversity was highest at
Lutolim (1.32) station during non-monsoon periodoridoon reported maximum of 0.85
diversity at Borim station. Highest diversity ofak other than diatom and dinoflagellates
was seen only during monsoon period 0.21 at Sarstaabn (Fig. 38E-F).

Phytoplankton species evenneBfaximum species evenness was reported during non-

monsoon season at Sancval (0.73) station (Fig. .3B@)ing monsoon highest species
evenness was reported at Lutolim station and loafe8140 at Borim station.

Blooms of Phytoplankton species and its pigment position Bloom of nine

phytoplankton species has been observed duringttity period along transect in Zuari
estuary. Blooms showed seasonality in their agpea®. The nine species include
Chaetoceros laciniosydActinocyclus octonarius, Coscinodiscus occulus, |agsothrix
frauenfeldii, Thalassiosira subtalis, Protoperidim subpyriformae, Nitzschia longissima,
Thalasionema nitzschoidesd Thalassiothrix longissimare explained in (Fig. 39A-F).
Bloom of Chaetoceros laciniosusith highest bloom peak of (19,752 cell)Lduring
monsoon period was observed in the surface wateB®mm station (Fig. 39A). Pigment
composition of this peak was Chl0.44 mgnT. Centric diatomActinocyclus octonarius
bloom was observed only in the surface waters einBstation with peak height of 15,372
cells L-1 during non-monsoon period (Fig. 39A). Bant composition of bloom peak was

carotenoids 0.76 mgrh fucoxanthin (0.89 mgi) zeaxanthin (2.06 mgi and Chlb



(2.35 mgnt). Coscinodiscus occulusioom was observed only in surface waters of Borim
station with cell counts of 18,522 cells®lduring non-monsoon period (Fig. 39A).
Pigments which showed their presence are caroter®i@é mgrit, fucoxanthin (0.89
mgm®), zeaxanthin (2.06 mgM and Chlb (2.35 mgnT). Thalassiothrix frauenfeldii
bloom was observed at all the six stations in serfand bottom waters. The highest bloom
peak was observed at Lutolim station surface wéth @unts of 27, 8160 cells'iduring
non-monsoon period (Fig. 39B). It consists of pigtsefucoxanthin (3.10 mgH),
zeaxanthin (0.64 mgr), Chl b (1.07 mgnt) and ChIC2 (0.82 mgrt). Thalassiosira
subtalisbloom was found only in the surface waters of @lmg station with cell counts of
18, 450 cells . Peak consists of fucoxanthin (0.25 mgnand ChiC2 (0.33 mgn®) (Fig.
39C) Dinoflagellate bloom ofProtoperidinium subpyriformaebserved during monsoon
period in surface waters of Chicalim station. Blopeak consists of 16,380 cells" tell
density and pigment composition of zeaxanthin (Gr&@r®), Chl b (0.88 mgnT), Chl C2
(0.67 mgnt) and peridinin (0.47 mgf) (Fig. 40C). Nitzschia longissimaloom was
observed in surface waters of Island during nonsnon period (Fig. 39D). Peak consists
of cell concentration of 10,392 cells'lwith pigment concentration of fucoxanthin (1.21
mgm), zeaxanthin (1.21 mgfM and Chlb (0.67 mgnT) respectively. Thalasionema
nitzschoidedvloom was found at Island station in the bottontensa The peak showed cell
counts of 10,868 cellstwith pigment composition of fucoxanthin (1.92 mgmChl C2
(2.18 mgn) and Chlb (0.50 mgnt) (Fig. 39E).Thalassiothrix longissimavith highest
bloom peak of 73920 cells'ilwas observed at Zuari bottom station during nonsnon
period. Pigment composition of this bloom is fucottén (2.68 mgri), Chl C2 (0.86

mgmi°) and Chib (0.71 mgrt) bloom (Fig. 39F).



Spatio-Temporal variations in phytoplanktdBray-Curtis and MDS ordination based on

dominant phytoplankton abundance at six stationzesented in (Fig. 40A-B). SIMPER
analysis was carried out to find species that at@alfor the dissimilarity between stations
and seasons (Table 3.11). The samples are diwdedhree groups. Group | showed 100%
dissimilarity with Group 1l and Group Ill respeatly and Navicula maculosa is
responsible for the differences (Fig. 40C). Groluanid Group Il also showed variations in
their community Nitzschia frigida accounted for the variations (36.27%) (Fig. 40D).
Pleurosigma elongatumand Chaetoceros lorenzianushowed 49.71% and 85.79%
dissimilarity with Group | and Group Il respectiy€Fig. 40E-F).

Effect of environmental variables on phytoplankpapulation In CCA biplot (Fig. 41A),

2 axes explaining 68.79% and 98.64% of the relahgn between Total phytoplankton
density, Total diatom density, Total dinoflagellatensity, Total other algae density, @hl
Chl b, Chl C2 fucoxanthin, peridinin and zeaxanthin. The dmttion of Total
phytoplankton density, Total diatom density is sgly influenced by nitrite, silicate and
temperature. Whereas distribution of total othegyaal density, Chh, Chl b, Chl C2,
fucoxanthin, peridinin and zeaxanthin is underittiience of phosphate and temperature.
In the species biplot (Fig. 41B) all the species distributed towards the centre of the
biplot. First four axes explained 36.64%, 58.71%.,14% and 83.05% of the correlation
between species and environmental parameters (Tabl). Actinocyclus octonarious,
Thalassiosira eccentricus, Coscinodiscus marginadus correlated with nutrients like
nitrate, nitrite and phosphat€oscinodiscus radiates, Coscinodiscus curvuladiischia
frigid, Thalassiothrix frauenfeldieand Thalassiothrix longissimumvere correlated with

phosphate, nitrite, nitrate, salinity and tempeeat&ilicate, salinity, dissolved oxygen and



temperature showed correlation wileurosigma elongatunirhalassiosira condensate,
Protoperidinium divericatumi and Protoperidinium subpyriformae Nitrite showed
correlation betweerChaetoceros lorenzianus, Coscinodiscus marginaRlsurosigma

angulatum Thalassiosira eccentricustc (Fig. 41B).



Table 3.11. SIMPER analysis based on group obtaired cluster and MDS ordination
showing the species that contributed to the diffees among the groups Av. Abund:
average abundance; Av. Diss: average dissimal&@uantrib: Contribution

Av dissimilarity 100 Group | Group 1l

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 0 452 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 | Group Il

Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib%um.%
Nitzschia frigida 0 14.83 52 | Undefined! 52 52
Navicula macunosa 13.69 0 48 | Undefined! 48 100
Av dissimilarity 100 Group Il Group Il

Species Av.Abund Av.Abund| Av.Diss Diss/SD Contrib%um.%
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 0 114 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 axésaated in the CCA
analysis for general phytoplankton composition dralkes 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




Figure 36. Seasonal variations in total phytoplankcell density and biomass along the surface and
bottom at 6 different stations in Zuari estuaryidgrJune 2008—May 2009. A) Phytoplankton cell
density at surface, B) biomass at surface, C) fatgtoplankton cell density at bottom and D) biosas
at bottom.



Figure 37. Seasonal distribution of different pipjéamkton divisions A) total genera during monsoon
season, B) total species during monsoon seasotntél)genera during non-monsoon season and D)
total species during non-monsoon season at 6 diffestations in Zuari estuary during June 2008—May

20009.



Figure 38. Seasonal variations in centric and penfams A) total centric and pennate
species during monsoon and B) total centric anch@ienspecies during non-monsoon, C)
Autotrophic, Heterotrophic and Mixotrophic forms dihoflagellate during monsoon and
D) Autotrophic, Heterotrophic and Mixotrophic formsf dinoflagellate during non-
monsoon period E) Diversity during monsoon, F) D$ity during non-monsoon and G)
species evenness at six stations in Zuari estu&@gt@ations in Zuari estuary



Figure 39. Monthly variations in the bloom progieasof different phytoplankton species in relattonthe
pigment composition at six stations in Zuari estudVhere A) Borim surface, B) Lutolim surface, C)
Chicalim surfaceD) Island surfacek) Island bottom and F) Zuari bottom.



Figure 40. Bray-Curtis cluster A) and MDS B) basad the monthly species abundance. Bubble plots
showing the monthly variations in the abundancdarhinant species (C-F). Where C_S - Chicalim sexfac
Z_B- Zuari bottom.




Figure 41. CCA biplot A) General phytoplankton carspion and B) Phytoplankton species.




3.4. Discussion:

An attempt was made in the present investigatiomrtderstand more about the
distribution pattern of the physico-chemical parter® and phytoplankton by high
frequency sampling strategy mainly comprising dafmpling carried out along some
fixed station (mid-estuary region) and transechglthe estuary. The main objective was to
know the intra-and inter- seasonal variability &nel relations between the physic-chemical
parameters. Monsoon plays the important role in whedations in physico-chemical
properties. Ghosh (1985) reported that monsooralin Goa is about 52% while surface
runoff is about 16% charging the ground water. iBgthe break phase of monsoon the
estuary is completely filled with fresh water. Téieatification in the estuarine region is
mainly due flowing-in of the sea water at the botteegion and flowing out of fresh water
at the surface region. Whereas during non- monsioene is a minimal fresh water inflow
and tides is the important factor which facilitatesll mixed water column of the estuary
transforming it in to extended body of the sea {§het al, 1999 and Anand Subls al,
2014).

The physico-chemical parameters of Zuari estuarpwsld spatio-temporal
variations. This is further substantiated by thaistical analysis of the data. Correlation
results of Station 1 (Cortalim) showed significpositive correlation between salinity and
temperature but negatively related with nutriems water discharge. This was also true in
the case of transect study. Our results are ineageat with Desousat al, 1981 and
Anand Subhat al, 2014. In a transect study dissolved oxygen shquesitive correlation

with silicate and negative correlation with phodgh@lrable 3.4) confirming the role of



rainfall and salinity causing variations in silieatoxygen and phosphate in the estuary
which is also in sgrrenet with Anand Sul#taal, 2014.

The results revealed that phytoplankton commurstyongly influenced by
alterations in fresh water discharge. The study lsitown to experience high fresh water
influx with a flow rate higher than 10,000 ML daywith the onset of monsoon (Sheike
al., 1999 and Unnikrishnaet al, 1997). This results in to the stratificationvediter with
high-saline, low-temperature and DO in the bottotess and low saline nutrient-rich
surface waters (Patil and Anil 2008 and Patil amdl 2011). Daily study at Cortalim
station which lie in the mid of the estuary restilie very high phytoplankton cell density
(39.37 X 10) and cell biomass (17.18 mghnduring monsoon period which is very
unique. Madhuwet al, 2007, during the study in Cochin back waters abserved high
input of nutrients into the estuary through varisosrces is responsible for high biomass.

Transect study reveals that highest phytoplanktoméss and cell density of 26.62
mgmi® reported at Lutolim station which is towards theepreach of the estuary both at
surface and bottom. This intern is related to lowalinity conditions which influence
higher phytoplankton growth (Qasiet al, 1972; Devassy and Goes, 1988 and Patil and
Anil 2011). Results of the hierarchical cluster lgas and MDS analysis of daily study at
Cortalim station indicated the presence of tempeaahtions in the phytoplankton species.
Depending on the seasonality three groups of plamégpon species has been identified.
Group | basically made up of monsoon season caeneisspecies likdProtoperidinium
lenticulatumand Nitzschia levidensisThey are less halophilic species in the presefice
elevated level of nutrients (Ra&b al, 1997, Marshalét al, 1990 and D’silveaet al, 2011).

Group Il dominated by post-monsoonal species whpcafers high salinity and low



nutrient levels. Species which inhibit these caodd are Gyrosigma fasciolaand
Hemiaulus haucki{Matondkaret al, 2007; Patil and Anil 2008 and Pednekaal, 2014).

Pennales dominated over centrales in the entirel 2gtuary during monsoon and
vice-versa in post-monsoon season. Pennate formdgatufm are regarded as benthic and
are often dominant in shallow and turbulent wa{&ahuet al, 2012; Shamst al, 2012).
Within the estuary, pennate diatoms increased ftwerlower to the upper sections while a
reverse trend was observed for the centric forBeillariophyta is the dominant division
with 82% of the distribution followed by Dinophyt&hrysophyta and Cyanophyta.
Chlorophyta showed its presence only during the snon season at Lutolim and Zuari
station. Bacillariophyta reported maximum numberspecies during the post-monsoon
season with 160 species is related to high levetadiance (Patil and Anil 2008; Pednekar
et al, 2011and Pednekat al, 2014).

Mixotrophic dinoflagellates dominated the autotrigpbnd heterotrophic in both
monsoon and post-monsoon period. This provesntinagtrophy is more preferable in the
oligotrophic environments as well as in fluctuatmgnsoon influenced areas (D'costa and
Anil, 2010). Whereas autotrophy and heterotrophg advantageous in eutrophic
environments (Troost al, 2005 a & b and Naikt al, 2011).

Spatio-temporal variations were observed alongstranstudy in Zuari estuary (Fig.
37A-F). Cluster and MDS ordination plots were atdedifferentiate the study locations
into three groups. The stations were distinguisinenh each other based on the seasonal
pattern and distribution species towards the sarfawd bottom. SIMPER confirmed the
results that the differences observed between thBoiss were largely due to the

dominance of different species during differentsses. Navicula maculosawhich is



reported only at Chicalim surface during showin@%0of dominanceNitzschia frigida
(52%) showed dominance at Zuari bottom during monseasorPleurosigma elongatum
showed 49.71% of dominance with Group 1l

In Zuari total seventeen bloom forming species hasn identified. There is
seasonality in the appearance of bloom. Daily amlyas helped to understand the
occurence of bloom and its propagation. Altogefihar blooms of dinoflagellate species
has been observedmphidoma nanum, Amylax trichantha, Gonyaulax ktdgatum,
Protoperidinium tristylumand Pyrophacus horologiurblooms appeared during monsoon
season. The influence of environmental variablestlmese dinoflagellates is evident
through CCA biplot. Blooms of dinoflagellates isated with presence high nutrients like
nitrate, phosphate, temperature and dissolved ox{@atil and Anil 2011; Pednekat al,
2011 and Pednekat al, 2014). They are found to grow in mesohaline cooni$ (15-25
psu) (Reneet al, 2010). Blooms ofActinocyclus octonariousand Thalassiothrix
frauenfeldii occured throughout the study period. They are lhigliverse species are
euryhaline, eurythermal and easily proliferate istuarine conditions.Actinocyclus
octonariushas low surface to volume ratio and multiply dgrimonsoon period when
nutrients and conditions are condisive for growtthereasT halassiothrix frauenfeldihas
high surface-to-volume ratio and have the abilityabsorb nutrients rapidly when nutrients
are low (Acharyet al, 2010; Kikrer and Bwyukisik 2013; Shamst al, 2012 and
Pednekaret al, 2014). Species likeAsteromphalus cleveanus, Asteromphaks,
Stephanopyxis palmeriana, Thalassiosira eccentrigi@dulphia regiaand Chaetoceros
laciniosustheir blooms were observed only during monsoomoperAs these species are

native of estuarine environment and brought indigeneans of water discharge, rainfall



and tidal action and they can tolerate wide ranfgeabnity (Devassy and Goes, 1988 and
Pednekaret al, 2011). Gyrosigma fasciolavas observed during post-monsoon period.
During this period there is depletion of nutrieatsl increase in salinity (Matondket al,
2007 and Pednekat al, 2011).

From the present study it can be concluded thatophgnkton show distinct spatio-
temporal variations with respect to seasons. CCAlyars gives correlation between
environmental variables with species. Daily anayslps to understand bloom progression
on day to day basis. Also helps to understand sgawe of phytoplankton species as major

ship building activities takes place in this esyuair Mormugao port.






4.1. Introduction

Harmful algal blooms occur when the algal cellshia marine or fresh water grow
out of proportion leading to economic loss and sewepacts on marine life and human
health (Anderson D. M. and D. J. Garrison 1997) Blobal study reveals that Harmful
algal blooms are of three types: 1) some HAB cayspecies are not harmful to humans
but harmful to marine life such as fishes they eagsl clogging due to their physical
structure e.g. several species of ge@hsetocerosCeratiumandProrocentrum 2) Some
are potentially toxic even at low concentrationsw(fcells per litre) and produce toxic
effects affecting the marine life which intern affe the human health. Toxin producing
species of genus includ€&ymnodinium, Psuedo-nitzschia, Dinophysis, and akidsdum
3) Some species of gen@oscinodiscus, Trichodesmium, Prorocentrpnoduce dense
blooms and upon decomposition leads to mortalitynafine fauna (Smayda 1990; Horner
et al.,1997; and D’'Silveet al.,2012).

Harmful Algal Blooms (HABs) also known as ‘Red tideave been reported all
over the world. The concerns about the HABs hawemsed over the last few years
(Hallegraeff G.M.et al., 2003). In aquatic system the growing problem dfagahication
due to anthropogenic activities have altered themadood web tremendously. Incidents
of eutrophication have drastic increase not onlynia but also across the world (Paerl
1997; Horneet al.,1997; Paerl 1988; Josephal.,2008; Heisleet al.,2008; Verity 2010
and Philipset al., 2011). Devassy and Nair Shreekumar 1987 repottemirbof Noctiluca
miliaris along the southern coast of India. Fish mortaldaysed byNoctiluca miliariswas

reported by Nagviet al., (1998) and Satish Sahaya&k al., (2005). Paralytic Shellfish



Poisoning outbreak was observed in Mangalore atbegwest coast where the causative
organism was not known (Karunasagaal.,1984; Karunasagat al., 1998 and Bhat and
Matondkar 2004). The Stench @fochlodinium polykreikoidesvas observed along the
southern Malabar Coast by (Ramaiahal., 2005). Many cysts of toxic dinoflagellate
species have been reported in the sediments alengduth west of India during the
Southwest monsoon period (Godéteal., 2000 and D’Costat al., 2008). Padmakumaat
al., 2007 reported “Red tide” event was causedClgcinodiscugentralison south west
coast of India.

Mandovi and Zuari are the most important estuanie§&oa along west coast of
India and are tropical and tide driven (Shetye 199he estuaries differ in their
geomorphology and rainfall pattern. The Mandoviuast has wider mouth region and
longer flushing period in comparison to Zuari (Skeeet al., 2007). In the Zuari major
source of pollution is through anthropogenic attgi like construction of jetties, ship
building and mining carried along the Mormugao Eatiated at Mormugao bay. Where as
in Mandovi pollution sources include boat traffayising), sewage discharge, agricultural
runoff and industrial effluents have increasedhiese estuaries. This leads to the increase
in the macro-micro nutrients concentration (spécighosphate and nitrate), and trace
elements and suspended particulate matter inflagntne algal blooms (Goldar and
Benerjii 2004; Alagarsamy Rengasamy 2006; Sawetral., 2007; Pradhan and Shirodkar
2009 and Mayeet al., 2011). Reports of harmful algal blooms have alserbobserved
from Goa coast where occurrence bloomCafchlodonium polykrikoidesvas coincided
with the mortality of fish (O’ Herald 2001). Matokak et al., 2004 reported bloom of

Noctiluca scintillansalong the Goa coast imparting green coloratiom¢owater. Bloom of



Noctiluca milliaris was observed by SanilKumat al., 2009 along the Goa coast but no
fish kill was reported.

However no intensive study has been carried ouherHAB forming species from
Mandovi and Zuari estuaries of Goa. In the presamdy attempt has been made to study
the spatio-temporal distribution of HAB specieshwi¢lation to environmental factors such
salinity, temperature, nutrients dissolved oxyganthis area. This study will help in
understanding seasonality in the blooms of HAB Ezec
4.2. Materials and Methods
4.2.1. Study Area:The study area is given in detail (Chapter Il (Mawiyl and Chapter
3(Zuari).

4.2.2. Sample collection and Laboratory analysisPhysico-chemical and biological
parameters remained same. The method for wateplsaoollection and analysis of
physico-chemical and biological parameters is gime@Ghapter Il

4.2.3. Data analysesSoftware’s used for data analyses of physic-chahparameters 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 specigéstal 59 species with 33 harmful algal

genera were collected from daily sampled statidat({@ 1 - Captain of Ports, Mandovi
estuary). Group wise distribution of HAB speciesassfollows. Bacillariophyta - 18 genera
with 30 species; Dinophyta - 11 genera with 23 msedCyanophyta - 2 genera with 3

species and Chrysophyta - 2 genera with 2 speEigs 42A). Seasonality in occurrence



and list of the HAB species is given in Table. Hgyhest percentage distribution of HAB
species was reported during pre-monsoon period. B@étllariophyta 7% Dinophyta and
5% Cyanophyta respectively. While in monsoon segsenecentage distribution of HAB
species was 28% Bacillariophyta and 9% Dinophytaoweéler Cyanophyta and
Chrysophyta were not represented during this se@3gn42B). Inter-monsoon period was
represented by all the above mentioned Divisioqgesenting with15% Bacillariophyta
and Dinophyta and 1% Cyanophyta and Chrysophytaciillan species representation
was shown by following gener&haetoceros(4 species),Coscinodiscus(3 species),
Pseudo-nitzschia(3 species), Rhizosolenia (5 species), Gymnodinium (3 species),
Protoperidinium(4 species) anBrorocentrum(5 species) anBinophysis(4 species).

4.3.2.Blooms of HAB forming species with pigment commosiBlooms of five harmful

algal species viz.Trichodesmium erythreaumSkeletonema costatynGymnodinium
splendens Chaetoceros curvisetuand Cylindrotheca closteriunwere observed during
present study showed seasonality in their bloonpagod and photos of some of these
organisms are provided in Plate 1. Each bloom heenbdiscussed for its pigment
composition. Two bloom peaks dfichodesmium erythreaumere found during the pre-
monsoon and inter-monsoon period (Fig. 43A). Thghést peak of the bloom was
observed during the pre-monsoon season with cethtsoof 11,260 Cells 't The bloom
peak consisted of pigments like Gh(0.73 mgnT), Chl C2 (0.62 mgnT) and zeaxanthin
(0.32 mgn) (Fig. 43A). Seven bloom peaks Skeletonema costatumere observed
during present study. Four bloom peaks were regattging monsoon season, one peak
during post-monsoon period and two peaks duringnpwasoon period of 2008. Highest

bloom peak with cell counts of 23, 648 Cell$\was found during monsoon period where



bloom was continuous for two consecutive days (EigB). During this bloom peak
pigment composition consists of Chl(0.47 mgnT), Chl C2 (1.13 mgrit), fucoxanthin
(1.76 mgnt) and diadinoxanthin (0.61 mgih

Bloom of autotrophic dinoflagellat&ymnodinium splendenwas reported during the
monsoon season. The peak was observed in the Septerith cell counts of 9,672 Cells
L. The pigment composition of bloom peak was B1.25 mgnT), Chl C2 (1.46 mgm
%), peridinin (1.51 mgni) and diadinoxanthin (0.84 mgfh (Fig. 43C). Bloom of two
centric diatomsChaetoceros curvisetuand Cylindrotheca closteriunwas found during
pre-monsoon season. Consecutive two days blodthaétoceros curvisetwgas observed
during pre-monsoon period. The bloom peak with éggicell counts of 24,232 Cells'L
was observed during pre-monsoon period. Peak deredfipigments like Chb (7.51 mgm
%), fucoxanthin (1.18 mgi) and neoxanthin (1.09 mgfh (Fig. 43D). Throughout the
study periodCylindrotheca closteriunshowed very high counts specially during post-
monsoon period. Bloom peak with cell counts of T2,Cells I was found on, during pre-
monsoon period. Single bloom peak consists of pigm€hlb (4.66 mgnt), fucoxanthin
(2.53 mgnt) and 19-Butanoyloxyfucoxanthin (0.77 mgj(Fig. 43E).

4.3.3.Temporal variations in HABs forming specidfe abundance data of HAB species

was subjected to Bray- Curtis cluster analysis BaS (Fig. 44A and B). Data was
divided into four groups. May 2007 - Group |, Jud@07 to Oct 2007- Group I,
Dec_2007 to Apr_2007 - Group Ill and May_2008- Grdu based on the seasons. These
groups are clustered together at 50% similaritfF=ER analysis was performed based on
the results of MDS to find out, which species acted for the dissimilarity (differences)

between groups (Table 4.1). The following specm#ributed to the dissimilarity: Group |



- Fragillaria oceanica (20.53%) (Fig. 44C) andrichodesmium erythraeur(27.84%).
Group IlI- Scripsiella trachoidea(51.63%) (Fig. 44D),Gymnodinium brevg58.25%).
Group llI- Pseudo-nitzschia multiseriatg86.08%) (Fig. 44E)Cylindrotheca closterium
(56.72%). Group IV-Pseudo-nitzschia seriaté30.99%) (Fig. 44F) Species distribution
represented temporal variations in different sesison

4.3.4.Relation between the HABs population and environatgrarameters CCA biplot

first four ordination axis explained about the totariance in the HAB species abundance
by the measured environmental variance (Fig. 4%kt Faxis showed (Table 4.2.) the
affiliation towards nitrate, nitrite, phosphatelicsite and temperature combination. The
HAB species which showed correlation with these iremmental parameters are
Chaetoceros concavicornis, Chaetoceros peruviandgacampia zodiacus, Pseudo-
nitzschia seriata, Rhizosolenia alata, Gonyaulaxygp@amma, Gymnodinium mikimotoi
Coscinodiscus concinnus, Detonula pimula, Diplordesbro, Donkinia recta, Fragillaria
oceanica, Guinardia flaccida, Rhizosolenia calcasav Rhizosolenia fragilissima,
Thalassiosira rotula, Protoperidinium depressum drcchodesmium erythraeushowed
strong correlation with nitrite, silicate, rainfaind water discharge on second axis.
Nutrients combination of nitrate, nitrite, phosphatnd temperature showed correlation
with dinoflagellates likeAlexandrium temarense, Dinophysis acuminata, Digsghfortii,
Gymnodinium breve, Gymnodinium splendens, Noctilscitillans, Protoperidinium
steinii and Microcystis Chaetoceros sociale, Scripsiella trachoidea and d@ymium
spirale showed positive correlation with salinity, silieatide height and water discharge

with respect to their abundance.



Table 4.1. SIMPER analysis based on group obtafr@d cluster and MDS ordination
showing the species that contributed to the diffees among the groups Av. Abund:
average abundance; Av. Diss: average dissimiladiontrib: Contribution

Av dissimilarity 61.66 Group | Group Il

Species Av.Abund | Av.Abund| Av.Diss Diss/SIO Contrib%Cum.%
Ditylum brightwelii 63.41 8.54 6.84 9.18 111 1111
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 | Group IlI

Species Av.Abund | Av.Abund| Av.Diss Diss/SO Contrib%Cum.%
Ditylum brightwelii 63.41 4.83 8.24 9.66 11.93 11.93
Fragillaria oceanica 42.9 0.62 5.95 15.28 8.6 20.53
Trichodesmium erythraeum 38.4 25 5.05 12.86 7.8 27.84
Rhizosolenia fragilissima 31.65 0.62 4.37 15.28 6.31 34.15
Ditylum brightwelii 63.41 4.83 8.26 9.66 11.93 11.93
Av dissimilarity 51.69 Group Il Group llI

Species Av.Abund Av.Abund  Av.Diss Diss/SL 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|13
Av dissimilarity 72.74 Group |  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 4.6 Undefined 6.39 39.88
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 Il Group IV

Species Av.Abund Av.Abund| Av.Diss| Diss/SE Contrib% | Cum.%




Skeletonema costatum 43.96 1.89 7.85 3.1y 11.55 38.02
Coscinodiscus centralis 11.08 47.67 6.94 8.0b 10J2 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 56.87
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 Il 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 2.7 69.61
Chaetoceros curvisetum 6.18 5.67 1.77 1.29 2.59 72.21
Prorocentrum micans 6.61 0.62 1.38 291 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 axeaaad in the CCA analysis
for general phytoplankton composition and 4 axesaeied in the CCA analysis for

phytoplankton species

Factors

Axis 1

AXxis 2

Axis 3

Axis 4

HAB forming species

27.651

51.778

64.226

74.034




Station 1 (Captain of Ports) - Daily sampling

Figure 42. A) Total number of HAB forming speciesdaB) Percentage distribution of
HAB forming species at Station 1 (Captonain of Boirt Mandovi estuary.



Figure 43. Blooms of HAB forming species with pigmheomposition A)Trichodesmium
erythraeum B) Skeletonemacostatum, C)Gymnodinium splenden D) Chaetoceros

curvisetus and ELylindrotheca closteriunat Station 1 (Captonain of Ports) in Mandovi

estuary.




Figure 44. Bray-Curtis cluster (A) and MDS (B) bésen the monthly species abundance.
Bubble plots showing the monthly variations in theundance of dominant HAB forming

species (C-F).

Fig. 45. CCA biplot of HAB forming species.



Stations 2-4 (Transect) - Fortnightly sampling

4.3.5.Total composition of HABs speciesll together 45 HAB forming species with 25

genera are given across the transect study in Tal8e At surface highest HAB
composition was observed at Verem station withl tBéagenera with 38 species. HAB
flora comprised of 13 Bacillariophyta (13 generdhw24 species); Dinophyta (10 genera
with 11 species); Cyanophyta (1 genus with 2 sg¢@ad Chrysophyta (1 genus with 1
species) (Fig. 46 A and B). At bottom it was olsdrthat genera were equal at all the tree
stations (Fig. 46C). HAB flora comprised of 9 B&uilophyta genera with 19 species;
Dinophyta 8 genera, 12 species; Cyanophyta 1 gefiiis1l species and Chrysophyta 1
genus and 1 species (Fig. 46D).

Seasonal distribution was observed in the HAB fagrspecies at all the three stations at
surface and at bottom. During monsoon period p¢agenof HAB forming diatoms
(Bacillariophyta) decreased from Verem to OldGa@dish both at surface and bottom (Fig.
47A and B), observed in the case of species. Duringsoon highest percentage of HAB
species was reported at Verem station both ati(f20% Bacillariophyta, 4% Dinophyta
and 1% Cyanophyta) and at bottom (27% Bacillarieé@h®% Dinophyta) (Fig. 47B).
During non-monsoon season opposite trend was obderRercentage HAB forming
species increased from Verem station to OldGoaostdtoth at surface and bottom (Fig.
47C and D). At surface highest percentage of HABning species was reported at
OldGoa station both at surface (31% Bacillariopheitd 2% Dinophyta) and bottom (32%
Bacillariophyta and 1% Dinophyta). Harmful speciésaetoceros(4 species)Pseudo-
nitzschia(3 species)Rhizosolenigd4 species) anBrorocentrum(4 species) were recorded

during study period along all the three stationscWwlare shown in Table 2.8.



4.3.6.Pigment composition of Blooms of HAB specisoms of HAB forming species

were observed at Ribandar and OldGoa station wheredloom was observed at Verem
station. Blooms of two HAB forming species i.Rhizosolenia setigerand Pseudo-
nitzschia seriatawere found only at the bottom of Ribandar stati®@looms of
Rhizosolenia setigeraras found during monsoon period with peak madefugell counts
of 15,080 Cells [* (Fig. 48A). This bloom peak consisted of pigments C2 (0.48 mgm

% and fucoxanthin (1.11 mgf. Pseudo-nitzschia seriatdoom peak was reported during
non-monsoon period with cell counts of 16,680 CEellgFig. 48A). Pigment composition
of this bloom peak is C€2 (0.73 mgnt) and fucoxanthin (2.60 mgf

Mixed species bloom d?seudo-nitzschia seria@ndSkeletonema costatunere observed
at surface and bottom of OldGoa station. BloonsuatacePseudo-nitzschia seriatsloom
peak was found in non-monsoon period (March) wéh counts of 15,320 CellsL. Also
on the same day bloom peakS¥eletonema costatuwith cell counts of 21,080 Cells’L
was found (Fig. 48B). Pigment composition of thisxed species bloom consisted of Chl
C2 (1.62 mgnt) and fucoxanthin (4.48 mgi Another bloom peak oSkeletonema
costatumwas observed during non-monsoon period (May) w&thcounts of 52, 632 Cells
Lt (Fig. 48B). Pigment composition of this bloom peainsisted of Chb (2.19 mgn?),
Chl C2 (0.86 mgrt) and fucoxanthin (2.51 mgi. Bloom of these species was also
extended towards the bottom. Mixed species bloom baith specied?seudo-nitzschia
seriataandSkeletonema costatuwere observed with cell counts of 9640 Celfs10, 260
Cells L* respectively on same dates as in the case ofcsuifeig. 48C). Pigment
composition of this mixed species bloom peak caediof ChlC2 (0.47 mgn?) and

fucoxanthin (1.45 mgif). Second bloom peak dkeletonema costatumas reported



during non-monsoon period (May) with cell counts 89,680 Cells [, pigment
composition of bloom peak Chl (1.55 mgrt), fucoxanthin (0.70 mgif) and carotene
0.77 mgn? (Fig. 48C).

4.3.7. Spatio-temporal variations in HABs forming speciBsay-Curtis analysis divided

HAB forming species abundance into three major gso(Fig. 49A). These groups
clustered together at 50% of similarity which wasformed in MDS plot (Fig. 49B). HAB
species were distributed at different stationsiffex®nt seasons showing spatio-temporal
variations. Group -1 of monsoon season of OldGa#asa, OldGoa bottom and Ribandar
surface. Group-ll made up of Ribandar bottom andu@+lll of non-monsoon at all three
stations. The groups are formed due to the disaiityilin HAB species distribution pattern
which is explained with the help of SIMPER test [Ea#h.3. Group-I differed from other
two groups due to dominance Difichodesmium erythraeuduring the monsoon season at
surface of Ribandar station with (83.94%) dissintjya(Fig. 49C). Ribandar bottom
monsoon did not club with any other group due ®mdbminance o€haetoceros diversum
(75.96%) dissimilarity (Fig. 49D). Group- 11l shodi¢he dominance diddulphia sinensis
(44.49%) at Ribandar bottor@eratium furcaat Verem surface (82.46%) aAtexandrium
ostenfeldiidominated at OldGoa with 77.79% dissimilarity webserved (Fig. 49E).

4 .3.8.Relation between the HAB species and environmeataimeters First three axis of

ordination in CCA biplot explained 73.1% of corteda between HAB forming species
and environmental variance (Fig. 50). Eigen valokethese axes are given in Table 4.4.
Environmental variables like phosphate, silicatd samperature showed correlation with
HAB species like Chaetoceros diversum, Eucampia zodiacus, Rhizasolafata,

Rhizosolenia setigera, Prorocentrum mininamsl Distephenus speculumGroup of HAB



speciesChaetoceros peruvianum, Fragillaria oceanica, M@aamoniliformis, Nitzschia
longissimum, Ceratium furca, Dinophysis caudata, m@gdinium splendensand
Gymnodinium brevevere correlated with nitrate and nitritBseudo-nitzschia pungens
Alexandrium acatenellaGonyaulax kofoidjiGonyaulax milneri, Prorocentrum cordatum
andProrocentrum gracilevere strongly influenced by nitrate, silicate jrs@y and dissolve

oxygen.



Stations 2-4 (Transect) - Fortnightly sampling

Figure 46. Total number of HAB forming species Ajtdl no. of genera at surface, B) Total no. of
species at surface, C) Total no. of genera at tmotiad D) Total no. of species at bottom in

Mandovi estuary.



Figure 47. Seasonal distribution in percentage 8BHorming species A)Monsoon at
surface, B) Monsoon at bottom, C) Non-monsoon atase and D) Non-monsoon at

bottom in Mandovi estuary.



Figure 48. Blooms of HAB forming species with pigmecomposition A) Ribandar
surface, B) OldGoa Surface and C) OldGoa bottoMandovi estuary.




Figure 49. Bray-Curtis cluster (A) and MDS (B) bésm the monthly species abundance. Bubble
plots showing the monthly variations in the aburtgaof dominant HAB forming species (C-E).

Figure 50. CCA biplot of HAB forming species.



Zuari estuary - Station 1 (Cortalim) - Daily sampling

4.3.9. Total composition of HABs specieBotal 45 HAB species with 25 genera were

reported at Cortalim station Table 3.8. Which casgut of Bacillariophyta (12 genera with
20 species); Dinophyta (10 genera with 22 specieggnophyta (1 genus with 1 species)
and Chrysophyta (2 genera with 2 species) (Fig.)58&asonal variations were observed
in the percentage distribution of HAB species. Tp&rcentage was high during monsoon
period with 53% HAB species consisting of 51% Badibphyta and 2% Dinophyta (Fig.
51B). Lowest was observed during pre-monsoon 2@g&san with 11% HAB species
comprising of 5% Bacillariophyta and 6% Dinophytag, 51B). HAB forming genera
reported werePseudo-nitzschig4 species),Rhizosolenia(3 species),Alexandrium (4
species)Dinophysis(3 species)Prorocentrum(3 species) anBrotoperidinium(3 species)
Table 3.8.

4.3.10.Blooms with Pigment composition of HAB spechds together 9 bloom of HAB

species were reported during the present studytinbDisseasonality was observed in the
bloom pattern of these species. During monsoorogdnllowing blooms were observed:
Ditylum brightweliibloom peaks were observed for five continuous dBys the highest
bloom peak with cell counts of 21, 9,666 Cells Wwas reported during monsoon
(September). Pigment composition of this bloom peatsisted of ChC2 (1.27 mgn®),
fucoxanthin (2.82 mgi) and diadinoxanthin 0.57 mgin(Fig. 52A). Coscinodiscus
wailesii bloom was reported during July with cell countsl6f476 Cells [X. On the same
day bloom ofSkeletonema costatumas also observed. Pigment composition of bloom
peak was ChIC2 (3.81 mgn?), fucoxanthin (1.71 mgi), Chl b (1.78 mgn?) and

diadinoxanthin 1.38 mgih(Fig. 52B). Mixed species bloom &hizosolenia setigerand



Rhizosolenia stolterforthiwvas observed for consecutive five days during rmongeriod
(September).Rhizosolenia setigeraell counts varied from 9072 — 30,366 Celld. L
Rhizosolenia stolterforthibloom lasted for five days with cell counts vargyifiom 3570-
39,396 Cells [ (Fig. 52C and D). Pigment composition of this mix#dom consisted of
Chl C2 (1.61 mgnT), fucoxanthin (3.02 mgif) and diadinoxanthin 0.70 mgi(Fig. 52C
and D). Second bloom peak Bf setigerawas found during pre-monsoon period (May)
with cell counts of 12, 384 Cells™(Fig. 52D). Leptocylindrus danicubloom was
observed only during the monsoon period. The blpensisted for five days with highest
peak consisted of cell counts 49, 434 Celfs The peak consisted of pigments QIR
(1.27 mgnt) and fucoxanthin (2.82 mgi (Fig. 52E).

Bloom of Gymnodinium brevandProrocentrum gracilevas observed only during
post-monsoon periodsymnodinium breveloom was lasted for two days in the month of
October with cell counts varying from 15, 360 — 380 Cells [* (Fig. 52F). Highest
bloom peak consisted of pigments Chl(0.50 mgn?), zeaxanthin 0.54 mgrand
peridinin (0.12 mgr). Prorocentrum gracilebloom was reported for two days in the
month of October with highest peak of 18, 120 CelfgFig. 52G). Pigment composition
of this consisted of CHi (0.49 mgn), peridinin (0.31 mgii) and zeaxanthin 0.31 mgin
During monsoon and post-monsoon period bloomsCgfindrotheca closteriumand
Ceratium furcawere observedCylindrotheca closteriunthe first bloom peak of (15, 360
Cells L) was reported in the monsoon (September) periodnB post-monsoon period of
bloom was observed for five consecutive days whth highest peak of 21, 012 Cellg L
(Fig. 52H). Pigment composition of this bloom cated of Chlb (0.63 mgn?),

fucoxanthin (0.85 mgi). Bloom of dinoflagellateCeratium furcawas observed in July



month for two continuous days with the cell cowdsied between 15, 946- 17, 976 Cells
L% (Fig. 521). Second bloom peak was observed durivgj-monsoon (October) with cell
counts varied from 7840- 15, 288 Cell3. Highest peak was observed in monsoon with
pigment composition of ChC2 (1.27 mgrt) and peridinin (0.14 mgt). Skeletonema
costatumbloom was observed blooming in all seasons angdasiore than five days.
Highest bloom peak was reported in monsoon seasoguét) with cell counts of 69, 174
Cells L* Pigments present during this bloom peak CRI(1.64 mgn?), fucoxanthin (2.47

mgni®), Chlb (0.64 mgrt) and diadinoxanthin 0.59 mgh{Fig. 52J).

4.3.11. Temporal variations in HABs specieBray-Curtis analysis formed four major
groups (Fig. 53A). MDS analyses were also simitathat of the clusters formed (Fig.
53B) at stress level of 0.08. Group | and IV arestdred at 60% similarity. Group Il and Ill
are formed at 50% of similarity. Groups are formgue to the dissimilarity in the
distribution of HAB forming species representingnpwral variations. Group | was
dominated by two species oAdexandrium temarensg’7.1%) dissimilarity (Fig. 53C).
Two Trichodesmium erythraeui®4.16%) dissimilarity. Dissimilarity values aresgn in
Table 4.5 by SIMPER analysis. Another species datetsh was Group Il showed
dominance ofGymnodinium brevé53.75%) dissimilarity highest dominance reporited
October (Fig. 53D).Gyrodinium spirale (87.69%) dissimilarity dominated the group.
Group Il reported dominance dfhalassiosira subtilis(70.65%) dissimilarity reported
dominance in February (Fig. 53E). Group IV madeofimnly one month April showed
dominance ofsuinardia delicatula(63.49%),Alexandrium fundyeng@9.26%) dominance

(Fig. 53F).



4.3.12.Relation between the HAB species and environmeatameters First three axes

suggest 60.74% of the correlation between envirowaheariables and HAB species (Fig.
54). Constructive cumulative percentage valuesgaren in Table 4.6. HAB species such
asGuinardia delicatula, Pseudo-nitzschia seriata,¥sdedrium fundyense, Ceratium furca,
Dinophysis acuta, Dinophysis acuminalRrptoperidinium brevipesnd Protoperidinium
steinii showed high abundance in the presence of nitrite tamperature. Salinity, tide
height, dissolved oxygen and water discharge inffed the growth oPseudo-nitzschia
australis Alexandrium temarense, Alexandrium ostenfeldii,r&centrum cordatunand
Dictyocha fibula Combination of salinity helped the AbundanceEofcampia zodiacus,
Dinophysis caudate, Gymnodinium breve, Prorocentrimmimus and Scripsiella
trachoideashowed positive correlation with combination ofttas like rainfall, phosphate

and water discharge.



Table 4.3. SIMPER analysis based on group obtafr@d cluster and MDS ordination
showing the species that contributed to the diffees among the groups Av. Abund:
average abundance; Av. Diss: average dissimilationtrib: Contribution

Av dissimilarity 69.48 Group | Group I

Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% | Cum.%
Skeletonema

costatum 21.09 19.7 2.5] 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 1.3§ 1.82 89.55
Av dissimilarity 61.05 Group lll Group |

Species Av.Abund | Av.Abund Av.Diss Diss/SD Contrib% | Cum.%
Pseudo-nitzschia

seriata 21.76 1.23 6.37 1.2y 10.43 21.26
Chaetoceros curvisetug 16.2 0.92 5.34 . 8.74 30
Cylindrotheca

closterium 19.41 5.76 4.64 2.48 7.6 37|6
Biddulphia sinensis 13.9 1.1 4.21 1.67 6.8P 44.49
Av dissimilarity 55.64 Group IlI Group I

Species Av.Abund Av.Abund| Av.Diss Diss/SD Contrib% | Cum.%
Rhizosolenia setigera 11.12 86.99 16.27 8.0B 29.24 29.p4
Eucampia zoadicus 0.52 6 1.18 4.89 2.1 72.12
Rhizosolenia

stolterforthii 1.42 6.93 1.17 2.21 2.1 74.82
Gyrodinium spirale 2.12 5.48 0.85 2.26 1.58 85.57

Table 4.4 Cumulative constrained percentages of the 2 axeaaad in the CCA analysis
for general phytoplankton composition and 3 axesaeied in the CCA analysis for
phytoplankton species

Factors Axis 1 AXis 2 AXis 3
HAB forming species




Zuari estuary - Station 1 (Cortalim) - Daily sampling

Figure 51. A) Total number of HAB forming speciasdaB) Percentage distribution of

HAB forming species at Station 1 (Cortalim) in Zusstuary.



Figure 52. Blooms of HAB forming species with pigmecomposition A)Ditylum
brightwelii, B) Coscinodiscus welsii C) Rhizosolenia setigera D) Rhizosolenia
stolterforthii, E)Leptocylindrus danicus, F) Cylinderotheca closterjuG)Ceratium furca,
H) Gymnodinium breve, IProrocentrumgracile and JBkeletonema costatuat Station

(Cortalim) in Zuari estuary.

Continued on next page




Figure 53. Bray-Curtis cluster (A) and MDS (B) béisen the monthly species abundance. Bubble
plots showing the monthly variations in the aburagaof dominant HAB forming species (C-F).

Figure 54. CCA biplot of HAB forming species.



Stations 2-7 (Transect) - Fortnightly sampling

4.3.13.Total composition of HAB speciell together 25 genera with 51 species of HAB

were reported along Zuari transect Table 3.8. Tjexies representation varied at surface
and bottom of each station. Highest HAB speciesewecorded at surface of Zuari station
comprised of total 26 species of 20 genera (Bamldyta 11 genera with 13 species,
Dinophyta 7 genera with 11 species; Cyanophytanugevith 1 species and Chrysophyta
1 genus with 1 species) (Fig. 55A and B). At bottbighest number of genera was
reported at Chicalim and Sancval were as high nurabspecies were found at Chicalim
station. At Chicalim total 17 genera with 25 spescf{Bacillariophyta 10 genera with 13
species, Dinophyta 6 genera with 11 species angsCGphyta 1 genus with 1 species).
Sancval station observed 9 Bacillariophyta, 6 Dimga, 1 Cyanophyta and 1 Chlorophyta
(Fig. 55C and D). Seasonal variations were fountthénpercentage distribution of different
divisions along surface and bottom at each statibghest HAB species were reported at
Zuari surface during monsoon representing 60% oBHpecies (59% Bacillariophyta and
1% Dinophyta) shown in (Fig. 56A). Borim bottom oefed highest percentage of HAB
species (50%) comprising of 48% Bacillariophyta, Canophyta and 1% Chrysophyta
(Fig. 56B). Gradual decrease in percentage of HABces from Chicalim to Lutolim
station was observed during Non-monsoon seasoimeigpercentage of HAB species for
Chicalim showed with total 38% comprising of 22%d8lariophyta, 16% Dinophyta (Fig.
56C). At bottom total HAB percentage was highestCiticalim (47%) with 34%
Bacillariophyta and 13% Dinophyta species (Fig. h6Barmful speciesChaetoceroq3

species)Coscinodiscug3 species)Pseudo-nitzschig species)Rhizosolenig3 species),



Dinophysis(5 species)Prorocentrum(3 species) anérotoperidinium (3 species) were
reported along transect Table 3.8.

4.3.14.Pigment composition of Harmful bloon®Blooms of HAB species were reported at

surface and bottom of Zuari, Sancval, Lutolim arafid® stations. Bloom ofkeletonema
costatumwas reported along the first three stations respdy extended from surface to
bottom where as it was observed only at surfaceStocval station. Highest bloom peak
was reported during post-monsoon period (Januaity) @ell counts of 10, 400 Cells'L
Pigment composition of this peak was @® (1.03 mgrt), fucoxanthin (2.92 mgf)
(Fig. 57A and B). At bottom on the same day bloomakpof Skeletonema costatumwas
observed with cell counts of 17,600 Cell$ LPigments present during bloom peak were
fucoxanthin (2.27 mgi). At Zuari station the bloom oSkeletonema costatumvas
observed in monsoon season for three consecutivehsi@July, August and September).
The highest bloom peak was found on the same date dhe Sancval station. Peak
consisted of pigments ClI2 (1.01 mgrt) and fucoxanthin (3.13 mgm (Fig. 57B). At
bottom bloom peak ofkeletonema costatumias observed in post-monsoon period on
same date (January) with cell counts of 13,860sd&lwhich lesser in composition then at
surface (Fig. 57C). Pigments reported in high catre¢ion during this peak includes Ghl
(0.71 mgn®), Chl C2 (0.86 mgnT), fucoxanthin (2.68 mgi) and myxoxanthin (0.56
mgni®) (Fig. 57D).

Lutolim station reported the bloom &keletonema costatuduring non-monsoon
period. At surface bloom peak consisted of cellcemration of 26, 030 Cells™Land
pigments observed were Gh(0.50 mgnt), Chl C2 (0.61 mgnt), fucoxanthin (1.56 mgm

% (Fig. 57E). At bottom bloom peak was observethweell counts of 24, 912 Cells’L



(Fig. 57F). Pigments reported were @42 (0.80 mgnT), fucoxanthin (2.46 mgi¥). Borim
station reported the bloom @foscinodiscus welsand Coscinodiscus centraliat surface
and bottom respectively. At surface bloom pealCokcinodiscus wailesivas observed
during monsoon period (September). Peak consistemlbcounts 22,904 Cells tand
pigments observed were GBR (0.65 mgnT) and fucoxanthin (1.90 mgf (Fig. 57G). At
bottom bloom ofCoscinodiscus centralisvas observed during monsoon period with
highest peak of 11,000 Cells*lfound in August (Fig. 57H). Pigments reported dgrin
bloom were Chb (0.60 mgrit), zeaxanthin (1.19 mgf), fucoxanthin (0.93 mgf).

4.3.15. Spatio-temporal variations in HAB specid3epending on the abundance HAB

species four major Clusters are formed with 50%thef similarity (Fig. 58A). MDS
analysis also showed similar pattern in forming gineups (Fig. 58B). SIMPER analysis
gave dissimilarity between the different groupsnfed Table 4.7. Group-I showed the
dominance ofGymnodinium brev&73.69%) dissimilarity (Fig. 58C) anRhizosolenia
setigera(68.18%) of dissimilarity. Group-1l reported therdinance oBiddulphia sinensis
(63.6%) dissimilarity (Fig. 58D)Coscinodiscus centrali§t3.02%)and Pseudo-nitzschia
multiseriata (83.75%). Group Il did not club with other grougae to the dominance of
Prorocentrum micans(80.05%) of dissimilarity (Fig. 58E)Scripsiella trachoidea
(90.65%), Pseudo-nitzschia australi@7.17%) andRhizosolenia stolterforthi(88.71%).
Group IV reported dominance dhalassiosira subtali$54.42%) dissimilarity (Fig. 58F)
andProtoperidinium depressu85.62%).

4.3.16.Relation between the HABs population and environahgrarameters First four

axes explained the 88.71% of the correlation betwa®vironmental variables and HAB

species (Table 4.8). Combination of variables suash nitrate and salinity showed



correlation with species lik€haetoceros concavicorni@€hco) Melosira moniliformis
(Memo), Rhizosolenia setigergdRse) Dinophysis mitra(Dimi), Gymnodinium breve
(Gybr), Prorocentrum gracile(Prgr) and Distephenus speculunDisspe) (Fig. 59).
Biddulphia sinensigBsi), Eucampia zodiacu§Ezo), Leptocylindrus minimugLmi) and
Pseudo-nitzschia seriat§Psse) showed high growth in the presence of taitend
phosphate. Silicate and phosphate affected thethrofvspeciesChaetoceros curvisetus
(Chcu) Pseudo-nitzschia pseudodelicatissini@spse) Thalassiosira subtilis(Thsu)
Dinophysis fortii(Difo), Guinardia delicatula(Gude) andProrocentrum minimugPrmin)
showed correlation with nitrite, dissolved oxygém.the biplot most of the species are

distributed towards centre.



Table 4.7. SIMPER analysis based on group obtafr@d cluster and MDS ordination
showing the species that contributed to the diffees among the groups Av. Abund:
average abundance; Av. Diss: average dissimiladiontrib: Contribution

Av dissimilarity 51.16 Group Il Group IV

Species Av.Abund | Av.Abund| Av.Diss| Diss/S[ Contrib% Cum.%
Coscinodiscus centralis 26.19 18.62 2.97 1.61 5.91 53.04
Ditylum brightwelii 12.99 4.82 2.81 1.86 556 64|1
Prorocentrum micans 6.69 0 2.23 1.47 4.35 68.45
Coscinodiscus welsii 9.76 3.67 2.1 1.49 4.1 72.55
Av dissimilarity 63.20 Group Il Group |

Species Av.Abund Av.Abund| Av.Diss Diss/SD Contrib%Cum.%
Skeletonema costatum 23.44 77.8 15.4 1.82 24.37 24.87
Ditylum brightwelii 12.99 31.78 5.27 2.2B .34 43.25
Rhizosolenia setigera 0 11.29 3.03 0.9§ 4,79 48.04
Cylinderotheca

closterium 8.13 15.42 2.67 1.3y 4.23 52.27
Av dissimilarity 58.12 Group IV Group |

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 9.2¥7 7.38 43.92
Cylinderotheca

closterium 31.89 15.42 4.15 1.91 7.14 51.06
Av dissimilarity 59.13 Group llI Group |l

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 1.8 10.94 30.68
Rhizosolenia alata 0 4.47 1.23 0.99 2.07 78.11
Pseudo-nitzschia seriata 0.09 7.75 2.12 1 3.59 61.712
Av dissimilarity 66.36 Group IV~ Group Il

Species Av.Abund | Av.Abund| Av.Diss Diss/SO Contrib%Cum.%
Skeletonema costatum 42.76 10.69 8.417 3.3f 12.69 31.113
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.b
Ditylum brightwelii 4.82 0 1.28 14.2 1.98 86.44
Av dissimilarity 71.52 Group |  Group I

Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib%Cum.%
Ditylum brightwelii 31.78 0 7.1 4.0 9.9p 55.35
Rhizosolenia setigera 11.29 0 2.45 0.86 3.48 58.18
Prorocentrum gracile 9.87 0 2.14 0.86 3 68.211




Table 4.8Cumulative constrained percentages of the 2 axeaated in the CCA analysis
for general phytoplankton composition and 4 axeBaeted in the CCA analysis for
phytoplankton species

Factors Axis 1 AXis 2 AXis 3 AXxis 4

HAB forming species 34.1 55.646 73.634 88.659




Figure 55. Total number of HAB forming species AQtdl no. of genera at surface, B)
Total no. of species at surface, C) Total no. ofega at bottom and D) Total no. of species

at bottom in Zuari estuary.

Figure 56. Seasonal distribution in percentage ABHorming species A)Monsoon at
surface, B) Monsoon at bottom, C) Non-monsoon atase and D) Non-monsoon at

bottom in Zuari estuary.



Figure 57. Blooms of HAB forming species with pigmheomposition A) Sancval surface,
B) Sancval Bottom, C) Zuari surface, D) Zuari botfoE) Lutolim surface, F) Lutolim

bottom, G) Borim surface and H) Borim bottom in Awestuary.



Figure 58. Bray-Curtis cluster (A) and MDS (B) béhgm the monthly species abundance. Bubble

plots showing the monthly variations in the aburwaof dominant HAB forming species (C-F).

Figure 59. CCA biplot of HAB forming species.
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Plate 1. Photomicrographs of some HAB species gtgutankton from Mandovi and
Zuari estuaries of Goa A3ymnodiniunsplendensB) Gymnodinium breveC) Ditylum
brightwellii, D) Dinophysis caudate, E}haetoceros curvisetuand F)Alexandrium

tamarense



4.4. Discussion:

The present work adds more information on the sgatnporal variability in the
abundance and composition of HAB species in twpital estuaries i.e. Mandovi and
Zuari along the central west coast of India. Theasations are related to the various
environmental parameters such as nutrients, sglit@perature etc. Among the nutrients
nitrate was highest during monsoon in the Mandsta&y whereas silicate was high in the
Zuari estuary throughout the study period. In comspa with earlier studies (Qasim and
Sen Gupta 1981; Upadhyay and Sen Gupta 1995; DsaSH209; Mascarenhas Antonio
2000; Goldar Bishwanath and Benerjii 2004; Nigetral., 2005; Alagarsamy Rengasamy
2006; Pradhan and Shirodkar 2009 and Mayaal., 2011) present study reported an
increase in the nutrient input. The Mandovi-Zuatuarine complex is the main transport
route of the iron ore to the Mormugao harbor. Innilevi per year 5.21x£f* of the
sewage is dispos€dessarkaet al.,2009). Land based runoff was over 6004\M@uprit
and Shankar, 2008) during the monsoon whereinanifrigets transported to the estuaries
leading to loading of the nutrients which is a mdgztor responsible for the growth of the
HAB species. This is also supported by the workobwing people (Qasinet al., 1972;
Andersonet al.,2002; Paeret al.,2002; Mallinet al.,2005; Glibertet al.,2005; Glibertet

al., 2007 and Verity 2010).

Mandovi estuary represented higher number of HABcges (33 genera with 59
species) in comparison to Zuari estuary, where @derp with 45 HAB species were
observed. Whereas more bloom events were obsenv&dari estuary then in Mandovi
estuary. Taking into consideration the daily andnight analysis all together total twelve

blooms of HAB species were recorded along Zuaruagt and seven along Mandovi



estuary. Mandovi estuary is known for high watesciarge as mentioned by Shetyeal.,
2007; Vijith et al., 2009 and Mayeet al., 2011. This increases flushing of the estuary
resulting in more nutrients entering into the estuAlso lots of phytoplankton species are
introduced. So during monsoon period lower saliratyd high nutrients concentration
increases the composition and abundance of HABepéQasinet al.,1972, Devassy and
Goes 1988; Pednekat al., 2011 and Pednekat al.,2014). Zuari estuary reported more
blooms of HAB species, due to its ability to sugpaore HAB species which are adapted
to high saline, nutrient sparse and more transpavater conditions due to reduced fresh

water discharge (Bhattathet al.,1976; Patil and Anil 2008 and Patil and Anil 2011)

The bloom ofTrichodesmium erythraeumas reported during present investigation
only in the Mandovi estuary during pre-monsoon artdr-monsoon season. The bloom
was associated with high salinity of 30 psu and hitnate concentration providing an ideal
condition for cyanobacteria which is known to fikm@spheric nitrogen as diazotroph.
They are also known to cause red tide phenomenaouraieg along the Indian coasts more
frequently towards west then the east coast (Qd®¥70; Ramamurthyet al., 1972;
Devassyet al.,1978; Achuthankuttet al.,1981; Devassy 1987 and Mohasetyal.,2010).

In the Mandovi estuary the appearanceTathodesmium erythraeuras coastal neritic
species suggests an influence of coastal wateosthat estuary. This is proved with the

help of CCA analysis where it showed strong coti@hewith rainfall and water discharge.

Blooms of few HAB forming species were reportedyoduring the monsoon
season includ&ymnodinium splendengas reported for the first time during the monsoon

period in Mandovi. This species proliferates inriastt enriched waters and also possesses



the nutrient retrieval strategy: diel migrationrftrient-depleted dinoflagllate into nutrient
rich layers (Smayda and Reynolds 2003). In geneéiabflagellates are known to grow
best in environments that are rich in nitrogenousi@nts, also in fulvic acid, humic acid
and other dissolved organic compounds that congtise bulk of the colored dissolved
organic matter (CDOM) pool (Prakash and Rashid 18&& and Bassett 1973 and Doblin
et al.,1999) Litter from the mangrove laden banks towards @astr of the Mandovi River
iIs an important source of CDOM. During the Monsoconstant flushing and flooding of
the mangrove beds causes percolation of CDOM frecohposing litterProtoperidinium
bloom has been reported off Mangalore (Sanilkuetaal.,2009). Along middle section of
Mandovi estuary (Ribandar) bloom of potentially mé&sl Rhizosolenia setigeravas
reported only at bottom. The bloom of potentialarinful specie®itylum brightweliiwas
reported in Zuari estuary, during the monsoon pkisonoticeable as this species is known
to occur in lower abundance in this estuary in oeasons (Devassy and Goes 1988). The
occurrence of blooms oEeptocylindrus danicus, Rhizosolenia setigera, 83oienia
stolterforthii, Coscinodiscus centraliand Coscinodiscus wailesiduring the monsoon
implies that they are typical monsoonal speciesiviprefers low saline conditions which
are enriched with nutrients. During monsoon pergstuaries are rich in inorganic
phosphate the source of which is largely from tbetic waters in the Zuari estuary, while

in Mandovi large number of tributaries adds théhhigput of phosphate (Dehadrai 1970).

The HAB species showed seasonality in the distobuéas reflected in the Bray-
Curtis similarity index which was purely based e tatbundance of HAB species during
each season and station in both the estuariémlassiosira rotula, Rhizosolenia

fragilissima and Coscinodiscus concinnughowed temporal variation and was positively



related with nitrite and rainfalCoscinodiscus concinnwgas reported in Mahanadi estuary
during post-monsoon and pre-monsoon period duéhéo eurythermal and euryhaline
nature and are known to grow quickly in estuarirmnditions (Naik et al., 2009).
Rhizosoleniadelicatula dominated in Mandovi estuary during the monsoomiode
Regardless of the monsoon season this species atay anytime, but with varying cell
densities. Protoperidinium brevipes,Protoperidinium steinii, Distephenus speculum,
Dinophysis caudataand Prorocentrum micansshowed strong positive relation with

rainfall, nitrate, phosphate and silicate.

In the present investigation potentially harmfulnpate diatomCylindrotheca
closteriumbloom was observed in more saline waters in bdughestuaries during the non-
monsoon period. The abundance was highest in Mandswary during April-May
(Table.). Earlier this species was reported witghhabundance in the Zuari estuary
(Devassy and Goes 1988). These species are brmighthe estuary during sea water
influx from coastal water and are known to havefgmence for phosphate and silicate
(Glibert et al., 2005 and Verity 2010). Especially dinoflagellatése Protoperidinium
brevipes, Protoperidinium steinii, Dinophysis caudat&ymnodinium splendenand
Prorocentrum micanbkave diverse habitat and have ability to swim sin& under nutrient
stressed conditions (Smayda 2002a and Smayda 20&2moflagellate Distephenus
speculumwas observed but with low abundance, reportedatsse depletion in oxygen

concentration and produces harmful red-tide (¥&al.,2000).

Gymnodinium brevenother toxic species showed spatial distributigihn bloom

reported during non-monsoon period just after tlomsoon is of concern. This species can



withstand shear/ stress effects with auto regulbedthvior which allows faster growth at
lower light levels in waters enriched with nutrief&mayda 2002a, Smayda and Reynolds
2003). Recently it has been renamed as Kareniasbaed known to produce a toxin called
brevetoxin. This known to cause Neurotoxic shahfPoisoning and respiratory irritation
in human beings (Steidnger 1993; Schalmaeteal., 1990; Daugbjerget al., 2000 and
Backer et al., 2005). Another bloom ofProrocentrum gracile,reportedto grow in
chemically disturbed (nutrient enriched throughhampogenic activities) marine waters
(Smayda and Reynolds 2003). Domoic acid produdguegies ofPseudo-nitzschia seriata
andPseudo-nitzschia multiseriateas shown spatio-temporal variation in both theages
specially during the non-monsoonal period whenrthients are elevated but declining.
Cultural experiments on these species showed thiadiehcy in silicate and phosphate

triggers more domoic acid production (Youlieinal.,1996).

Ceratium furcashowed spatio-temporal variability with high abande during
monsoon in Zuari estuary. It has the ability totstviover to mixotrophic mode of nutrition
and can maintain high growth rate even in low rutriconditions (Beak 2008). Potentially
harmful species oferatium furcaandSkeletonema costatuane found to be preponderant
of these estuaries, euryhaline type and grows tniemi enriched waters (Devassy and
Goes 1988)Skeletonema costatuism a cosmopolitan species found to grow at widwea
of salinity with high silicate concentration (Deggsand Goes 1988). In this work high
abundance of this species was found in the Zuduaeg during the monsoon period.
Bloom of Skeletonema costatuis also reported as indicator of pollution in tmarine
waters (Ganapati and Raman 1997 and Naik 2009). é&maralso plays important role in

the growth of HAB species (Paeti al.,2002 and Gliberét al.,2005).



It can be concluded that monsoon plays a major asjar player in the spatio-
temporal distribution of large number of harmfuball species. Abundance of HAB
species is related to the increase in the nutrientsoth the estuaries. The high level of
nutrients is a result of increased anthropogentiwiies in the two estuaries. More number
of HAB species blooms appeared in the present studuari estuary is related to their
adaptability to changing environmental conditionsthe estuary. Since fishery is an
important activity in this region and during monsageason when fishing in the coastal
waters is banned, the major fishing takes placth@se estuarine regions where shellfish
dominates during monsoon period. Further it cacdeluded that increase in the nutrient
can lead to harmful algal blooms during the monsabith may be detrimental to marine
life and humans. Reduction of nutrient loading égucing the anthropogenic activities and

to avoid extensive use of fertilizers for agricudlupurpose is suggested.






5.1. Introduction

The pennate diatorRseudo-nitzschidd. Peragallo is commonly found in coastal
marine environments around the world (Hasle 20®)owledge of the geographic
distribution of the genuPseudo-nitzschidas grown, and species have undergone many
taxonomic changes over the past decades, baserustnlé morphology and molecular
differences Pseudo-nitzschigpp. blooms are frequent mainly caused and duraliento
the environmental changes. Nutrient enrichmenthim @reas of upwelling is known to
promote these blooms (Batet al., 1989 and Andersort al., 2010). The genus is
identified by its typical “stepped-chain” formatioiCurrently, 44 species dPseudo-
nitzschiaare known so far which are identified based onntteephology of frustules and
molecular differences (Lelongt al.,2012 and Traineet al.,2012). The global importance
of this genus has increased due to the productiddomoic acid (DA) which is a potant
neurotoxin known to cause Amnesic Shellfish PoisgnfASP) in humans and Domoic
acid Poisoning in marine animals. To date Ps&@udo-nitzschigpecies are documented as

DA producers (Tengt al.,2014).

Pseudo-nitzschia pungef&runow ex Cleve) Hasle is one of the most commonl
reported representatives of the genus worldwideslgH2002 and Castelet al., 2008),
but it has still not received much attention. Itgeining more interest, however, because
there is evidence that a very few strain®?opungengroduce DA, but only at low levels
compared to the other toxigenic species (latral., 2014). The proliferation of toxigenic

Pseudo-nitzschigpecies is related tmany different environmental conditions, and it is



difficult to predict ASP outbreaks (Batetal.,1998; Maldonadet al.,2002 and Marchetti

et al.,2004).

The tropical, tide-driven Mandovi and Zuari estesrare the most important of
Goa, along the west coast of India (Fig. 4). The tifer in their geomorphology pattern.
The Mandovi estuary has a longer flushing period arwider mouth region compared to
the Zuari (Shetyeet al., 2007). The major source of pollution in the Zuarithe port of
Mormugao, situated in Mormugao Bay. Recently, abgenic activities, such as jetty
construction, ship building, boat traffic (cruis)jngewage discharge, agricultural runoff
and industrial effluents, have increased in thestiagies (Goldar and Benerjii 2004;
Alagarsamy 2006; Sawamt al., 2007; Pradhan and Shirodkar 2009 and Mayal.,
2011). This has led to the increase in macro- amdomutrient concentrations, especially
nitrate and phosphate, suspended particulate maigrtrace elements, which influence
algal blooms. Reports of HABs have also been repdrom the Goa coast (Devassyal.,

1979; Alkawri and Ramaiah 2010, 2011).

Salinity and nutrients are important factors gougy the growth of phytoplankton
(Qasimet al., 1972). The decline in salinity is accompanied byirgcrease in nutrients
during the onset of a monsoon, and is an imporactor controlling the distribution,
abundance and productivity of phytoplankton (Deyaasd Goes 1988 and Krishna
Kumari et al.,2002). Generally, tropical estuaries with moddyal@v salinities support a
greater phytoplankton population (Desikachary aad R972 and Qasimt al.,1972) than
those with a higher salinity, as was observed en4bari estuary (Bhargava and Dwivedi

1976).



In the case of toxigeni®seudo-nitzschispp., there are numerous studies on
physico-chemical variables that affect DA productioMost targeted macro- and
micronutrients (e.g. Si, N, P, Fe, Cu), but othersdied temperature, irradiance and pH
(reviewed by Bates 1998; Bates and Trainer 2005Lamhget al.,2012). Several studies
examined how salinity affects the growth, seastynalnd distribution oPseudo-nitzschia
species (reviewed by Lelored al.,2012 and Limet al., 2015). Little is known about how
changes in salinity affect DA production, with teception of one study, Douceteal.,
(2008). This is critical because md3seudo-nitzschigpecies capable of producing this
toxin are considered cosmopolitan and occur intebasters, including estuarine habitats.
A wide salinity tolerance folPseudo-nitzschispecies has been demonstrated in both
laboratory studies (Brand 1984; Jacksbral.,1992; Villacet al.,2004 and Thessesat al.,
2005) and in surveys of natural populations (Vikdal., 2004 and Thessest al., 2005).
Given the inherently wide salinity fluctuations caeterizing many estuaries, as well as the
apparently increasing susceptibility of the coasthvironment to natural and
anthropogenic processes potentially affecting glimisy regime (Turner 2006), knowledge
of how salinity influences the growth and toxin gwotion byPseudo-nitzschiapecies is
essential for evaluating the potential impact obdomhs on shellfish resources, local
economies and wildlife populations. This work saglthe distribution oPseudo-nitzschia
species in two salinity-influenced estuaries, asgkased the effect of salinity and nutrients

on the growth and DA production by the cosmopolgpacied®. pungens



5.2. Methodology

5.2.1. Collection, isolation and identification

Collection Surface water samples were collected from thariZestuary, i.e Dona Paula
Bay, using a metallic bucket. Ten L of water warstfpassed through a 250 pm mesh and
then through a 20 um mesh. Concentrated samplestiven brought to the laboratory (15

min away) in an ice box.

Isolatiort Immediately after the collection, the samples wsranned under an inverted
microscope at 200x magnification. Individual pungenscells were then isolated using
single cell or chain of cells isolation method. Eawll or chain was rinsed 3 times in
sterile f/2 medium to remove exogenous material thieth placed into an individual well

(of a 48-well plate) containing 0.75 mL of f/2 meni (Table 6.1). Cultures that contained
visible cells other thaRseudo-nitzschiavere re-isolated witlPseudo-nitzschiéAndersen

Robert A., 2005).

Identification of Pseudo-nitzschiapp: Species were identified by scanning electron

microscopy (SEM) analysisPseudo-nitzschiaspp. cells were cleaned for SEM
examination using the KMnfgHCL oxidation method (Miller and Scholin 1998) atiekn
mounted on nylon stubs using carbon-conductive.t@pe specimens were then coated
with ~20-nm of gold in a Hummer 6.2 sputtering ufAnatech Ltd., Springfield, VA).
Specimens were viewed by SEM (JEOL JSM-5600) with EDS attached (JEOL
5800LV). Identifications were based on standardmaxnic keys (Hasle and Syvertsen

1997).



5.2.2. Establishment and maintenance of cultures:

A non-axenic culture ofPseudo-nitzschia pungen$&P-1) was established by
isolating a L #3$" % Zuari " & '# ' The culture was
maintained in f/2 medium (Guillard and Rythe, 1968)de with filtered seawater from the
Zuari estuary, at an irradiance of 35 pmol photoAs™® (12:12 h light: dark cycle), at ~30
°C. Medium f/2 was prepared using the componentergin Table 5.1.The complete

growth of the species took around 6—7days. Theimilivas 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
NaNG; Solution | 0.5mL
NaHPOy-2H,0 Solution Il 0.5 mL
N&SiOs-5H,0 Solution Il 0.5mL
Ferric citrate Solution IV 0.5mL
Trace metal solution Solution V 0.5 mL
Vitamin  Working  Stock Solution VI 0.5mL
Solution

Autoclaved seawater 1000 mL
Composition of stock solution used for preparing cliure medium

Major nutrients

Compound Stock solution




NaNG; 15¢g 100 mL DW Solution |
NaHPOy-2H,0 1.13¢g 100 mL DW Solution Il
NaSiOs-5H,0 22749 100 mL DW Solution 1l
Ferric citrate 09¢g 100 mL DW Solution IV
Autoclave each component separately

Trace metal — solution V

Compound Stock solution

CuSQ-5H,0 0.020 g 100 mL DW

ZnSQy- 7HO 0.044 ¢ 100 mL DW

CoCh:-6H,0O 0.22¢ 100 mL DW

MnCl,-2H,0 0.360 g 100 mL DW

NaMoGOy-2H,0O 0.013 g 100 mL DW

Distilled water 500 mL

1) Autoclave each component separately

2) Combine all the components together

solution

and adjust make 1 L trace mets

Vitamins — Stock solution

Biotin 0.01g 100 mL DW
Vitamin By» 0.01g 100 mL DW
Thiamine HCL 0.02g 100 mL DW

Autoclave each component separately

Vitamin Working Stock Solution — Solution VI




1 mL Biotin + 0.1 mL Vitamin B, are disolved separately in 100 mL of preszred
Thiamine HCL

Seawater

Seawater------- > GF/F 0.8 pm-------- > 0.45 pm-------- > 0.22 um-—> Purified
seawater

5.2.3. Effect of salinity onP. pungensgrowth and domoic acid production

To study the effect of salinity, medium /2 was gaeed at a range of salinities.
Seawate"! % Zuari "  with salinity of 36 psu was first filtered throughglass-
fiber filter (GF/F), followed by a 0.22-um pore sjz47-mm diameter polycarbonate
membrane (Whatman Nuclepore) and then held in @askmuntil used. This was then
diluted with distilled, deionized water to achieseven lower salinities (5 to 35, in 5
increments) prior to amending with nutrients, faled by sterile-filtration through a 0.22-
pm pore size, 47-mm diameter polycarbonate membrne P. pungenscultures were
adapted for each salinity under the above growtiditions for 12 days prior to carrying

out the experiment.

Triplicate experimental flasks containing 100 mL wiedium at each of the
salinities were inoculated with exponentially gragiadaptation cultures, to achieve an
initial cell concentration of 6000 to 8000 cells hlGrowth at the above conditions was
monitored daily between 13:00 and 15:00 h by asalyyi removing 3-mL aliquots from
each flask. Cells were preserved with 2% Lugoldine and counted in triplicate using a
1-mL Sedgewick-Rafter counting chamber. At leastfiBléls, or 300 cells, were counted
per replicate. Only cells containing chloroplastsrevcounted. The maximum specific

growth rate for the mean of triplicate cultures vdgsermined using cell counts obtained



over three or more successive days during the exp@h growth phase, according to

Guillard (1973):

H(dY) = In (NN (trt)

where t and t are the sampling times (in days) angadad N are the corresponding cell

concentrations at sampling timgsand i.

Domoic acid analysisTo determine Domoic acid (DA) production, 50-mligaots were

collected daily from the replicate cultures andzéo at -20 °C for later DA analysis. Prior
to analysis, 30 mL of “whole culture” (i.e. celldup medium; Bategt al., 1998) were

sonicated for 1-2 min at 100 W, using 1-cm diametebe (Sonics and Materials INC.
Danbury, CT, USA) to release DA. Cell debris wamoged by filtration through a 0.45-
pHm pore-size disposable filter (Millex HV, MilliperCorp.). DA was analyzed by a high-
sensitivity 9-fluorenylmethylchloroformate (FMOCjgacolumn derivatization method for
amino acids followed by reversed-phase HPLC witlorkscence detection (Pocklingtein

al., 1990). Cellular DA from the “whole culture” (fg peell) was calculated by dividing

the total DA produced in the culture by cell number

Derivatization of Domoic acid is as follows: Takeioic acid samples (20Q).
To that, add 50L borate buffer, then place 1@ of DHKA into a 10x75 mm borosilicate
test tube, and vortex mixed for 10 s. Add 230of FMOC-CI and vortex mixed for 45 s.
The un-reacted excess FMOC-CI was then immediataiacted with 3 x 500L of ethyl
acetate. The aqueous phase, which contains theeddfMOC-DA, is then transferred to a

vial that is placed in the auto-sampler. Reages¢sl this method are given in Table 5.2.



Table 5.2. Preparation of reagents used in Donmdanalysis

Step

Reagent solution

Concentration

Composition

9-fluorenylmethylchloroformate
(FMOC-CI)

15 mM

38.7 m FMOC-CI + 10 ml
acetonitrile; store at -20 °C

Borate buffer

1M, pH 6.2

6.18 g
orthoboricacid
(BH303) + 95 mL
deionized water;
adjust pH 6.2 with 2
M sodium
hydroxide;  dilute
with water to 100
mL

Dihydrokainic  acid
internal standard solution

(DHKA)

100 pg m*

1 mg DHKA + 1 mL
acetonitrile water (1:9). Fron
this, prepare working solutio
of concentration (2 ug mt) 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 pyrovided a gradient of 1 mL/min.

The mobile phase was a solution of aqueous acaeteniith 0.1% (v/v) trifluoroacetic

acid (BDH Chemicals). For the initial conditiongetimobile phase was composed of 37.5%

acetonitrile and 62.5% water. The concentratioag#tonitrile was then linearly increased

to 55% in 15 min. This was followed by a linear rie@se in the concentration of

acetonitrile to 90% in 6 min. This condition wasintained for 6 min, and the mobile

phase was returned to the initial conditions in B.nThe initial conditions were re-

maintained another 9 min, thus giving a total twh@5 min per analysis.



5.2.4. Effect of nutrients (nitrate, phosphate andilicate) on growth and production of

Domoic acid

The study was carried out using following threerieats:

1. Nitrate: Five concentrations were used: 1 uM, 5 gMuM, 50 uM and 100 uM

2. Phosphate: 0.5 uM, 2 uM, 4 uM, 8 uM and16 uM

3. Silicate: 5 uM, 20 uM, 80 uM, 160 uM and 320 uM

The concentration of each nutrient was decided epedding on their estimated
concentration range in the field. The effect of riemts was studied by varying the
concentration of one nutrient and keeping the ottwey constant. The methods for
preparing the growth media, inoculation, and sanppéservation for cell counts and DA

analysis are the same as those described in métigydaf salinity given above.

5.3. Results

Morphology and identification of Pseudo-nitzschsgecies Five species ofPseudo-

nitzschia were identified:P. pungens P. multistriatg P. seriata P. australis and P.
pseudodelicatissimdased on their morphometrics (Table 5.3P%eudo-nitzschiapecies
was isolated from the Zuari estuary and brougldulture by single cell isolation method.
Based on morphometrics obtained from SEM image®bl€ra.3; Fig. 60), this species is
identified asP. pungensCells are symmetrical and linear to lanceolatealve view (Fig.
60A and B). Spices are more or less pointed. @pIdverlap by about one third of the cell

length (Fig. 60A). The cell length is 78.87-91.08 pnd the valve width is 3.35-4.72 um.



Cells are coarsely silicified and a central intexspis absent. Striae are most often with
two rows of poroids or sometimes with a partly fedrthird row (Fig. 60C and D). The
poroid density is 3 in 1 um. The density of straaml fibulae is both 13-14 in 10 um (Fig.

60D).



Table 5.3. Morphometric data &seudo-nitzschigpp. from this study. In the case f
pungensthey are compared to literature values. A centtarspace is absent, except for
P. pseudodelicatissima

Length Width Striae Fibulae Poroids  Rows of

Species (m) (m) in10 m in10 m inl m poroids  Reference

P. pungens 79-91 3.4-4.7 13-14 13-14 3-3 3 This study
Hasle, 1965; Hasle and Fryxell
1995; Hasle and Syvertsen

P. pungens 74-142 3.0-4.5 9-15 9-15 3-4 1to2 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 23) Stagtikal., 2001

P. pungens 61-156 2.2-5.4 10-16 10-16 2-4 Cuserctl.,2004

P. pungens 92-156 3.5-4.2 10-11 10-11 1-3 2 Kaczmaedhkal., 2005

P. pungens 74-147 2.6-4.5 9-13 10-13 2.5-3.0 Quijano-Scheggd, 2008

P. pungens var.

pungens 110 2.7-3.5 8.6-11.6 8.6-11.6 2-3 3 Chatral.,2009

P. pungens var.

cingulataclade Il 1204+249 39+01 11.2+09 121+05 301t Holtermanret al.,2010

P. pungens var.

cingulatahybrid 111.3+194 33+02 115108 12+0.9 3.56t 0. Holtermanret al., 2010

P. pungenglade | 70.1-155.9 2.2-4.8 9-13 9-13 2.5-3.0 2 ja@oiScheggia, 2010

P. pungens 90 2.8 12 12 34 2 Méndet al., 2012

P. pungens 93-126 2.8-3.2 11-14 11-15 3.0-34 Parstiag., 2012

P. pungens 3.4-3.8 9-13 9-14 2.5-4 Orie¢al.,2013

P. pungens 70-148 1.9-4.0 9-13 9-13 2-4 2 Ten@l.,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



P. seriata 72-128 4.6-8.0 14-18 14-18 7-8 3 This study

A
b\

Figure 60. A) Stepped chains of cells in girdle &atie views, LM; B) Whole valve with
pointed ends, SEM; C) Outer valve structure, shgwire presence of 2—3 rows of poroids
(arrows), SEM; D) Inner valve structure with thegence of striae (arrowhead) and fibulae
(arrow), SEM.



Salinity

Growth parameters andomoic acid production Batch cultures ofPseudo-nitzschia

pungensexhibited the classical “logistic” growth pattemith three phases: lag (days 0-2),
exponential (days 3—-7) and stationary (days 8—ER). (61A). Growth was affected by
salinity, althoughP. pungengrew at all the salinities, from 5 to 35 psu. G affected
the maximum cell concentration attained during stationary phase (Fig. 61A). The
highest cell concentration at stationary phase X918 cells mL') was observed at 25,
psu, and the lowest (1.3 x°1€ells mLY) was at 5 psu (Fig. 61B). The specific growth rate
was lowest (0.44Y at 5 psu, increased to a maximum (1.05 to 1:19ad 15 to 30 psu,
and then decreased slightly (to 0.98 dt 35 psu (Fig. 61C). The ANOVA test showed a
significant variation in specific growth rate wisialinity, with p = 0. Tukey’s post-hoc test
showed a significant increase in specific growtie @ to 30 psu, with p = 0, which then

significantly decreased at 35 psu salinity, with .

DA production rates were lowest and similar at 3%opsu (2.56 to 3.12 ng rifld
) (Fig. 61D), and thereafter gradually increaseth\ricreasing salinity, reaching 5.25 ng
mL* d* at 35 psu (Fig. 61E). There was a significantatan in DA production between
salinities, with p = 0 (one way ANOVA), and a sificeint 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 derivat@atnethod for amino acids
followed by reversed-phase HPLC with fluorescenetection (Pocklingtoret al., 1990).
Thus, additional tests were required to providelence that the suspected peak on the

chromatogram was indeed DA. Adding a standard Dtiem (20 ng mLY) to filtered



seawater resulted in a FMOC-DA peak at a reteritioa (RT) of ~7.8 min and an internal
standard FMOC-DHKA peak at ~13 min (Fig. 62A). Bexmwf slight shifts in the RT of
these peaks, they were normalized by calculatiegdtita time (T) between the DA and
the DHKA peaks; the averagd for each sample was then used to identify thpexted

DA peak.

Similar peaks as above were also found in the sdagrold culture ofP. pungens
(Fig. 62B) with the Domoic acid concentration ofi¥.ng mL%. To confirm that the
suspected small DA peak at a RT of 7.9 min wasaddeA, a spiking experiment was
carried out. A known concentration of standard 0Ang mL') was added to the culture
and again analyzed by HPLC. The resulting chromratag(Fig. 62C) shows that a peak
with similar RT as that of the standard DA increhbg the expected surface area with the
final Domoic acid concentration of 7.13 ng thiwhich confirmed the presence of DA in

the culture.

The overall trend in DA concentrations in the “wdalulture” (expressed per mL)
during the course of batch culture growth was simak each salinity, with peaks on days 9
to 10 during the stationary phase (Fig. 63A-G)erestingly, low but increasing levels of

DA continued to be found during the exponentialggha

Salinity affected DA production. The lowest stadoprphase DA concentration
(18.7 ng mrY) was at 5 psu, and it gradually increased (to 29074 ng mLY) at 25 to 35
psu (Fig. 63A-G). In contrast to the above, thees wo indication that salinity affected
DA when expressed per cell (fg ¢EIIDA in the whole culture divided by cell number).

Cellular DA was highest during the lag phase (dby2), with a secondary minor peak at



some salinities during the early exponential ph@sss 3—-4) (Fig. 63A-G). The highest
DA level was ~770 fg cell (Fig. 63F, 63G). Because the rate of increaseeihnumber
was greater than the rate of DA production, DA gal then decreased to very low levels

(9 to 95 fg cell') during the stationary phase.



Figure 61. Effect of salinity on the growth BEeudo-nitzschia pungemsolated from the
Zuari estuary. A) Growth curves; B) Maximum celincentration at stationary phase; C)
Specific growth rate and D) Effect of salinity dretrate of domoic acid (DA) production.



Figure 62. HPLC chromatograms for the analysisavhdic acid (DA). A) Chromatogram
obtained from a standard solution of pure DA itefiékd seawater, showing peaks for the
derivatization products of DA and DHKA; B)seudo-nitzschia pungegsilture sample (7
days old); C)Pseudo-nitzschia pungenslture sample spiked with standard DA solution

(1 ng miY), showing the expected increase in peak heigitieasame retention time as DA.



Figure 63.Change in domoic acid (DA) concentration in the Oiéhculture” (cells plus
medium), expressed as ngh{l ) and fg cel* ( ), for Pseudo-nitzschia pungegsowing

in culture at salinities of A) 5 psu; B) 10 psu; T psu; D) 20 psu; E) 25 psu; F) 30 psu;
G) 35 psu.



Nitrate:

Growth parameters andomoic acid production Batch cultures ofPseudo-nitzschia

pungensexhibited the classical “logistic” growth pattemith three phases: lag (days 0-1),
exponential (days 1-4) and stationary (days 5—FER). (64A). Growth was affected by
nitrate concentration, although pungengrew at all the nitrate concentrations, from 1 pM
to 100 uM. Nitrate affected the maximum cell cortcation reached during the stationary
phase (Fig. 64A). The highest cell concentratiostationary phase found on day 7 of the
culture (2.97 x 10cells mL?Y), at 100 pM. The lowest (5.04 x °16ells mL?) was at 1 uM
(Fig. 64B). The specific growth rate was lowesB8d') at 1 pM, and increased to a
maximum (1.08 to 1.274 at 50 to 100 uM (Fig. 64C). The ANOVA test showed
significant variation in specific growth rate wittitrate, with p = 0. Tukey’s post-hoc test
showed a significant increase in specific growtie feom 1 uM to 100 pM nitrate, with p

=0.

Verifying the identity of the DA peak was carriedt@s for the salinity experiment.
The chromatogram with the highest DA peak was at{dM (Plate 2). DA production rates
were lowest at 1 pM nitrate (17.32 ng thd™) and thereafter gradually increased with
increasing nitrate concentration, reaching 25.92ntg" d* at 100 pM (Fig. 64D). There
was a significant variation in DA production betweeitrate concentrations, with p = 0
(one way ANOVA), and a significant increase in Dfoguction from 1 pM to 100 puM,

with p = 0 (Tukey’s post-hoc test).

The overall trend in DA concentration in the “whdalelture during the course of

batch culture growth was similar at each nitratecemtration, with peaks on days 7 and 9



during the stationary phase (Fig. 65A—E). Interggyi, low but increasing levels of DA

continued to be found during the exponential phase.

Nitrate concentration affected DA production. Tlmvést stationary-phase DA
concentration (17.32 ng rif) was at 1 pM and it gradually increased (to 251§2nL") at
100 uM (Fig. 65A—-E). In comparison to the abovesréhwas no indication that nitrate
affected DA when expressed per cell (fg ¢elDA in the whole culture divided by cell
number). Cellular DA was highest during the laggghédays 0-2), with a secondary minor
peak at some concentrations of nitrate during Hréy @xponential phase (days 3-4) (Fig.
65A—E). The highest cellular DA level was ~600 fd ¢€Fig. 65B and C). Because the
rate of increase in cell number was greater thamdte of DA production, DA per cell then

decreased to very low levels (4 to 97 fg &etluring the stationary phase.



Figure 64. Effect of Nitrate on the growth B§eudo-nitzschia pungemsolated from the
Zuari estuary. A) Growth curves; B) Maximum celincentration at stationary phase; C)
Specific growth rate and D) Effect of Nitrate ore ttate 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 Oléhculture” (cells plus
medium), expressed as ngh{l ) and fg cel* ( ), for Pseudo-nitzschia pungegsowing
in culture at nitrate concentrations of A) 1 uM; BuM; C) 20 uM; D) 50 uM and E) 100
MM.



Phosphate:

Growth parameters anBomoic acidproduction The growth pattern in the batch cultures

of Pseudo-nitzschia pungeeghibited three phases: lag (days 0-1), exporiddgs 2-5)
and stationary (days 6-12) (Fig. 66A). Growth wHecéed by phosphate concentration,
althoughP. pungensvas found to grew at all the concentrations, fi@& uM to 16 pM.
Phosphate affected the maximum cell concentrateached during the stationary phase
(Fig. 66A). The highest cell concentration at stadiry phase was found on day 7 day of
the culture (8.3 x 10cells mLY), at 16 pM. The lowest (3.22 x 16ells mL?Y) was at 0.5
1M (Fig. 66B). The specific growth rate was low@k88 d*) at 0.5 uM and increased to a
maximum (1.18 to 1.40Y at 4 to 16 uM (Fig. 66C). The ANOVA test showed a
significant variation in specific growth rate wighosphate, with p = 0. Tukey’s post-hoc
test showed a significant increase in specific ghovate from 0.5 pM to 16 uM of

phosphate concentration, with p = 0.

The peaks of DA production at different concentnagi of phosphate are shown in
chromatograms given in Plate 2. Phosphate shovweedgposite trend in DA production in
comparison to nitrate and salinity. DA producti@tess were lowest at 16 uM phosphate
(2.25 ng mC* d') and thereafter gradually increased with decregasimosphate
concentration, reaching 4.69 ng thid* at 0.5 pM (Fig. 66D). There was a significant
variation in DA production between phosphate cotregions, with p = 0 (one way
ANOVA), and a significant decrease in DA productfoom 0.5 uM to 16 pM, with p =0

(Tukey’s post-hoc test).



The overall trend in DA concentration in the “whaelture” (expressed per mL)
during the course of batch culture growth was simat each phosphate concentration, with
highest peaks on days 9 to 12 during the statiophage (Fig. 67A-E). Interestingly, low

but increasing levels of DA continued to be founxiitg the exponential phase.

Phosphate concentration affected DA production. [Biagest stationary-phase DA
concentration (22.75 ng rif). was at 16 uM and it gradually increased (to 3%h@imL?)
at 0.5uM (Fig. 67A-E). In comparison to the abavere was no indication that phosphate
affected DA when expressed per cell (fg ¢elDA in the whole culture divided by cell
number). Cellular DA was highest during the laggghédays 0-1), with a secondary minor
peak at some concentrations of phosphate duringedhly exponential phase (days 2-3)
(Fig. 67A-E). The highest DA level was ~470 fg ¢e(Fig.67C). Because the rate of
increase in cell number was greater than the rat®Ao production, DA per cell then

decreased to very low levels (1 to 96 fg &etluring the stationary phase.



Figure 66. Effect of Phosphate on the growthPstudo-nitzschia pungemsolated from
the Zuari estuary. A) Growth curves; B) Maximuml @gncentration at stationary phase;
C) Specific growth rate and D) Effect of Nitrate ¢me rate of domoic acid (DA)
production per day.



Figure 67.Change in domoic acid (DA) concentration in the Oléhculture” (cells plus
medium), expressed as ngh{l ) and fg cel" ( ), for Pseudo-nitzschia pungegsowing
in culture at phosphate concentrations of A) 0.5; |By12 uM; C) 4 uM; D) 8 uM and E)
16 pM.



Silicate:

Growth parameters an®omoic acidproduction The batch cultures d?seudo-nitzschia

pungensexhibited three phases: lag (days 0-1), exporiddags 2—4) and stationary (days
5-12) (Fig. 68A). Silicate concentration affectée tgrowth ofP. pungensalthough it
grew at all the concentrations, from 5 uM to 320. 8ilicate affected the maximum cell
concentration reached during the stationary phasSg. (69A). The highest cell
concentration at stationary phase found on daytfetulture (84.8 x facells L"), at 320
M. The lowest (1.5 x focells mL*) was at 5 uM (Fig. 68B). The specific growth rate
was lowest (0.84°Y at 5 pM, and increased to a maximum (1.43 to &6at 20 to 320
UM (Fig. 68C). The ANOVA test showed a significaratriation in specific growth rate
with silicate, with p = 0. Tukey’s post-hoc testosled a significant increase in specific

growth rate from 5 puM to 320 pM, with p = 0.

Highest DA production at different concentration$ slicate is shown in
chromatograms given in Plate 2. Silicate followedrend similar to that shown for
phosphate. DA production rates were lowest at 320(R.85 ng mL* d?) and thereafter
gradually increased with decreasing silicate cotreéon, reaching 4.32 ng riiLd™ at 5
MM (Fig. 68D). There was a significant variation A production between silicate
concentrations, with p = 0 (one way ANOVA), andgndicant decrease in DA production

from 5 uM to 320 uM, with p = 0 (Tukey’s post-ha@st).

The overall trend in DA concentration in the “whaelture” (expressed per mL)

during the course of batch culture growth was simdlt each silicate concentration, with



highest peaks on days 8 to 12 during the statiophage (Fig. 69A-E). Interestingly, low

but increasing levels of DA were again found duting exponential phase.

Silicate concentration affected DA production. Tlogvest stationary-phase DA

concentration (21.23 ng i) was at 320 uM and it gradually increased (to 251@ mLY)

at 5 uM (Fig. 69A-E). In comparison to the aboveeré was no indication that silicate
affected DA when expressed per cell (fg ¢elDA in the whole culture divided by cell
number). Cellular DA was highest during the lag gghédays 0-1), with no secondary
minor peak observed during the early exponentiasphi{Fig. 69A-E). The highest cellular
DA level was ~500 fg celi (Fig. 69D and E). Because the rate of increaseihnumber
was greater than the rate of DA production, DA gal then decreased to very low levels

(0.2 to 97 fg celt) during the stationary phase.



Figure 68. Effect of Silicate on the growth B$eudo-nitzschia pungersolated from the
Zuari estuary. A) Growth curves; B) Maximum celincentration at stationary phase; C)
Specific growth rate and D) Effect of Nitrate ore ttate of domoic acid (DA) production
per day.



Figure 69.Change in domoic acid (DA) concentration in the Oléhculture” (cells plus
medium), expressed as ngh{l ) and fg cel" ( ), for Pseudo-nitzschia pungegsowing
in culture at Silicate concentrations of A) 5 uM; B pM; C) 80 uM; D) 160 uM and E)
320 puM.




Plate 2. Chromatograms of Domoic acid (DA) showinighest peaks. Where A)
Chromatogram of nitrate at 100 puM concentrationCByomatogram of phosphate at 0.5
1M and C) Chromatogram of silicate at 5 UM concaian.



Prediction of HABs in the estuarine system of Goa:

This study reported blooms &fseudo-nitzschia pungeiwsiring the non-monsoon
period over two years in both the Mandovi and Zeastuaries. During the bloom period,
the range in nitrate concentration was 0.81-2.85 phosphate was 0.17-0.4M and
silicate was 18.73-31.05M. Laboratory experiments conducted to study tHecefof
salinity and nutrients supported the above obsemaiby showing tha®. pungengrew at
these nutrient concentrations. Based on figldsitu) observation and laboratorin(vitro)
studies, salinity, nitrate, phosphate and siligateern the distribution as well as the growth

of Pseudo-nitzschiéFig. 70).

Laboratory experiments also concluded that str&®-1) of Pseudo-nitzschia
pungens$"! % Zuari "  produced small amounts of the neurotoxin Domoid aci
(DA) in culture (<1 pg DA cetl). This result supports the findings of Rhodes et1®96),

Trainer et al. (1998), Baugh et al. (2006) and @&alal. (2009).

Pseudo-nitzschia pungepsoduces DA under the following conditions:

a)  Salinity: Highest growth rate was observed from 3bpsu, but DA production of
(29.88 ng [) took place at the highest salinity (35 psu). Thiggests that higher osmotic

pressure could trigger the production of DA.

b) Nitrate: Maximum DA was produced at the highestaté@ concentration (100M).

This is because DA is an amino acid that requireegen for its formation.



C) Silicate and Phosphate: The maximum production &f 0ok place at lower

concentrations of phosphate and silicate (i.e. avisand 0.5 M, respectively). It is clear

that limitation in silicate and phosphate can teigthe production of DA in culture as well
as in nature. These results are similar to thogsaddorP. multiseriesP. australisandP.

seriata(reviewed by Lelongt al.,2012).

From above, it can be concluded that the low EwéIDA produced by. pungens
do not impose a significant environmental hazar@mwhutrients and salinity are optimum
for maximizing toxin production. The following madddescribes the conditions under
which P. pungensan bloom and produce DA. Regular monitoring tgureed, especially

when such environmental conditions prevail at the & the monsoon season.
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Figure 70. Proposed flow chart for the developmanHarmful algal blooms in

Mandovi and Zuari systems of Goa.



5.4. Discussion:

Pseudo-nitzschiaspp. are shown to be an important component of the
phytoplankton flora in the Mandovi and Zuari estn@rwaters of Goa, western India. In
the Mandovi estuary, diatom species represent 7fléeototal species, of whidAseudo-
nitzschiaspp. account for ~10% of the total species (Pednetkal., 2014). In the Zuari
estuary, diatoms are 89% of the total species,lo¢lw20% ard®>seudo-nitzschiapp. Five
Pseudo-nitzschisspecies were identified in this study: pungensP. multistriata P.
seriatg P. australisand P. pseudodelicatissimahese were also described in Pednekar et
al. (2012). Some or all strains of each of thesepsrted to be toxic elsewhere in the world
(Bateset al., 1989; Lundholmet al.,2004; Maclintyreet al.,2011; Lelonget al.,2012 and

Méndezet al.,2012).

Pseudo-nitzschia seriataas the dominarRseudo-nitzschiapecies in the Mandovi
estuary at all stations during the non-monsoonopenvith highest counts of 15,320 cells
Lt at the surface of the OldGoa station in March, wiensalinity was ~25 psu. There was
no evidence of water discoloration at this conaitn. Nevertheless, it is comparable to
that found at Natashquan, Quebec (northern GulbtofLawrence, Canada), wherePa
seriataconcentration of 14,000 cells'lwas associated with the presence of low levels of
DA (0.89 g DA g% in soft-shell clamsMlya arenarid, in August 1999 (Couturet al.,
2001). In the Baie des Chaleurs, Quebec (Southethdb St. Lawrence), th®. seriata
concentrations reached 62,000 celfsif. 2002, and the DA levels in blue mussalyijlus
eduli§ reached 89g DA ¢ (Bateset al.,2002), which is over the 2@y DA g* regulatory

limit, and resulted in a harvesting closure.



Other studies have usezhnonical correspondence analysis (CCA) to explae
variations in Pseudo-nitzschiaspp. abundance with respect to environmental factor
(salinity, nutrients, rainfall) (Fig. 59 seudo-nitzschia pungerd. multistriata P. seriata
andP. australishave shown significant positive variations in aundance with respect
to salinity (Thessert al., 2008). The cell abundances Bf multistriatg P. seriata P.
australis and P. pseudodelicatissimaave also been related significantly with nitrite,
nitrate, phosphate, silicate, as has been showsther studies (Lundholret al., 2010;
Méndezet al., 2012; Nazet al., 2012 and Sahraowt al., 2012). The genu®seudo-
nitzschiais reported as cosmopolitan (Hasle 2002) and lasrbbs usually occur when
nutrients are available and salinity is not redufiadfer 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 arah use both organic and inorganic
forms of nitrogen (Howardet al., 2007 and Cochlaret al., 2008). Blooms ofP.
multistriata, with a cell concentration of 4 X i@ells L, were observed in Mediterranean
Sea during the summer (Quijano-Scheggial., 2010).Pseudo-nitzschia seriaia known
to grow under conditions of high temperature andinglant silicate and phosphate
(Lundholmet al.,2010 and Sahraoet al.,2012) and also blooms during the summer (late
June to August) in Scottish waters (Fehlieg al., 2004, 2005).Pseudo-nitzschia
pseudodelicatissim@rows in nutrient-rich waters and its blooms arsoahffected by
seasonal upwelling (Trainet al.,2002; Lund-Hansen and Vang 2004 and Kaczmaeska

al., 2007).

The cell growth dynamics oP. pungensin the nitrate, phosphate and silicate

experiments followed a logistic model that exhilbétg, exponential and stationary phases.



However, there were differences in the growth cufveach nutrient experiment in respect
to the maximum cell concentration they have attdritiging stationary phase. Cell growth
of P. pungensshowed a greater preference for silicate tharpfarsphate and nitrate, as
evidenced by the maximum cell concentration atthshgring stationary phase. The highest
cell concentration (84.8 X fells ') was observed at 320M silicate. As a diatom,
Pseudo-nitzschiaequires silicate not only for frustules formatidaut also for other
metabolic processes (P&t al., 1996; Moss 2001 and Marchest al., 2007). Specific
growth rates increased with an increase in silicatecentration; the highest (2.28)dvas
observed at 320M of silicate. Earlier studies from different pads world reported the
presence ofP. pungensin the waters of high temperature, salinity and/ Ioutrients
(Aifeng et al., 2005 and Almandoet al.,2007). This was true in the present study where

bloom ofP. pungensvas reported during the non-monsoon period.

The present study reports that Domoic acid (DA)dpation increases with an
increase in nitrate concentration and vice vers#hen case phosphate and silicate. The
highest concentration of nitrate (10®1) resulted in a DA production rate of 25.92 ng L
d™. Bateset al., (1991) reported tha®. multiseriesproduced small amounts of DA during
the late exponential phase in the presence oft@iia N source. This is also true in the
present study, witl?. pungensThis may be explained by the structure of DA, ekhis an
amino acid, and therefore require nitrate as aangisd nutrient for its synthesis. Bates
al., (1991, 1993) reported that the production of DAPinmultiseries(then known ad\.
pungend. multiserie$ increased with the addition of a source of nigrogn the medium.

In the present study, maximum DA production toakcpl during the stationary phase. This

is consistent with the work of Cusaek al., (2002), who reported that an isolate Rof



australisfrom Irish waters also produced high DA concemdratiuring stationary phase of
the culture. Lelongt al.,2012 and Traineet al.,2012 further supported this study, where
they reported many other speciesRsfeudo-nitzschiare also known to produce greater
concentration of DA during stationary phase. Amotbtrain ofP. australisisolated from
Monterey Bay, found to produce more particulate disgolved DA when enriched with

ammonium in comparison to that of nitrate growrsc@tioward 2007).

Pseudo-nitzschia pungems culture showed a reduced DA production with an
increase in silicate and phosphate concentratibe.maximum DA produced was 4.32 ng
mL* d*at 5 M silicate and 4.69 ng mt.d*at 0.5 M phosphate. These observations are
also consistent with those for other specieBsd#udo-nitzschieDA production byPseudo-
nitzschiais thought to be triggered in part by physiologistiess caused by silicate and
phosphate limitation. Such limitation is believex facilitate DA synthesis by reducing
primary metabolic activity and making available ugqd precursors, cofactors and high
energy components or by expression of genes ingdolneDA biosynthesis (Paget al.,
1998). Pseudo-nitzschia seriatasolated from Scottish waters showed a greater DA
production when stressed by silicate limitationnthaith phosphate limitation during
stationary phase (Fehlireg al.,2004). HoweverP. multiseriesstrains produced a high DA
concentration under the phosphate deficiency @ah., 1996A, B, C; Kudelat al.,2003
and Hagstronet al.,2011). Trace metals may also affect DA producti®mmultiseriesand
P. australisshowed a greater DA production under Fe deficamt Cu stress conditions

(Maldonadoet al.,2002).



Pseudo-nitzschia pungens ubiquitous, found in temperate and tropical stala
waters (Casteleymt al., 2008; Andersoret al., 2010 and Limet al., 2014, 2015). In the
present studyP. pungengsiominated all the othé?seudo-nitzschiapecies during both the
monsoon and non-monsoon seasons in the Zuari gsilia@ maximum cell count (9680
cells ') was found at the Cortalim station in February, whies salinity was 28 psu.
Alkawri and Ramaiah (2011) also fouRd pungensalong the Goa coast during the non-
monsoon period. Pednekatral., (2012) provide additional information about thesgnce

of this species during both seasons in the MandogiZuari estuaries.

Molecular and morphological studies have delinedtede clades oP. pungens
around the world (Casteleyet al., 2008 and Limet al., 2014). Clade IR. pungensar.
pungeny is found in temperate waters; clade Il (b&hpungenssar. pungensand var.
cingulatg is from western Pacific waters; and clade Rl pungenvar. pungensand var.
aveirensi} is found in warm temperate and tropical watenst @orphological data do not
allow definitive assignment of the. pungendrom the Goa estuaries to a particular clade.

However, clade Il can be ruled out based on itsemestricted distribution.

Pseudo-nitzschiapp. can grow at a wide range of salinities (Jatk$892; Villac
et al.,2004; Casteleyet al.,2008 and Churret al.,2009). Most are euryhaline (reviewed
by Lelonget al.,2012), but both higher and lower salinities carstsessful for the growth
of somePseudo-nitzschiapp. (Jacksoet al., 1992 and Doucettet al., 2008). The new
coastal specieB. circumporais incapable of growing at salinities lower thdh #su, and
had the highest division rate (1.01 {f)dat 35 psu and cell yield at 30 psu (Lehal.,

2015).



This is first successful isolation and culturingRofpungendrom this area, and the
first to study the effect of salinity on growth atmkin production by this species. The
results of this field study are supported by thmtatory work carried out on culturesPf
pungensfrom the Zuari estuary. Here, the effect of s&inon the growth and DA
production byP. pungenswvas clearly demonstrated. Salinities of 15 to 80 were best
suited for its growth (highest specific growth ratel9 p d); higher (35 psu) and lower (5
to 10 psu) salinities resulted in a growth rateuctidn. The maximum cell concentration
(9.64 X 10 cells L'Y) was at a salinity of 25 psu. These results appsted by the field
observations that were carried out at differenticnta in Mandovi and Zuari estuaries. In
the Mandovi estuaryP. pungensshowed the highest cell abundance (4412 ceflsih
December, at ~32 psu salinity, and its cell abunelancthe Zuari estuary was highest
(9680 cells 1) in February, at a salinity of 25 psu. ThBs pungenss dominant during the
non-monsoon period, when the salinity is higheatiStical analyses of the field data
highlighted the variation of this species with respto salinity. Cultures oP. pungens
from Gunabara Bay, Brazil, grew well in a salinfgnge of 20 to 40 psu (Villaet al.,
2004). Pseudo-nitzschia pungerasso grows in the colder, higher salinity watefs o
Chesapeake Bay (Thessetral., 2005; Thessen and Stoecker 2008). BloonR. gfungens
can occur during the late summer, accompanied bynwamperatures, high salinity and
low nutrients (Lund-Hansen and Wang 2004; Fehénhgl., 2006; Almandozt al.,2007;

Leifer et al.,2009 and Lelongt al.,2012).

We conclude that our strain &. pungensproduces DA based on the identical
retention times of the peak of the DA standard #me presumed peak on the HPLC

chromatogram. As well, a spike of a known conceiatnaof a standard DA solution had



the same retention time as the presumed DA peaknanglased the DA concentration by
the expected amount. Further analysis by liquiectatography coupled with tandem mass

spectrometry (LC-MS/MS) would absolutely confirne tidlentity of DA.

DA production byP. pungensncreased as the salinity increased from 15 ps3bto
psu, with the highest (5.15 ng mid™Y) at 35 psu. On the other hand, the specific growth
rates remained high (1.18"dat 15, 25 and 30 psu, declining only slightlytize highest
salinity (35 psu). This pattern is similar to tHaund by Thesseret al., (2005) and
Doucetteet al., (2008). For exampld?. multiserieshad the highest DA production, as well
as growth rates, at 30 to 40 psu (Doucettal., 2008). As in that study, there could be a
competition for energy derived from photosynthdse$ween growth and DA production.
However,P. pungengvas able to maintain both high growth and DA puitun at 15 psu,
in contrast td°. multiseriesPrevious studies have shown that an increasalimtg boosts
the production of the amino acid taurine (Jacksoral., 1992) and the sugar alcohol
sorbitol (Stewartet al., 1997), which may regulate the osmotic pressurhencase oP.
multiseries Further work is required to establish if DA isdeed an osmoregulatory

compound.

Most studies show that toxin production Bseudo-nitzschiaspp. takes place
during limitation by Si or P (Batest al., 1998; Bates and Trainer 2006 and Traieteal.,
2012), or during Fe limitation or Cu toxicity (Madadoet al., 2002 and Wellst al.,
2005). Enhanced DA levels are reported mostly dutime stationary phase, when the
decline in cell division is related to the presemderequired precursors and favorable

bioenergetics for toxin synthesis (Retral.,1998).



Pseudo-nitzschia pungengas considered as non-toxic until 1994 (Batesal.,
1998). It was then shown that this species hagaotiy to produce low levels of DA. The
presence of DA in Greenshell mussels in Marlboro8ghinds, New Zealand (S Pacific),
was attributed t®. pungensone strain of which produced low levels of DAAD pg cell
) (Rhodet al.,1996). Another strain in Twin Harbor (Washingtaat8) produced a still
lower level of DA (0.07 pg cel) (Traineret al.,1998). Baugh et al. (2006) reported a very
low amount of DA (0.0018 pg cé&ljin an isolate of. pungensrom offshore Washington
State. Up to now, the highest reported cellular IB¥el (0.2 pg celt) was in a strain of.
pungensfrom the Atlantic coast of France (Cadt al., 2009). In the present work, we
report an unusually high cellular DA level for tisigecies (0.77 pg DA c@) at the highest
salinities (30 psu and 35 psu). However, it shdnddhoted that this level was found only in
lag-phase cells, indicating that DA was alreadysen¢ in the cell at the beginning of the
experiment (cf. Douglas and Bates 1992). Indeed, ittoculum was taken from an
exponentially growing culture, and the culture usethe salinity experiment was shown to
produce DA during the exponential phase. Cellularl®vels then decreased rapidly when
the cell number increased faster than the DA prbolucate, but they did not return to the

initial elevated levels, in contrast o multiseriegDouglas and Bates 1992

This is the first study to demonstrate th&.gungenstrain from the west coast of
India is toxigenic. Furthermore, this species isnd@mnt in our estuaries. Our laboratory
cultures showed the highest growth at salinitied®fo 25 psu, the same range at which
field populations of this species were also pred@ami. This is also the salinity range at
which our strain ofP. pungendad the highest production rates of DPseudo-nitzschia

pungensgs only one of the potentially toxigenRseudo-nitzschigpecies that we report in



our estuaries; strains &. multistriatg P. seriata P. australisandP. pseudodelicatissima
from our waters should also be isolated into celtand tested for their ability to produce

DA.

Both the Zuari and Mandovi estuaries are imporgatnomic zones for fisheries
and tourism. Our study is the first step towardslgihg toxin-producing?seudo-nitzschia
species from these estuaries. In light of the ingrae of tides and freshwater runoff in
influencing salinity and nutrients like nitrate, q#phate and silicate during the monsoon
period, additional field and laboratory studies aeguired to refine the relationship
between salinity, nutrients and other physico-cloainfactors in the development and

toxicity of Pseudo-nitzschidlooms.



Summary

Since the last two decades Mandovi and Zuariaegs of Goa are subjected to
several anthropogenic activities which are knowprimamote the algal blooms. As evident
from the literature that no work has been carriatl with respect to HAB species from
these estuaries, the present study was aimed atikgpohe distribution and composition of
HAB species from Mandovi and Zuari with respecthte environmental factors. An effort
was also made to study the effect of salinity amdrients on the growth and toxin

production under laboratory conditions for the sedd phytoplankton species.

The present thesis is divided into Five chaptenge$ of estuaries, effect of
environmental factors on the functioning of estesyrimportance of estuaries to mankind
forms the major part of Chapter I. Positive and &te@ roles of the Phytoplankton is also
explained. Relevant literature on the harmful algabms across the world is reviewed in

the present Chapter .Objectives of the presenystteldiscussed.

Spatio-temporal variations in the phytoplanktorM&Endovi estuary is discussed in
Chapter II. Daily and fortnightly sampling was carried out idigrthe monsoon and non-
monsoon at a fixed station and at fixed time (Dagptain of Ports, Fortnightly- Verem,
Ribandar and OldGoa). Water samples were colleasany Niskin sampler and analyzed
for Physico-Chemical (Salinity and Nutrients) anablBgical parameters (Biomass and
phytoplankton cell density). Major nutrients suchratrate, nitrite, phosphate and silicate
were analyzed using standard procedures outlinea {{Strickland and Parsons, 1972).
Salinity was measured using a Salinometer. Datateomperature was obtained from
portable CTD profiler. Rainfall was obtained frohetindia Meteorological Department.

Tidal heights were reported by means of Tide infaion from Tide tables. River



discharge rate in the Mandovi estuary was obtafred the River Navigation Department
of Goa. Winkler's method was used to determine alesl oxygen. (Strickland and
Parsons, 1972) For phytoplankton enumeration, aQOwater samples fixed with 2%
Lugol’'s iodine and concentrated to 5-10 mL volumerevcounted using a Sedgwick-
Rafter chamber. Identification of phytoplankton wlaased on Subrahmanyan (1968),
Tomas (1997), Horner (2002) and Hallegraeff (200Bhytoplankton biomass and
Pigments were estimated using HPLC (Wright et H991 and Bidigare and Charles,
2002). Data analyses were carried out using sofweBTATISTICA 6.0, StatSoft, OK,
USA and PRIMER (version 6). Canonical CorrespondeAaalysis (CCA) (ter Braak
1995) was performed using the Multi-Variate StatedtPackage (MVSP) program version
3.1 (Kovach 1998). Daily sampling studies at Mandehowed highest nutrient
concentration during monsoon period. Whereas hitghtegoplankton biomass (Ch) and
phytoplankton cell density during the monsoon pridotal phytoplankton abundance
comprised of 322 species with 91 genera. Bacilpdmyoa was the dominant phytoplankton
group represented about 71%. During study perio@ mphytoplankton species were
observed to form blooms. The relation of phytoptankspecies with the environmental
parameters is explained in CCA. Fortnightly stutl@ different regions along the Mandovi
estuary found total of 209 species belonging tavisidns. The highest phytoplankton cell
density (5.17 X 1bcells %) and biomass (7.68 mgthchlorophylla) were observed in
the upper reach during the non-monsoon period,emmié highest diversity (3.46) was
observed in the upper section during the monsoaiogheThe blooms ofStreptotheca
thamenss, Thalassiothrix frauenfeldiand Bacillaria paxilifer were observed in transect

study.



Chapter Il deals with spatio-temporal variations in Zuaruesy. Daily sampling
was carried out at Cortalim station and Fortnighslgmpling was carried out along
Chicalim, Island, Sancval, Zuari, Lutolim and Boristations. Sampling methods and
methods for Physico-Chemical and Biological pararsetvere as in Chapter lIData
analysis was also carried out using the same stsvas mentioned in Chapter Il. Daily
sampling showed highest biomass of 17.18 nigamd cell density of 39.37 X i@ells I
was observed during the monsoon period. Total 2&2iss and 85 genera were recorded
out of which monsoon period showed high number ehega 74 and species 153.
Maximum diversity was reported during monsoon pribotal species evenness ranged
from 0.40-0.83. Phytoplankton species were foundshow succession pattern in their
distribution. Fortnightly study in the Zuari estyaeported highest biomass of 26.62 mg
m2and cell density of 28.92 X f@ells " at Lutolim (Upper reach) station. Total 119
species with 5 divisions were identified during gtady period. Bacillariophyta was the
dominant group with 71% distribution and dominabgdPennales (88) over Centrales (60).
CCA analysis explains the phytoplankton speciesticel with the environmental
parameters. The monsoon period supported the graftioligohaline (0-15 psu)
Coscinodiscuggranii, C. radiatus (centric), Chaetoceros subtiljsNitzschia longissima
(pennate) and dinoflagellatmphidoma nanumHighly diverse euryhaline, eurythermal
species likeActinocyclus octonariugnd Thalassiothrix frauenfeldiare found to grow

easily in estuarine conditions.

Harmful Algal Flora from both the Mandovi and Zuastuaries with respect to
spatio-temporal variations is discussed @apter IV. The sampling strategy and

methodology followed is similar to that discussedChapter II. In Mandovi total 54 HAB



species with 49 in monsoon and 36 during non-mamg@siod were reported during daily
sampling. Blooms of five harmful algal species viZrichodesmium erythreaum
Skeletonema costatym Gymnodinium splendens Chaetoceros curvisetus and
Cylindrotheca closteriunwere observed. Transect study reported all togetbeHAB
forming species with 25 genera. Blooms of four HABming species i.eRhizosolenia
setigera Pseudo-nitzschia seriatand Skeletonema costatwwvere observedlong surface
and bottom of all the three stations. CCA analgsiplained relation between the HAB
species and environmental factors. In the Zuauaegtdaily sampling reported total 46
HAB species with 25 genera at Cortalim station. eNIHAB species were studied for
seasonality and for its pigment composition. BloofiDitylum brightwelii was reported
during the monsoon period along wi@toscinodiscus welsii, Leptocylindrus danicarsd
Rhizosolenia setigeraBloom of Gymnodinium breveand Prorocentrum gracilewas
observed only during post-monsoon period. Duringnsoon and post-monsoon period
blooms of Cylindrotheca closteriumand Ceratium furcawere observed. Bloonof
Skeletonema costatwwas observed in all seasons. Transect study expait together 25
genera with 51 HAB species. Highest HAB speciesewecorded at surface of Zuari
station comprised of total 26 species of 20 gemereng monsoon representing 60% of
HAB species (59% Bacillariophyta and 1% Dinophyi#)e results of the study indicated

that monsoon plays vital role in occurrence antfiistion of harmful algal species.

Effect of salinity and nutrients on growth and deenacid production was studied
in Pseudo-nitzschia pungeirs the Chapter V. A non-axenic culture oPseudo-nitzschia
pungenswvas established by isolating cell isolation metfdderson and Kawachi, 2005).

The culture was maintained in f/2 medium (Guillartd Ryther, 1962) at an irradiance of



35 umol photons fms?* (12:12 h light: dark cycle), at ~30 °C. Identificen of Pseudo-
nitzschia pungenscells were based on SEM examination by KMH{ZL oxidation
method (Miller and Scholin, 1998). To study theeetfof salinity /2 medium was prepared
at a range of salinities from 5 to 35 psu, in 5 pgwements. Th®. pungengultures were
adapted to different salinities under the abovewgiioconditions for 12 days prior to
carrying out the experiment. Nutrients such aatet(l uM, 5 uM, 20 uM, 50 uM and 100
uM), Phosphate (0.5 uM, 2 uM, 4 uM, 8 uM and16 pavig Silicate (5 uM, 20 uM, 80
UM, 160 uM and 320 uM) were studied. The effechatrients was studied by varying the
concentration of one nutrient and keeping the coinagon of other two constant.
Experimental flasks containing 100 mL of medium evenaintained in triplicates and
inoculated with exponentially growing cultures,achieve an initial cell concentration of
6000 to 8000 cells mtfor both the experiments. Growth was monitoredydbi#tween
13:00 and 15:00 h by aseptically removing 3-ml @i from each flask. Cells were
preserved with 2% Lugol’'s iodine and counted inlohape using a 1-mL Sedgewick Rafter
counting chamber. At least 50 fields or 300 cetistaining chloroplasts were counted. The
maximum specific growth rate was calculated usingil&d (1973): p (&) = In (No/N1)/
(t-t1), where 1 and { are the sampling times (in days) angdadd N are the corresponding
cell concentrations at sampling times @and §. Domoic acid (DA) production was
determined, by collecting 50-ml aliquots daily frdhe replicate cultures and frozen at -20
°C for later DA analysis. DA was analyzed using 180 of “whole culture” (cells +
medium; Bate®t al., 1998) by a high-sensitivity 9-fluorenylmethylchddormate (FMOC)
pre-column derivatization method (Pocklingtenhal., 1990). Significant variations were

found in specific growth rate and DA productionvbe¢n salinities. Maximum growth



rates (1.05 to 1.19% occurred at 15 to 30 psu, and decreased at #esto(5 psu; 0.44°d

!y and highest (35 psu; 0.98"dsalinities. DA production rates gradually incregswith
increasing salinity, reaching 5.25 ng thi* at 35 psu. In the case of nitrate maximum DA
was produced at high concentration of nitrate (100). In the case of silicate and
phosphate rate of DA production decreased witre@®e in concentration. The results from
the laboratory experiments were consistent with tiahe field observations. Blooms of
Pseudo-nitzschiavere observed consequently for two years in Mandadi Zuari estuaries
during the post-monsoon season. Laboratory expatsymnducted to study the effect of
salinity and nutrients supplement the above obsens So it can be concluded based on
the field observation and laboratory studies thinisg nitrate, phosphate and silicate
govern the distribution as well as growthRefeudo-nitzschipungensToxin production in
the P. pungengulture increased with increase in salinity artdaté concentration where as
decreased with increase in silicate and phosphateeatration. When above mentioned
conditions appears in the field, there may be cadhatP. pungensnight produce toxin in
measurable quantity. Above study suggests the it@apoce of regular monitoring of both

the estuaries.



Outcome of the study/ Conclusions

Mandovi — Zuari estuarine complex is studied ftiste for Harmful Algal Bloom
(HAB) for one year. High biomass (Cld) and diversity for HAB forming
phytoplankton are observed. Present study rep&iedenera and 322 species of
phytoplankton in Mandovi and 85 genera and 239 ispecf phytoplankton in
Zuari, which is three times more than earlier stadi

In Mandovi 54 HAB species where as in Zuari 45 H#iecies reported which is
extremely high in number.

The increase in HAB was observed during post-momg@siod in Mandovi as well
as in Zuari estuaries.

Monsoon trigger blooms in these estuaries. Highceotration of nitrate,
phosphate, silicate and low salinity supported twisaluring inter-monsoon and
monsoon period. Medium to high salinity, mediunratg, low phosphate and
silicate create optimum conditions for the HAB’sidg Post-monsoon period.

The environmental finding certified during labongteulturing ofPseudo-nitzschia
pungensproducing high Domoic acid (DA) during high satinihigh nitrate, low
phosphate and low silicate combination.

Monitoring of parameters like salinity, nitrate,daphosphate can predict HAB
events in these estuarine complexe.

Path way for predicting HAB is developed and présen
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