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Chapter 1

General Introduction

Earth has an ocean covering approximately 71% of the planet's surface
and containing 97% of the planet’s water. It influences all known life by
forming part of the carbon cycle, and influencing climate and weather
patterns. It is inhabited by countless species of living organisms, from tiny
phytoplankton to large mammals. The biota of the oceans has huge
socioeconomic value through food production, recreation, nutrient recycling,
and gas regulation. A major portion of the organic carbon for Earth's
petroleum reserves, especially from shallow continental shelves is provided by

fossilized organic remnants of phytoplankton blooms.

Phytoplankton in the ocean play a key role as primary producers in the
marine ecosystem. Also known as microalgae, more than 5000 species that
have been identified form the base of marine food web especially in the shelf
seas by producing organic substances. As they form the base of the food web,
the evolutionary trajectories of the microalgae have also governed the
evolution of organisms at higher trophic levels. Microalgal communities in the
ocean comprise many different taxonomic groups; diatoms (Bacillariophyceae),
dinoflagellates (Dinophyceae), blue green algae (Cyanophyceae), green microalgae

(Chlorophyceae), silicoflagellates, coccolithophores and the very small
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Chapter 1

nanoplankters, which together determine primary production and various
trophic level interactions. In this respect, the quantification of phytoplankton
biomass and community composition is important for understanding the

structure and dynamics of marine ecosystems.

The rate at which energy is stored up by microalgae determines the basic
primary productivity of the ecosystem. Coastal and estuarine environments are
the most productive ecological systems on earth. The stability of the oceanic
photosynthetic activity by microalgae, which contributes about 80% of the
atmospheric oxygen, is dependent on the physical circulation of the upper
ocean. The proliferation of phytoplankton, its intensity, and spatial and
temporal distribution in the ocean is determined by the depth of the upper
mixed layer and the vertical fluxes of nutrients. Most of the planktonic
microalgae are distributed through the euphotic zone, which can be influenced
by temperature, light intensity, nutrient limitation, freshwater influence, and
tidal activity.

Microalgal growth and abundance are primarily regulated by both
abiotic and biotic interactions (Armstrong, 1994). Microalgae are particularly
good indicators of climate change in the marine environment and any change
in the physico-chemical parameters can be indicated by the distribution of
microalgae because they are free floating and can respond easily to those
changes. Thus, the information obtained from phytoplankton community
structure can significantly contribute to assessing levels of climate change and

the subsequent effect on the structure and functions of the ecosystem.

High fertility and large phytoplankton populations in estuarine

environments have been frequent due to nutrient enrichment from river water,

2 \\\ Department of Marine Biology, Microbiology and Biochemistry, CUSAT P |




General Introduction

organic pollution, and by the entrainment of coastal waters in a subsurface
counter-current, which transport nutrients into the estuary. The ecological
health of estuaries responds to nutrient enrichment in a positive or negative

way, thereby influencing microalgal distribution.

Microalgae usually have a fairly recognizable annual cycle of growth.
Sometimes this synchrony is disrupted by any drastic change in the above
mentioned abiotic factors and leads to the explosive growth of some species.
Under favourable conditions, this leads to the enormous concentration
(millions of cells per litre) and often causing discolouration of the surface of
the sea. These natural phenomena are termed as Harmful Algal Blooms
(HABSs). An algal bloom goes through sequential developmental phases such

as initiation, growth, maintenance and termination.

The International Council for the Exploration of Seas (1984) defined
algal blooms as ‘those which are noticeable, particularly to the general public,
directly or indirectly through their effects such as visible discolouration of the
water, foam production, fish or invertebrate mortality or toxicity to humans'.
Consequences of blooms have been noticed from the positive and negative
points of view. The positive aspect of algal blooms is that it may be beneficial
to fisheries (D’Silva et al., 2012), whereas the negative impact of algal blooms
includes mass mortalities of wild and farmed fish, shellfish, human illness,
death of marine mammals, sea birds and alteration of marine habitats or
trophic structure through shading, overgrowth or adverse effect on life-cycle

of fish and other marine organisms.

Algae that can cause a variety of deleterious effects, including

oxygen deficiency as mentioned above, on aquatic ecosystems are termed
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“Harmful Algae”. Of the several thousand planktonic algae species, only about
300 species are known to cause water discolouration. Out of these, only around

80 species are known to produce harmful toxic effects (Hallegraeff, 2003).

HAB species can be broadly classified into two groups — the high
biomass producers, and the toxin producers. The high biomass producers
affect fish, shellfish, and marine mammals of shallow bays or seas by inducing
physical damage by virtue of gill-clogging or oxygen depletion during decay
of the dead cells. The toxin producers may cause haemolytic, hepatotoxic,
osmoregulatory and other unspecified toxic effects to cause mortality in
animals that ingest them. Toxin accumulation in mammals and other higher
levels in food chain is possible upon consumption of such contaminated
shellfish whose tissues may have accumulated the toxin after digestion. The
major poisoning syndromes include Paralytic Shellfish Poisoning (PSP),
Ciguatera Fish Poisoning (CFP), Diarrhetic Shellfish Poisoning (DSP),
Neurotoxic Shellfish Poisoning (NSP), Amnesic Shellfish Poisoning (ASP)
and Azaspiracid Poisoning (AZP). Some species have characteristics of both

groups.

Harmful algal toxins are secondary metabolites released in the dissolved
state into sea water, that are primarily involved in allelopathy to outcompete
other phytoplankton species for resources, like nutrients under limiting
conditions (Graneli and Hansen, 2006). They are associated with processes
such as nitrogen storage, nucleic acid biosynthesis, bioluminescence, bacterial
endosymbiosis, and pheromones inducing sexuality during bloom decline as
well as serving as grazer deterrents. These metabolites are only coincidentally

toxic. Temperature, salinity and nutrient status influence the toxin content of

4\ Department of Marine Biology, Microbiology and Biochemistry, CUSAT b |



General Introduction

the cell, while its production is stimulated by the presence of grazers (Bates,
1998).

Non-toxic but prolonged algal blooms can have other impact on coastal
ecosystem, such as reduction of light penetration to submerged aquatic
vegetation which nourish and shelter fingerlings of commercially important
fish and shellfish.

Despite being a natural event, human related phenomena like
‘anthropogenic eutrophication’ and transport of algal species by ballast water,
apart from natural mechanisms of species dispersal, has led to increased
reports of occurrences of harmful algal blooms over the past decades.
Economic loss on account of blooms, type of resources affected, and the
number of toxins and toxic species have increased dramatically throughout the
world (Anderson, 1989). Anthropogenic eutrophication of the highly
susceptible coastal waters occurs due to pollution on account of a dramatic
increase in aquaculture activities, and ever-increasing quantities of industrial,
agricultural and sewage effluents, which stimulate HABs. Consequently, more
observers are involved in monitoring of HABs leading to increased awareness

and advancement of monitoring systems.

The occurrence and spreading of HABs can be prevented by reducing
the inflow of industrial, agricultural and sewage effluents into coastal waters.
Proper monitoring for evidences of HAB events and detection of toxins in
contaminated organisms can be done to mitigate its effects. Physical and
chemical methods are employed to control HAB’s by directly targeting the
bloom cells, though they can produce unwanted side effects on the
surrounding ecosystem. Biological control of HABs through application of
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agents like bacteria and viruses is gaining ground. Algal blooms usually
have an ordered and structured associated bacterial community rather than
a random assemblage of species from the marine bacterial community. This
indicates a probable role this community plays especially in bloom

termination.

The interactions between algae and bacteria are an important aspect of the
microbial loop. Algae represent the primary source of organic nutrients for
heterotrophic microbes in the mixed layer of the ocean and the abundance of the
bacteria has shown a positive correlation with algal concentrations (Kjelleberg
et al., 1993). Their physical relationship, which may be mutually beneficial,
extends from intracellular to extracellular. By providing a habitat to the
intracellular bacteria, the algae benefit from the nutrients synthesized by them
(Seibold et al., 2001). Bacteria colonizing the surface give them access to
nutrients, protection against toxins, and protection against predators (Dang and
Lovell, 2000).

Bacteria adhering to algal cells are potentially important players in the
dynamics of HABs and this action may be of either direct or indirect mode. In
accordance with the variations in the abundance and type of organic matter
during an algal bloom, qualitative and quantitative changes in the associated
bacteria may occur (Doucette, 1995) that ultimately reflects in the inhibitory
and/or stimulatory effect on the organisms involved. Algae and bacteria may
establish commensalism which, under nutrient stress, shift to competition and
finally lead to killing and lysis of algae by bacteria (Mayali and Azam, 2004).
The bacterial flora associated with the HABs may change at the time of bloom
declination. Approximately 30% of algicidal bacteria attack their target algal
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species through direct contact, and the remaining exhibit an indirect mode of
attack by dissolved lytic agents.

The dissolved lytic agents mainly include biologically active compounds,
exopolymers (Decho, 1990) which increase the tendency of cells to flocculate and
its sticky nature may enhance the sinking rate and degradation of decaying
blooms. Serine protease produced by algicidal bacteria have shown lytic
activity against the diatom Skeletonema costatum (Lee et al., 2000) lending
support to the theory that algicidal bacteria Kill their prey using extracellular

proteases.

It is essential to understand how the distribution and composition of
microalgae as well as dynamics of HABs in economically important shelf seas
relate to the particular physico-chemical and biological properties of the water
column in which they live. In view of the importance of southwest coast of
India, which is considered as one of the most biologically productive areas in
the world, regular monitoring of distribution and abundance of microalgae
is important. The present work is concentrated on the estuarine and coastal
open sea stations along the southwest coast of India. In order to get further
insights into the abiotic factors governing bloom dynamics, the physico-
chemical parameters that regulated three particular bloom events during
this period were studied. Bearing in mind the role of bacterial fauna
associated with algal blooms as a biological factor in regulating its
dynamics, isolation of bacteria associated with the algal blooms, their
identification, enumeration, and ability to produce extracellular enzymes

have been duly incorporated into this study.
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Objectives of the study:-

. To make an in-depth study on the temporal and spatial variation in
the distribution of microalgae along the southwest coast of India.

. Monitoring and surveillance of algal blooms.
. To isolate and to identify bacterial strains associated with algal blooms.

. To study the potential of associated bacteria to produce extracellular
enzymes and to study their probable role in algal bloom dynamics.

The thesis comprises of seven chapters. The first chapter gives a general
introduction to microalgae with special reference to algal blooms and the role of
associated bacteria. In the second chapter, methodology adopted for studying
planktonic microalgae, algal blooms and associated bacteria is described. Third
chapter mainly comprises the analysis of physico-chemical variables, such as
temperature, salinity, pH, nitrate, nitrite, silicate, phosphate, dissolved oxygen and
primary productivity, which influence the distribution and abundance of
microalgal species. The fluctuations of these factors for a period of two years,
from pre-monsoon 2009-10 through post-monsoon 2010-11, in the estuarine and
coastal monitoring stations along the southwest coast of India are described in this
chapter. The distribution of microalgae is described in the fourth chapter. The fifth
chapter focusses on the investigations of three algal bloom events observed along
the southwest coast of India during the study period. The sixth chapter projects the
determination of the bloom associated bacterial community and its ability to
produce extracellular enzymes. The major findings of the study are summarised in
the seventh chapter.
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Materials and Methods

2.1 Coastal and estuarine stations along the southwest coast of India
2.2 Statistical Analysis

2.1 Coastal and estuarine stations along the southwest coast of
India

Coastal and estuarine samplings on seasonal basis (pre-monsoon,
monsoon and post-monsoon) from selected stations (Map 1) and continuous
monitoring for algal blooms, along the southwest coast of India were carried
out for a period of two years (2009-2011). The selection of stations was made
on the basis of the previous occurrence of algal blooms. The details of the
stations are given in Table 1. Among the stations, three are coastal (Azheekode,
Kodikkal and Puthiyangadi) and the rest are estuarine (Balathuruth, Mahe and
Thykadapuram). Sampling has been carried out for the study of bacteria
associated with algal blooms, analysis of qualitative and quantitative
distribution of microalgae and hydrographical variables. The terms PRM,
MON and POM are used to represent pre-monsoon, monsoon and post-

monsoon, respectively.
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2.1.1 Stations
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Table 1 Coastal and estuarine station locations.

Stations Name of the Stations Latitude Longitude
1 Azheekode (Thrissur) 10°11° 02" N | 76°09’ 22" E
2 Balathuruth (Kozhikode) -E* 11°07°50” N | 75°49’ 57" E
3 Kodikkal (Kozhikode) 11°28" 43" N | 75°36° 10" E
4 Mahe -E* 11°42° 18" N | 75°32° 36" E
5 Puthiyangadi (Kannur) 12°01’ 11" N 75°21° 89" E

6 Thykadapuram (Kasaragod) -E* | 12°12° 39" N = 75° 07’ 33"E
E* stands for estuarine stations and the others are coastal stations.

Besides regular sampling from these stations, sampling has been carried
out from Bekalam* (Kasaragod) (Lat. 12° 38 02" N & Long. 75 04 31" E)
during a bloom event from 10" to 12™ October 2009.

2.1.2 Hydrographic parameters.

Hydrographic parameters such as temperature, salinity and pH were

measured soon after the collection of surface water sample.

2.1.2.1 Temperature

Temperature measurement in °C (degree Celsius) was done by using a

precision mercury thermometer with an accuracy + 0.01°C.

2.1.2.2 Salinity

Salinity in psu (practical salinity unit) was measured using a hand held
refractometer (Erma- Japan).

2.1.2.3 pH

pH measurement was done using a portable pH meter (Eutech eco Tester
pH2) with an accuracy + 0.01.
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2.1.2.4 Dissolved Oxygen

Dissolved oxygen was determined by Winkler’s (1888) method, for
which water sample was collected in 50 ml ground stoppered Biological
Oxygen Demand (BOD) bottle, fixed with Winkler A (Manganese Sulphate)
and Winkler B (alkaline Potassium lodide) solution.

2.1.2.5 Nutrient analysis

The quantitative estimation of major nutrients like nitrate, nitrite, silicate
and phosphate were carried out in the laboratory according to the methods of
Strickland and Parsons (1972) and Fischer and Zhang (2006).

2.1.2.6 Primary Productivity

Light and dark bottle method (Gaarder and Gran, 1927) was used for the
estimation of primary productivity. For the analysis of primary production rate,
a set of three BOD bottles of 50 ml capacity was used, in which one was taken
as initial bottle or control bottle (IB), the second one as light bottle (LB) and the
third one as dark bottle (DB). Surface water sample was collected by using a
clean bucket and the sample was siphoned into the bottle by using a clean
polythene tube. One end of the polythene tube was fitted with bolting silk,
which measures about 200 um, in order to eliminate the presence of zooplankters
in the siphoned sample, which will interfere with the oxygen content in the
experiment bottles. Care was taken to avoid the agitation of water. While filling
the samples into the bottles, it was made sure that the polythene tube touched the
bottom of the bottles and all the bottles were properly stoppered without trapping
air bubbles inside the bottles. All these measures were taken to avoid the

formation of air bubbles, which interfere with the oxygen content of the sample.
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The initial bottle sample was immediately fixed with 0.5 ml of
manganese sulphate (Winkler A) and 0.5 ml of alkaline potassium iodide
(Winkler B). The dark bottle was wrapped with aluminum foil and kept in a
black polythene bag in order to avoid the interference of sunlight. Both dark
and light bottles were incubated in a transparent acrylic chamber for three
hours. After three hour incubation the light and dark bottles were fixed with
the Winkler reagents and the oxygen content of all the three bottles (LB, DB
and IB) was determined by Winkler’s chemical titration method.

The resultant values obtained were generalized for day/hours and the
primary productivity was calculated by using the calculations described
below. 1.25 was taken as the photosynthetic quotient (PQ) (Gaarder and
Gran, 1927).

Calculations
Gross production = O, content of light bottle - O, content of dark bottle ------ A
Net production = O, content of light bottle - O, content of control bottle ----- B

Respiration = O, content of control bottle - O, content of dark bottle ---------- C

The period of incubation was three hours, then

Gross production (mgC/L/hr) = A x 0.375/PQ X 3 -------=--mmmnmmmmmmeee- D
Net Production (mgC/L/hr) = B % 0.375/PQ X 3 -----------mmmmmmmmmmee- E
Gross or net production (mgC/L/day) =D or E x 12 --- F

Gross or net production (gC/m*/day) = F x 1000 x1000
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2.1.2.7 Estimation of Pigments
2.1.2.7.1 Estimation of Chlorophyll

For the chlorophyll estimation, surface water sample was collected by
using a clean plastic bucket and transferred into a one litre clean black plastic
can and stored in a frozen container until further analysis was carried out in
the laboratory. The pigments chlorophyll a, b, ¢ and carotenoids were
extracted by using 90% acetone.

The surface water sample, free of zooplankters was filtered through
GFI/C glass filter paper having a pore size of 0.45 um. Before filtering, 1 ml of
1% magnesium carbonate (MgCO3) was added into the glass filter paper in
order to avoid the development of acidity and thereby the gradual degradation
of the pigment in the extract. A low suction was applied on the glass filter
paper to allow the sucking out of the MgCOs; as a thin layer. After the
formation of a thin bed of MgCO3 on the filter paper, one litre of water sample
was filtered through the filtration apparatus fitted with a vacuum pump
(Millipore, USA).

The filter paper was then placed in an acid free screw capped test tube
containing 10 ml of 90% acetone and kept in a refrigerator for 24 hours
incubation. After incubation the filter papers were taken out and ground well
with a clean glass rod in order to accelerate the extraction of pigments and
transferred it into a centrifuge tube and centrifuged for 10 minutes at 3500 rpm.
The clear supernatant was made up to 10 ml by adding fresh 90% acetone. The
absorbance of coloured acetone extract was measured by using a UV-Vis
Spectrophotometer (Hitachi U-3900) against 90% acetone as blank at multiple
wavelengths of 750, 665, 645, 630 and 450 nm, which are considered as the
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maximum absorption wavelength of the pigments. The correction of all the
extinction values for a small turbidity blank were done by subtracting the
optical density of 750 nm from the 665, 645 and 630 nm absorptions
(Strickland and Parsons, 1972).

The equation used to find out the chlorophyll contents are described below.
Chlorophyll a (Ca) = 11.85 E665 - 1.54 E645 - 0.08 E630

Chlorophyll b (Cb) = 21.03 E645 - 5.43 E665 - 2.66 E630
Chlorophyll ¢ (Cc) = 24.52 E630 - 1.67 E665 — 7.60 E645

where, ‘E’ is the absorbance at different wavelengths in the respective

wavelengths.

Chiorophyll a (ug/L) = S2*V
Vx|

Chiorophyll b (ug/L) = Z2xV
Vx|

Chlorophyll ¢ (ug/L) = Cexv
VI

2.1.2.7.2 Estimation of Carotenoids

For the analysis of carotenoids the above procedure was followed and the

spectrophotometric measurement was done at wavelengths of 510 and 480 nm.
Carotenoids (Cp) ng/ L = 7.6 [(E480-E750) — (1.49 E510-E750)]

_ Cpxv
Vx|
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where, ‘v’ is volume of acetone (ml), “V’ is volume of water (L) filtered for
extraction and ‘I’ is the path length (cm) of cuvette used in spectrophotometer.

2.1.2.8 Phytoplankton Analysis

For the qualitative and quantitative analysis, microalgae were filtered
from 50 litre of surface water by using 20 pm bolting silk and the filtered
sample was preserved in 2-3% neutralised formaldehyde/Lugol’s iodine. The
quantitative estimation was carried out by using Sedgewick-Rafter counting
cell.

The microalgal identification was done based on the standard keys
(Allen and Cupp, 1935; Venkataraman, 1939; Cupp, 1943; Subrahmanyan,
1946; Hustedt, 1955; Desikachary, 1959; Hendey, 1964; Simonsen, 1974;
Gopinathan, 1984; Jin Dexiang et al., 1985; Desikachary and Sreelatha, 1989;
Hallegraeff et al., 1995; Tomas, 1997; Karlson et al., 2010).

2.1.3 Sample preparation for Environmental Scanning Electron Microscopy
(ESEM)

The algal cells were treated with 0.5% glutarldehyde prepared in
distilled water and kept for 30 minutes to clean the cells thoroughly. The cells
were washed with distilled water by centrifuging gently (500 rpm for
2 minutes) for three times to remove the glutarldehyde as well as the salt
content completely. The sample was then air dried over a clean glass slide. Care
was taken to avoid breakage of the weakly silicified algal cells. The images of the
prepared sample were taken from the Environmental Scanning Electron
Microscope (Carl Zeiss EVO-18) at National Institute for Interdisciplinary
Science and Technology (NIIST), Trivandrum.
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2.1.4 Isolation of bloom associated bacteria
2.1.4.1 Sampling, bacterial isolation and identification

Isolation of bloom associated bacteria was done as described by Croci et al.
(2006) with some modifications. The bloom sample was filtered through 1 um
GF/C filter paper by using a sterile vacuum filtration unit to retain the
phytoplankton cells. Algal cell mass with attached bacterial cells remained in
the filter paper and the cells were repeatedly washed with sterile sea water in
order to separate out the freely associated bacteria completely. Centrifugation
(5000 rpm for 2 minutes) was carried out to isolate the loosely attached
bacteria in the algal cells. The centrifuged algal cell pellets were sonicated
(70 amplitude for 1 minute) by using an Ultrasonicator (Sonics and Materials
Inc., USA) in order to isolate the firmly associated bacteria. The treated algal
sample was serially diluted in sterile sea water and plated on to ZoBell 2216e
marine agar and nutrient agar (HiMedia, India) media by standard plate count
method and incubated at 28 + 2°C for 48-72 hours to estimate the Total
Heterotrophic Bacteria (THB) present in the sample. The individual bacterial
colonies that developed were isolated and purified. The purified isolates were
identified up to generic level based on cell morphology and biochemical
reactions as per Bergey’s Manual of Determinative Bacteriology (2000)
(Appendix Il). THB associated with reference sample was also estimated by
standard plate count method.

2.1.4.2 Tests used for the identification of bacteria
2.1.4.2.1 Gram staining

For staining, smears were prepared on clean glass slides using 12-18 hours

old bacterial cultures. The primary stain, ammonium oxalate crystal violet was
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added to the fixed smear and allowed to stand for one minute. Then the slides
were rinsed gently in running water. Then Gram’s iodine solution was
added as a mordant and allowed to stand for one minute. The slides were
washed and treated with acetone (decolourizer) for 30 seconds. After
washing the smear, the counter stain safranin-O was added and allowed to
stand for one minute. The smear was rinsed, allowed to air dry and
observed under oil immersion objective lens of a microscope. Gram
positive bacteria appeared in violet or purple color, whereas gram negatives

were pink in colour.

2.1.3.4.2 Spore staining

Gram positive strains were subjected to spore staining. Smears were
prepared using 60-72 hours old cultures. The slides were flooded with
malachite green and allowed to react at room temperature for one minute.
Then the slides were periodically heated by using a Bunsen burner until steam
arose from the stain on the slide. The slides were steamed for about 3 minutes,
replacing the malachite green as it evaporated from the slides, and were then
allowed to cool for about 5 minutes before rinsing with water. Then the
counter stain safranin-O was added and allowed to stand for one minute. The
slides were then washed and allowed to air dry, and observed under oil
immersion objective lens of a microscope. Spores appeared in green colour

and the vegetative cells were pink in colour.

2.1.4.2.3 Mannitol Motility Test

Mannitol motility medium was prepared and about 3-4 ml was
distributed in test tubes. The tubes were sterilized in an autoclave and left for
setting in a vertical position. After cooling, the inoculum from the culture was
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stabbed straight to the bottom. The tubes were then incubated at room
temperature for 48-72 hours. Change of color from pink to yellow in the
medium showed the utilization of mannitol. Motile bacteria moved away from

the line of inoculation and exhibited diffused growth.

2.1.4.2.4 Marine Oxidation Fermentation [MOF] Test

MOF medium was prepared and about 5 ml was distributed in test
tubes and sterilized in an autoclave. After sterilization, the tubes were kept
in a slanting position. The inoculum was stabbed and streaked on the agar
slant and incubated for 48 hours. Oxidative forms showed a change in
colour from pink to yellow from slope to bottom. Gas production was
observed by the presence of cracks and bubbles in the hard agar of the butt
area. Alkaline reactions were noticed by a deep pink color in the slope

region.

2.1.4.2.5 Catalase Test

On a clean glass slide, a smear of fresh bacterial culture was prepared. A
drop of concentrated hydrogen peroxide (H,O,) solution was added on the smear.
Effervescence or bubbling was noticed in the case of cultures producing catalase

enzyme.

2.1.4.2.6 Oxidase Test

Small pieces of filter paper (Whatman paper No.1) were soaked in 1%
aqueous solution of N,N,N’,N’-tetramethyl-p-phenylene diamine dihydrochloride
and the papers were dried. A small portion of the culture was placed on the
test paper with a clean platinum loop. Oxidase positive cultures showed a blue
color within 10-30 seconds.
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2.1.4.2.7 O/129 Test

This test was used to distinguish between Vibrio sp. and Aeromonas sp.
Discs were prepared using 2, 4-diamino-6, 7-di-isopropylpteridine phosphate.
The discs were placed on swabbed nutrient agar plates and incubated overnight
at 30 C. Sensitive cultures showed a zone of inhibition around the disc.

2.1.4.2.8 Antibiotic (Kirby-Bauer) Test

Penicillin G sensitivity was tested to distinguish between Pseudomonas
sp. and Moraxella sp. Muller Hinton agar plates were swabbed with 24 hour old
bacterial broth and the antibiotic discs were placed and the plates were
incubated overnight at 37°C. Clearing zone around the disc indicated sensitivity

to the antibiotic.

2.1.4.3 Screening for hydrolytic enzyme production of bacteria

For the purpose of hydrolytic enzyme screening, the cultures were spot
inoculated on nutrient agar medium supplemented with specific substrates viz.
starch, tributyrin, gelatin, carboxy methyl cellulose, tannic acid, phenolphthalein

diphosphate and sodium alginate and examined for enzyme production.

2.1.4.3.1 Amylase

The plate assay for amylase production was carried out using the method
of Mac Faddin (1980). The bacterial strains were spot inoculated on to nutrient
agar medium supplemented with 0.5% soluble starch and were incubated till
the colonies were clearly visible. The plates were flooded with Gram’s iodine
solution. The amylase producing colonies exhibited a clear zone against a

blue-black surrounding.
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2.1.4.3.2 Lipase

The plate assay for lipase production was carried out using the method
of Sierra (1957). The strains were spot inoculated on to nutrient agar medium
supplemented with 1% tributyrin and were incubated for 48 hours. Clearing

zone around the colonies indicated a positive reaction.

2.1.4.3.3 Protease

Protease production was studied by using gelatin as the substrate
(Smibert and Kreig, 1994). Nutrient agar medium supplemented with 2%
gelatin powder was inoculated and incubated for 48 hours. The proteolytic
activity was observed as a clearing zone around the colonies when flooded

with 1% mercuric chloride solution.

2.1.4.3.4 Cellulase

Cellulase production was screened according to the method of Hankin and
Anagnostakis (1977). The strains were spotted on to nutrient agar medium
supplemented with 0.5% carboxy methyl cellulose. After incubation for 3-4 days
the plates were flooded with congo red dye (1 mg/ml) solution. It was further
incubated for a period of 15 minutes at room temperature. The plates were
washed several times using 1 M sodium chloride to remove the unbound
excess dye. A clearance zone against a bright red background indicated the
production of cellulase.

2.1.4.3.5 Ligninase

The bacterial strains were spot inoculated on to nutrient agar medium

supplemented with 0.5% tannic acid. After 4-7 days incubation the appearance
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of a clearance zone around the colony was taken as an indication of ligninase

production.

2.1.4.3.6 Phosphatase

The screening for phosphatase production was carried out by the method
of Baird - Parker (1966). Basal nutrient agar plates containing 1 ml of 1%
solution of phenolphthalein diphosphate were spot inoculated with the
bacterial culture and incubated till sufficient growth was observed. These
plates were then exposed to ammonia (NHs) vapours by inverting it over a
petridish containing NHs; solution. Pink colouration of cultures indicated the

presence of phosphatase enzyme.

2.1.4.3.7 Alginase

The screening for alginase production was carried out by the method of
Gacesa and Wusteman (1990). Nutrient agar medium supplemented with 1.5%
sodium alginate were spot inoculated with bacterial strains. After incubation
for 2-3 days the plates were flooded with 10% cetyl pyridinium chloride
solution. The positive strains showed a clearance zone against an opaque white
background after incubation for 10-30 minutes at room temperature.

2.2 Statistical Analysis

Statistical interpretation of data was carried out by using softwares like
MS Excel, PRIMER 6, SPSS 13 and Origin Pro 7.0.
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Hydrography

3.1 Coastal and estuarine stations along the southwest coast of India
3.2 Statistical Analysis

3.1 Seasonal and spatial variation in the physico-chemical
parameters in the coastal and estuarine stations along the
southwest coast of India

Phytoplankton community structure and its distribution are austerely
important for balancing the marine ecosystem, because it acts as a vital
contributor of energy in the marine environment, by playing a key role in
the productivity of the marine ecosystem (Maric et al., 2012). The life-
cycle and the distribution of microalgae are mostly influenced individually
or collectively by the hydrographical variables (Wang et al., 2006a;
Houliez et al., 2013). The interaction of physico-chemical variables with
microalgae (phytoplankton) can trigger the occurrences of algal blooms in
the marine ecosystem. Seasonal and spatial variation in the physico-
chemical variables such as temperature, salinity, pH, inorganic nutrients
(nitrate, nitrite, silicate and phosphate), dissolved oxygen and primary
productivity were determined in the study stations from pre-monsoon
2009-10 to post-monsoon 2010-11.
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3.1.1 Temperature

Both spatial and seasonal variation in temperature was studied from six
stations during 2009-2010 and 2010-2011. In 2009-10, the highest temperature
(32°C) was recorded from station 6, Thykadapuram, in the pre-monsoon and the
lowest (26°C) was recorded from stations 2, Balathuruth, and 5, Puthiyangadi,

in the monsoon period (Fig.1).
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Fig.1 Seasonal and spatial variation in temperature: 2009-2010

In 2010-2011, the highest temperature of 31°C was recorded at station 6,
Thykadapuram, in the post-monsoon period, whereas the lowest (26°C) was in
station 1 (Azheekode), station 2 (Balathuruth) and station 4 (Mahe) in the
monsoon period (Fig.2). Two-way ANOVA showed that there is significant
difference in temperature with seasons (p<0.001) but not with stations at
0.05 and 0.001 level.
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Fig.2 Seasonal and spatial variation in temperature: 2010-2011

3.1.2 Salinity

In 2009-2010, the highest salinity of 36 psu was recorded from station 2,
Balathuruth, in the pre-monsoon period, whereas the lowest salinity of 2 psu
was also observed at station 2 in the monsoon. Similarly, in station 6,
Thykadapuram, a lower salinity of 4 psu was noted during monsoon. This
might be due to the influx of freshwater from river Kadalundy and river
Tejaswini to station 2 and station 6, respectively (Fig.3).
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Fig.3 Seasonal and spatial variation in salinity: 2009-2010
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In 2010-2011, the highest salinity of 35 psu was recorded from stations 1
(Azheekode), 3 (Kodikkal), and 5 (Puthiyangadi) in the pre-monsoon period.
Station 2, Balathuruth, has shown the lowest salinity of 5 psu in the monsoon
period (Fig.4). Statistically, a significant variation was found between salinity

and seasons (p<0.001) and also with stations (p<0.05).
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Fig.4 Seasonal and spatial variation in salinity: 2010-2011
3.1.3 pH

The pH of the stations were generally alkaline. In 2009-2010 highest pH
was recorded at station 2, Balathuruth, in the monsoon and lowest was at

station 4, Mahe, in the post-monsoon period (Fig.5).
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Fig.5 Seasonal and spatial variation in pH: 2009-2010
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In 2010-2011, highest pH was found at stations 5 (Puthiyangadi) and 6
(Thykadapuram) in the monsoon, whereas the lowest value was found in
station 6 in the post-monsoon. Alkaline condition was found in all stations
throughout the investigation period (Fig.6). Two-way ANOVA showed no
significant difference in pH between the stations at 0.05 and 0.001 level but

had a significant difference with seasons (p<0.05).
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Fig.6 Seasonal and spatial variation in pH: 2010-2011

3.1.4 Nutrients
3.1.4.1 Nitrate

In 2009-2010, the nitrate concentration was in the range of 1.45 umolL™
to 11.90 pmolL™. During the pre-monsoon, the highest concentration of
nitrate, 11.90 umolL™, was recorded in station 3, Kodikkal, whereas the lowest
concentration (3.05 pmolL™) was observed in station 6 (Thykadapuram). In
the monsoon season, station 2 (Balathuruth) recorded the highest
concentration of nitrate (8.90 pmolL™) but lowest (2.30 umolL™) was noted in
station 3, Kodikkal. The highest concentration of nitrate (3.98 umolL™) was
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observed in station 3 and the lowest (1.45 pmolIL™) was in station 1 (Azheekode)

during the post-monsoon period (Fig.7).
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Fig.7 Seasonal and spatial variation in nitrate: 2009-2010

During 2010-2011, nitrate concentration from the surface water sample
ranged from 1.18 pmolL™ to 14.36 pmolL™. In the pre-monsoon period,
459 pmolL™ and 1.24 pmolL™ were the highest and lowest nitrate
concentration, recorded correspondingly from stations 2 (Balathuruth) and 3
(Kodikkal). Comparatively the monsoon season recorded highest value of
nitrate in the study period. The highest recorded value was from station 1,
Azheekode (14.36 pumolL™) and lowest (2.99 umolL™) from station 5,
Puthiyangadi. During the post-monsoon season, the highest concentration
of nitrate was noted from station 4, Mahe (4.51 pmolL™) and the lowest
(1.18 pmolL™) from station 6, Thykadapuram (Fig.8). Two-way ANOVA
showed significant difference in nitrate concentration with seasons

(p<0.05) but not with stations.
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Fig.8 Seasonal and spatial variation in nitrate: 2010-2011
3.1.4.2 Nitrite

Nitrite concentration was found to be higher during the monsoon period
as compared with the pre-monsoon and the post-monsoon seasons in all the
stations during 2009-2010. The highest concentration, 1.40 pmolL™?, was
observed in station 2 (Balathuruth) during the monsoon, whereas the lowest
concentration of 0.19 pmolL™ was recorded from station 2 in the pre-monsoon

season (Fig.9).

- 3 7 —&— PRM 2009
- o MION 2009
— == POM 2010
e 2 4
£
=,
g
-E 1
-
0 : r : : T
1 2 3 4 5 6

Stations
Fig. 9 Seasonal and spatial variation in nitrite: 2009-2010
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In 2010-2011, the highest concentration of nitrite, 1.33umolL™, was
recorded at stations 1 (Azheekode) and 6 (Thykadapuram) in the post-
monsoon period and the lowest concentrations, 0.03 umolL™ and
0.06 pmolL™, were recorded at stations 1 and 2 (Balathuruth) respectively,
in the pre-monsoon season (Fig.10). Two-way ANOVA showed significant
difference with seasons (p<0.05) and not with stations at 0.05 and 0.001

level.
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Fig. 10 Seasonal and spatial variation in nitrite: 2010-2011
3.1.4.3 Silicate

In 2009-2010, during the pre-monsoon, highest concentration of
silicate (34.70 umolL™) was recorded at station 4, Mahe, and the lowest
concentration (3.23 umolL™) at station 1, Azheekode. During the monsoon
period, highest concentration of silicate (144.90 umolL™) was observed in
station 2, Balathuruth, while station 3, Kodikkal, recorded the lowest
concentration of 19.70 pmolL™. The silicate concentration ranged from
2.98 umolL™ to 35.04 pmolL™ during the post-monsoon period and the
highest (35.04 pmolL™) was in station 4 and the lowest (2.98 pmolL™) in
station 1 (Fig.11).
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In 2010-2011, during the pre-monsoon, 55.04 umolL™ was the highest
concentration of silicate recorded (station 5, Puthiyangadi) and station 3, Kodikkal,
recorded the lowest concentration (15.16 pmolL™). During the monsoon, stations 4
(Mahe) and 1 (Azheekode) recorded the highest (55.41 pmolL™) and lowest
(10.59 pumolL™) concentrations of silicate, respectively. In the post-monsoon,
50.91 pmolL™ was the highest concentration of silicate recorded (station 4) and
lowest (12.83 pmolL™) was at station 3 (Fig.12). Two-way ANOVA showed

significant difference with seasons (p<0.05) but not with stations.
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Fig. 12 Seasonal and spatial variation in silicate: 2010-2011
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3.1.4.4 Phosphate

In 2009-2010, the highest concentration of phosphate (1.15 pmolL™)
was recorded in station 4, Mahe, and the lowest concentration was at station 2,
Balathuruth (0.55 pmolL™), in the pre-monsoon season. Comparatively high
range of phosphate concentration was observed in the monsoon season, the
highest (1.90 pmolL™) at station 1, Azheekode and the lowest (1.30 pmolL™)
in station 4. During the post-monsoon, station 2 recorded the highest
concentration (0.81 umolL™) and negligible values were recorded from stations 3,
Kodikkal and 6, Thykadapuram (Fig.13).
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Fig. 13 Seasonal and spatial variation in phosphate: 2009-2010

In 2010-2011, the pre-monsoon season recorded relatively lower phosphate
concentration in all the stations except station 1, Azheekode. During the monsoon
season, the highest concentration was recorded in the station 2, Balathuruth
(2.62 pmolL™) while station 6, Thykadapuram had the lowest concentration
(0.77 umolL™). In the post-monsoon, station 4, Mahe recorded the highest
concentration (2.54 pmolL™), whereas the lowest (0.79 pmolL™) was observed in
station 5, Puthiyangadi (Fig.14). Two-way ANOVA showed significant
difference with seasons (p<0.05) but not with stations.
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Fig. 14 Seasonal and spatial variation in phosphate: 2010-2011

3.1.5 Dissolved Oxygen

In 2009-2010, in the pre-monsoon period, the highest value of dissolved
oxygen (6.53 mgL™) was recorded in station 6, Thykadapuram, whereas the
lowest was (3.84 mgL™) in station 2, Balathuruth. During the monsoon season,
the highest value was recorded in station 2 (6.54 mgL™) and the lowest from
station 1, Azheekode (3.38 mgL™). The highest value of DO was recorded in
station 3, Kodikkal (6.24 mgL™) and the lowest (5.31 mgL™) in station 6
during the post-monsoon period (Fig.15).
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Fig. 15 Seasonal and spatial variation in dissolved oxygen: 2009-2010
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In 2010-2011, considerably higher level of dissolved oxygen was recorded
in the pre-monsoon period and the highest dissolved oxygen value was at station 5,
Puthiyangadi (9.55 mgL™) and lowest in station 2, Balathuruth (7.14 mgL™). In
the monsoon, 8.04 mgL™ was the highest and 5.90 mgL™ was the lowest values of
dissolved oxygen recorded from stations 4 (Mahe) and 3 (Kodikkal), respectively.
During the post-monsoon, relatively lower values were recorded and the highest
was from station 6, Thykadapuram (6.53 mgL™) and the lowest (4.49 mgL™) in
station 1, Azheekode (Fig.16). Two-way ANOVA showed no significant
difference in DO values with seasons and with stations.
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Fig.16 Seasonal and spatial variation in dissolved oxygen: 2010-2011

3.1.6 Primary Production

In 2009-2010, in the pre-monsoon, the net primary production ranged
from 4.24 gC/m®/day (station 4, Mahe) to 16.96 gC/m/day (station 6,
Thykadapuram). During the monsoon, the net primary production was found to
be highest at station 1, Azheekode (18.16 gC/m®/day) and lowest recorded was
4.24 gC/m/day (station 5, Puthiyangadi). In the post-monsoon period,
16.92 gC/m3/day was the highest net primary production recorded (station 5)
and the station 6 showed the lowest value of 1.04 gC/m®/day (Fig.17).
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Fig. 17 Seasonal and spatial variation in primary production: 2009-2010

During 2010-2011, in the pre-monsoon, the highest value of net primary
production was recorded in station 5, Puthiyangadi (9.75 gC/m*/day) and
1.70 gC/m*/day was the lowest value (station 1, Azheekode). In the monsoon
season, the primary production ranged from 1.91 gC/m/day (station 2,
Balathuruth) to the highest of 9.65 gC/m>/day (station 4, Mahe). During the post-
monsoon, the highest value, 28.83 gC/m*/day was recorded in station 5 and
lowest, 1.09 gC/m*/day in station 1 (Fig.18). Two-way ANOVA showed no
significant difference in primary production values with seasons and with stations.
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Fig.18 Seasonal and spatial variation in primary production: 2010-2011
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3.2 Statistical Analysis

Two-way ANOVA (Analysis of Variance) of physico-chemical variables

between seasons and stations for the period from pre-monsoon 2009 to post-

monsoon 2011 is shown in Table 2. The Pearson Correlation analysis of the

hydrographic parameters is shown in Table 3.

Table 2 Analysis of Variance (ANOVA) of physico-chemical variables

Temperature
Source of Variation SS DF MS F P
Season 48.097 2 24.049 13.948 @ <0.001
Station 12.701 5 2.540 1.473 0.230
Error 48.278 28 1.724
Total 109.076 35
Salinity

Source of Variation SS DF MS F P
Season 1131.722 2 565.861 | 14.166 <0.001
Station 1058.139 5 211.628  5.298 0.002
Error 1118.444 28 39.944
Total 3308.306 35

pH
Source of Variation SS DF MS F P
Season 0.317 2 0.159 4,744 0.017
Station 0.159 5 0.032 0.951 0.464
Error 0.936 28 0.033
Total 1.412 35

Nitrate
Source of Variation SS DF MS F P
Season 84.317 2 42.158 5.892 0.007
Station 25.976 5 5.195 0.726 0.610
Error 200.356 28 7.156
Total 310.649 35
EA\\ Department of Marine Biology, Microbiology and Biochemistry, CUSAT b |
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Nitrite
Source of Variation SS DF MS F P
Season 1.438 2 0.719 6.359 0.005
Station 0.583 5 0.117 1.030 0.419
Error 3.167 28 0.113
Total 5.188 35
Silicate
Source of Variation SS DF MS F P
Season 4444978 2 2222.489 | 4.068 0.028
Station 4556.816 5 911.363 | 1.668 0.175
Error 15297.192 28 546.328
Total 24298.986 35
Phosphate
Source of Variation SS DF MS F P
Season 4.166 2 2.083 5.649 0.009
Station 1.847 5 0.369 1.002 0.435
Error 10.325 28 0.369
Total 16.338 35
Dissolved Oxygen
Source of Variation SS DF MS F P
Season 5.122 2 2.561 1.008 0.378
Station 4.491 5 0.898 0.353 0.876
Error 71.141 28 2.541
Total 80.754 35
Primary Production
Source of Variation SS DF MS F P
Season 11.817 2 5.909 0.178 0.838
Station 279.466 5 55.893 1.680 0.172
Error 931.665 28 33.274
Total 1222.948 35
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Chapter 4

Distribution of Planktonic Microalgae along
the Kerala Coast

4.1 Introduction

4.2 Review of Literature
4.3 Result

4.4 Discussion

4.1 Introduction

The term phytoplankton literally comprises two Greek words, meaning
“plant” (phyto) and “wanderer” (plankton). Phytoplankton comprises a diverse,
polyphyletic group of single-celled and colonial aquatic photosynthetic organisms
that drift with the currents (Falkowski and Raven, 1997). Phytoplankton can be
classified based on their size as picophytoplankton (0.2-2um), nanophytoplankton
(2-20um), microphytoplankton (20-200um), mesophytoplankton (200pum-2mm)
and macrophytoplankton (>2mm) (Sieburth, 1978).

Despite constituting less than one percent of Earth’s photosynthetic
biomass, the marine phytoplankton are responsible for more than forty-five
percent of its net primary production (Field et al., 1998) underpinning the
marine food web especially in the shelf seas (Fehling et al., 2012). These tiny
organisms are the most important producers of organic substances and the rate

at which energy is stored up by them determines the basic primary productivity
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of the ecosystem. They comprise many different taxonomic groups which,
together with their distribution, determine primary production and various
trophic level interactions (Roy et al., 2006) providing a good indication of
energy turnover in aquatic environments (Forsberg, 1982; Devassy and
Goss, 1988). Photosynthetic pigments like chlorophyll b (chlorophytes),
fucoxanthin (diatoms), 190-hexanoyloxyfucoxanthin (haptophyte), 190-
butanoyloxyfucoxanthin (pelagophytes and haptophyte), peridinin (dinophytes),
alloxanthin (cryptophytes) and zeaxanthin (cyanobacteria) are the taxon-specific
indicators of major taxonomic groups used for studying the composition and
physiological status of phytoplankton (Jeffrey and Vesk, 1997). Determination
of microalgal population is essential for understanding the dynamics of the
primary production because the species composition can play a dominant role
in the variations of production, in well-mixed interface areas, especially in
estuaries (Shaw and Purdie, 2001; Behrenfeld et al., 2004). Within these
environments phytoplankton are located at the base level and are represented
as a major source of organic carbon (Trivedy and Goel, 1984; Gaikwad et al.,
2004). They are important contributors to global carbon fluxes (Falkowski
et al., 1998) as marine primary production is responsible for at least 30% of
total global carbon fixation (Peterson et al., 1986).

The factors that control the composition, diversity and distribution of
oceanic phytoplankton are complicated and are mainly bounded to the
physico-chemical factors like light, temperature, salinity, availability of
nutrients, strong seasonal variations in accordance with climate conditions,
upwelling, turbulence and biotic factors which include the grazing rate of

herbivorous zooplankton (Boyce et al., 2010; Jang et al., 2013).
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Continental shelf and adjacent slope waters represent only 10 - 20% of
surface area of global oceans, but these ocean margins are highly productive, and
contribute 25 - 50% of total oceanic primary production (Walsh, 1988). The
coastal and estuarine environment, as compared to the open sea, has high fertility
and large phytoplankton population basically due to the increased nutrient input
from river water and land run off (Ketchum, 1967; Wang et al., 2006a).

Estuaries are economically important ecosystems for fisheries in tropical
regions (Kawabata et al., 1993). Biomass and productivity of phytoplankton of
different size ranges are important factors regulating the productivity of higher
trophic-level organisms. The pelagic algal communities make important
contributions to the smooth functioning of estuarine ecosystem (Kawabata
et al., 1993). Phytoplankton species distribution shows wide spatio-temporal
variations due to the differential effect of hydrographical factors on individual
species and they serve as good indicators of water quality, including pollution
(Sun et al., 2001; Liu et al., 2004).

Estuaries act as a transitional zone between land and sea and act as a filter
that traps both natural and anthropogenic materials transferring from the land
to the open sea, and thus are mainly susceptible to anthropogenic impact and
their integrity is currently under risk worldwide (Flindt et al., 1999; Kiddon
et al., 2003). Many studies (Cederwall and EImgren 1990; Kahru et al., 1994;
Escaravage et al., 1996; Schollhorn and Graneli, 1996) have reported that
anthropogenic activities increase the nutrient level of estuarine and coastal
areas which may result in the alteration of phytoplankton population and
biomass production and thereby affect the ecosystem structure and function
(FAO, 1992). Nitrogen and phosphorus contained in agricultural effluents and
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industrial discharges are the main cause of eutrophication (Karthikeyan et al.,
2010). Phytoplankton follow a fairly recognizable annual cycle of growth, but
sometimes the synchrony in their normal annual cycle is disrupted by
explosive growth of some species (Vaulot, 2001), termed algal blooms, which
can be counted as a negative influence of the above factors leading to adverse
consequences on the ecosystem (Gianesella et al., 2000).

The availability of nutrients in the euphotic zone and its subsequent
biochemical response is the basis of biological productivity of phytoplankton
community structure (Malone, 1980; Platt et al., 1983; Fisher et al., 1999). The
productivity, phytoplankton biomass and its distribution is largely associated with
nutrient availability at large spatial scales; at medium and small scales with
biophysical processes such as the light environment, water column stratification
fturbulence, temperature and grazing (Smith, 2006). In highly turbid coastal
waters where nutrients are present at moderate to high concentrations, light
availability is usually the limiting factor for primary production (Underwood and
Kromkamp, 1999). Hence, the distribution of phytoplankton biomass can be
expected to reflect horizontal gradients in those variables that modulate light
availability (Pennock, 1985). Phytoplankton productivity is also directly dependent
on the seasonally changing wind system leading to strong seasonality in export
production with peaks during the SW- and NE-monsoons in the Arabian Sea
(Nair et al., 1989; Haake et al., 1993).

The environmental conditions of the ecosystem, reflected by the availability
of nutrients play a significant role in phytoplankton species composition,
succession and community composition (Rhyther and Dunstan, 1971; Smayda,
1980; Riegman et al., 1990). If the supply of nutrients is less than the uptake by
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phytoplankton, nutrient concentrations decrease and limit additional growth of
phytoplankton (Tilman et al., 1982). The limiting nutrient concentrations vary
with season, location and phytoplankton community structure (Fisher et al.,
1992). Under conditions of increasing eutrophication, initial changes in the
aquatic communities begin with the succession in the species composition and
abundance of phytoplankton (Aktan et al., 2005). Additionally, variation in
nutrient ratio due to disproportionate inputs of nutrients has also been shown
to profoundly affect the phytoplankton species composition and production,
and the ecosystem structure and function (Smith et al., 1999). Species
diversity responds to changes in environmental gradients and may characterize
many interactions that can establish the intricate pattern of community
structure. Any slight alteration in the environmental status can change diversity
until there is no adaptation or gene flow from non-adaptive sources. Hence a high
diversity count suggests a healthy ecosystem, the reverse of this indicates a
degraded environment and in the latter situation only a few organisms can thrive
and flourish, which represents the “paradox of enrichment” effect (Ghosh et al.,
2012).

Nutrient limitation in natural phytoplankton communities is primarily
identified from bioassays in which its response to nitrogen or phosphorus is
measured by additions of one or both nutrients in micro/mesocosm or, inferred
from elemental ratios which could enable the prediction of phytoplankton
abundance and assemblages. The ability of phytoplankton cells to synthesize
new biomass depends on their ability to assimilate sufficient carbon, nitrogen
and phosphorus, as well as minor nutrients, to ensure replication. As a
consequence of depletion of nutrients in the surrounding waters due to growth
of phytoplankton assemblages, future generations must adapt to decreasing
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nutrient concentrations. Therefore, the environment in which phytoplankton
grow is significantly modified by their growth, and over time-periods of only a
few days, assemblages may move from a situation of nutrient excess to nutrient
depletion (Robin et al., 2010). This may limit total biomass of phytoplankton
assemblage, but need not necessarily reduce the growth rate of those cells which
are adapted to the assimilation of nutrient at very low concentration (Rees et al.,
1999). Life in the plankton involves a balance between behaviour and the

organisms’ environment (McManus and Woodson, 2012).

Even though the governing factors of phytoplankton distribution are
mainly location specific, it is important to determine how the distribution and
composition of phytoplankton populations in economically important shelf
seas relate to the particular chemical and physical properties of the water
column in which they live (Fehling et al., 2012). With this view, the present
study was an attempt to investigate the correlation between the respective
physico-chemical properties with the spatio-temporal distribution and abundance
of planktonic microalgae along southwest coast of India, with special

emphasis on those species with a known history of bloom formation.

4.2 Review of Literature
4.2.1 Distribution of microalgae

A plant microorganism was first seen by Anton van Leeuwenhoek through
his invented microscope in 1674 from Dutch waters. Joseph Banks in 1768-71,
observed the "sea sawdust”, Oscillatoria (Trichodesmium) spp. while
accompanying James Cook on his voyage on ‘Endeavour’ to the South Seas.
Muller collected plankton for the first time in 1845 by towing fine meshed

plankton net. Hooker (1847) first recognized the wide distribution, abundance
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and general ecological significance of phytoplankton as a result of his
observations during an Antarctic cruise. Though the name ‘plankton’ was
derived from Greek, it was coined by a German scientist Hensen (1887).
Haeckel (1890) more precisely defined the word plankton.

A number of species of diatoms were recorded from Java Sea, West
Indian Archipelago, Baffin Bay and coastal Sweden by Cleve (1873, 1878,
1894, 1896). The scientific results of the voyage of H.M.S. Challenger during
the years 1873-76, especially from the family Diatomaceae was reported by
Castracane (1886). Cupp (1937) prepared a monograph on ‘Marine plankton
diatoms of the West coast of North America’ based on the seasonal distribution
and occurrence of marine diatoms and dinoflagellates from Alaska and it has
been used as a key textbook on diatom taxonomy worldwide.

Hendey (1937) made a series of pioneer studies on phytoplankton. In
1954, he published a compiled check-list on British marine diatoms, which
contained 771 species from 104 genera. In 1964, a monograph titled “An
introductory account of the smaller algae of the coastal waters. Part V.
Bacillariophyceae (Diatoms)’” was published. Later on, in 1974 he published a
revised check-list of the British marine diatoms. During 1933-34, ‘John
Murray Expedition’ was conducted which explored the Arabian Sea. Gilson
(1937) estimated the organic production in the Arabian Sea as part of the John
Murray expedition and expressed in wet weight of algae.

Subrahmanyan and co-workers (1946, 1958a and b, 1959, 1960, 1965)
described over 500 species of phytoplankton forms of all groups together
representing over 150 genera from both coasts of India. In 1946, he recorded
171 forms of marine planktonic diatoms at Madras, representing 15 families,
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64 genera, 134 species, 17 varieties and several other forms. Subrahmanyan
and Sharma (1960) listed a total of 291 species of phytoplankton from Calicut.
The 1IOE expedition (1962-65) focused on the plankton with a view to

assessing organic production.

Reynolds (1973, 1984, 2006), the most reputed scientist in contemporary
phycology, focused on the ecology of phytoplankton and published two pioneer
monographs on phytoplankton ecology in 1984 and 2006. Seasonal and spatial
distribution of phytoplankton in Cochin backwaters was studied by Joseph and
Pillai (1975). Joseph and Nair (1975) made an analysis on the growth constants,
mean generation time and chlorophyll in relation to cell numbers and **C uptake
in a few unialgal cultures of selected phytoplankters isolated from Cochin
estuary and found that the highest growth constant and lowest mean generation
time were during the exponential growth phase. The diversity of phytoplankton
species, pigments and succession with a note on primary production at a tidal
zone in the Vellar estuary, east coast of India was studied by Vijayalakshmi and
Venugopalan (1975). Gopinathan (1975a and b) described the diatoms present
in various estuarine systems in India, their seasonal fluctuations, occurrence,
and distribution, particularly from Cochin backwaters and also from the Indian

Seas.

Krammer and Lange-Bertalot (1985, 1986) did astonishing work on the
diatoms, especially on the family Naviculaceae, and prepared a monograph,
Bibliotheca Diatomologica. Atlases of Diatoms contributed by Desikachary
and his colleagues (1986, 1987a, b and c, 1988, 1989) are considered as the
most valuable reference books worldwide.
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During the 9" Indian Antarctic Expedition (1989-1990), the distribution
of chlorophyll a, phaeopigments, zooplankton and physico-chemical
parameters in the surface waters from Southern Indian Ocean were studied out
by Jiyalalram and Goswami (1993). Sarno et al. (1993) investigated the
phytoplankton population at Fusaro lagoon (Mediterranean Sea) from 1989 to
1990 and calculated species composition, temporal succession and standing
stock of the different species.

An investigation on the phytoplankton community structure in the
Arabian Sea during and after the SW monsoon during 1994 was carried out by
Tarran et al. (1999) and they reported that during the SW monsoon period
Prochlorophytes were restricted to oligotrophic stratified waters, but these
algae were found at all stations along the transect during the inter-monsoon as a
dominating phytoplankton standing stocks in the oligotrophic region.
Shalapyonok et al. (2001) observed that phytoplankton community composition
in the Arabian Sea is highly variable, both spatially and temporally.

Sarojini and Nittala (2001) investigated the vertical distribution in
phytoplankton in the upper 200m water column at five stations around the
Andaman Islands. Gowda et al. (2001) examined the variations in abundance and
distribution of phytoplankton in the Nethravathy estuary; diatoms were the
dominant components of phytoplankton followed by green algae, dinoflagellates,
blue green algae and silicoflagellates. Nedumaran et al. (2001) studied the
ecology of phytoplankton of Vellar estuary and adjoining brackish water
systems along the east coast of India and found that density of phytoplankton
often changes and each species appears to have its own peak period in
different estuaries.
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Huang et al. (2004) examined the taxonomic composition, abundance,
and spatial distribution of phytoplankton in the Pearl River estuary during
cruises of July 1999 and January 2001 and found that there was no major
difference in the phytoplankton species composition between monsoon
seasons, and inter monsoon. Cermeno et al. (2006) noted that large sized
phytoplankton have greater potential to export organic matter through a short,
classical food chain, whereas the small-sized phytoplankton are utilized by

complex microbial food webs that favour the recycling of organic matter.

Abundance and seasonal variations of phytoplankton in the creek waters of
western mangrove of Kachchh-Gujarat was studied in 2008 by Saravanakumar
et al. Vengadesh et al. (2009) studied the seasonal variations of plankton
diversity in the Kaduviyar estuary, southeast coast of India. Madhu et al.
(2010a) studied the short term variability of water quality and its implications on
phytoplankton production in the Cochin estuary and pointed out that the
transient variations in the water quality play a significant role on phytoplankton
behaviour. Madhu et al. (2010b) also studied the monsoon-induced changes
in the size-fractionated phytoplankton biomass and production rate in the
estuarine and coastal waters of southwest coast of India and pointed out that
the heavy cloud cover and increased water column turbidity not only limit
the growth of large-sized phytoplankton in the estuary and coastal waters but
also supported the proliferation of nanoplankton community during the

monsoon season.

Alkawri and Ramaiah (2011) studied the distribution of diatom Pseudo-
nitzschia and dinoflagellates of Dinophysis spp. along the coast off Goa and
noted that out of 179 species of phytoplankton observed 11 of them are
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potentially toxic. Fehling et al. (2012) studied the relationship between
phytoplankton distribution and water column characteristics in northwest
European shelf sea waters and observed that temperature, salinity, water
density and inorganic nutrient concentrations have a significant relation with
phytoplankton community composition. Sivaprasad et al. (2013) studied the
seasonal stratification and property distributions of Cochin estuary, southwest
coast of India, which established a strong connection with the distribution of

chemical and biological parameters.

4.2.2 Physico-chemical parameters

Dyer (1973) classified the estuaries into three types based on their
longitudinal salinity distribution: partially mixed, vertically homogeneous or
well-mixed, and highly stratified or salt wedge type. Tilman et al. (1982)
pointed out that if the supply of nutrients is less than the uptake by
phytoplankton, nutrient concentrations decrease and limit additional growth of
phytoplankton. Smith (1990) noted that phosphorus would be limiting in
marine coastal waters only when large nutrient loads with high N: P ratios

reach coastal waters.

Oviatt et al. (1986) documented that conditions like high pH, high
phytoplankton production, and low oxygen are the characteristic of nutrient
enriched systems and are often found in coastal waters. De-Pauw and
Naessens (1991) studied the nutrient induced competition between species of
marine diatoms and pointed out that elemental ratio of nitrate, phosphate and
silicate from water samples can sometimes be used as an indicator of the status

of nutrient loading or to predict productivity.
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Fisher et al. (1992) reported that the limiting nutrient concentrations on
abundance and the distribution of phytoplankton vary with season, location and
phytoplankton community structure. Oviatt et al. (1995) reported that for most
marine coastal waters, nitrogen is the most limiting nutrient for phytoplankton
production. Different diatom species have different demands for Si compared to
P (Si: N = 96:1 to 1:1) (Hecky and Kilham, 1988). Diatoms with a low Si: P
demand (around 1) would need very small amounts of Si compared to N even if
N: P demand is 16:1, the Redfield ratio (Graneli et al., 1999).

Smith et al. (1999) pointed out that in coastal waters, increasing nutrient
enrichment accompanied by a variation in nutrient ratio due to disproportionate
inputs of nutrients would profoundly affect the phytoplankton species
composition and production. Falkowski (2000) observed that oceanic cycles of
life’s essential elements carbon, nitrogen and phosphorus are closely coupled
through the metabolic requirements of phytoplankton, in the average
proportions of C: N: P = 106:16:1, the Redfield ratio.

Turner et al. (2003) carried out an important study on the fluctuating
Si: N ratios and coastal plankton food webs especially on the diatom growth in
the coastal ecosystem and found that marine diatoms require dissolved silicate
to form an external shell, and their growth becomes Si-limited when the
atomic ratio of silicate to dissolved inorganic nitrogen (Si: N) approaches 1:1.
Yin (2002) studied the monsoonal influence on seasonal variations in the
nutrients and phytoplankton biomass in the coastal waters of Hong Kong in
the vicinity of Pearl River estuary and observed that the low phosphorus
concentrations play an important role in controlling phytoplankton biomass

production during spring and summer.
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Klausmeser et al. (2004) reported that the canonical Redfield N: P ratio
of 16 is not a universal biochemical optimum and optimal N: P ratios will vary
from 8.2 to 45.0, depending on the ecological conditions. Aktan et al. (2005)
emphasised that based on the study of the qualitative and quantitative
characteristics of phytoplankton community structure and the environmental
factors that affect its distribution and the changes in Izmit Bay, a eutrophic bay
of Marmara Sea, the primary production was mainly influenced by nutrients

like nitrogen and silicate by acting as a limiting factor.

Jouenne et al. (2005) pointed out that change in taxonomic composition
according to tidal forcing led to variations in primary production levels based
on the study of biological and physico-chemical factors controlling short-term
variability in phytoplankton primary production and photosynthetic parameters
in eastern English Channel. The distributions of phytoplankton taxa and
biomass was recorded by Calliari et al. (2005), to assess their association to
environmental variables in the Rio de la Plata, a shallow and highly turbid
estuary. Sanilkumar (2009) in his pioneer work on microalgae along the
southwest coast of India observed that the planktonic microalgal standing crop
and chlorophyll a values are well supported by the higher Si: N ratios along
the coastal and estuarine stations.

Joseph and Ouseph (2010) reported that the run off components like
municipal waste discharge and riverine water carrying industrial and agricultural
wastes are responsible for nutrient enrichment influencing the estuarine water
quality. Boyce et al. (2010) studied the trend on global phytoplankton abundance
and stated that global phytoplankton concentration has declined over the past
century and the fluctuations of phytoplankton abundance were strongly correlated
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with climate change, particularly increasing sea surface temperature. Successional
shifts in microalgal community structure are mainly influenced by changes in
environmental variables such as nutrients and other physico-chemical
variables which mainly influence the distribution and abundance of plankton
communities in estuaries (Madhu et al., 2007). Sankar and Padmavati (2012)
reported the higher phytoplankton densities and low diversity in harbour areas
as compared to coastal waters based on the study of species composition,
abundance and distribution of phytoplankton in the harbour areas and coastal
waters of Port Blair, South Andaman. George et al. (2012) studied the
influence of hydro-chemical parameters on phytoplankton distribution along
Tapi estuarine area of Gulf of Khambhat, India and pointed out that physico-
chemical properties play a major role in determining the density, diversity and

occurrence of phytoplankton in an estuarine ecosystem.

4.2.3 Primary production

A pioneer attempt to understand primary production in tropical marine
areas was made by Steemann (1959) who observed that the estimation of
oceanic production is easy by seeing the colour of the sea in which the deep
blue sea is the most unproductive water. Ryther et al. (1966) proved that the
Western Indian Ocean is one of the most productive regions in the world,
after an extensive measurement of primary production on board the

Anton Bruun.

Qasim and Reddy (1967) studied the plant pigments of Cochin
backwaters during the monsoon season and pointed out the inconsistency in
their relationship, because the extract contained high amount of dead
chlorophylls and their derivatives coming from the detritus and stirred up
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sediments. Qasim et al. (1968) studied solar radiation and its penetration in
tropical estuaries and observed that the zone of optimum illumination for

maximum photosynthesis was 0 and 1.5 m depth.

Nair et al. (1968) pointed out that the potential production of phytoplankton
in terms of carbon for the west coast as 46x10° tons and for east coast of India as
15x10° tons. The nutrient influx of the Cochin estuary in relation to environmental
characteristics was studied by Sankaranarayanan and Qasim (1969). Qasim et al.
(1969) estimated the organic production of tropical estuaries and found that
annual gross production fell within the range of 273 to 293 gC/m?/yr and the net
production ranged from 184 to 202 gC/m?/yr.

Nair et al. (1975) made an investigation on primary production in the
Vembanad Lake and observed that the maximum production was during
pre- and post-monsoon period, unlike the adjacent marine environment.
The annual gross production ranged from 150-650 gC/m?/day. The
estimated total organic production in the Vembanad Lake was 10,00,000 tons
of carbon.

The plankton production in relation to the environmental parameters in
Vembanad Lake was studied by Pillai et al. (1975) and they noted the relative
influence of environmental factors such as temperature, salinity, dissolved
oxygen and nutrients on the plankton production. Seasonal fluctuations in the
abundance of phytoplankton in the Cochin backwaters were studied for a
period of one year by Kumaran and Rao (1975) who reported that
phytoplankton production was high and moderately stable during the pre-

monsoon. Skeletonema costatum was the dominant diatom with the highest
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percentage of the total cell density. They also noticed a sudden brief shoot in
the plankton abundance soon after or following a break in monsoon.

Nair and Gopinathan (1981) investigated the primary productivity of the
exclusive economic zone (EEZ) of India and the factors governing phytoplankton
production. Phytoplankton pigments in relation to primary production and
nutrients in the inshore waters of Tuticorin, southeast coast of India were
studied by Gopinathan et al., in 1994. Menon et al. (2000) studied the primary
production in Cochin estuary and identified it as one of the most productive

estuarine systems along the west coast of India.

Redekar and Wagh (2000) pointed out on the basis of study on growth of
fouling diatoms from the Zuari estuary, west coast of India, that different
hydrographical parameters like pH, temperature, salinity and solar radiation
determine the diversity, distribution, succession and abundance of
phytoplankton. Distribution of chlorophyll a and b in the 40 to 200 m depth
zone of Varaval coastal waters in the pre-monsoon was documented by
Gopinathan et al. (2001).

Alkershi et al. (2003) studied the contribution of size fractions of
planktonic algae to the primary organic productivity in the coastal waters off
Cochin. Chlorophyll a was found to be the most abundant of all pigments,
followed by fucoxanthin, along the southwest coast of India towards the end of
upwelling season, on the basis of the study conducted on the spatial variation
of phytoplankton pigments by Roy et al. (2006). Madhu et al. (2006)
investigated the western Bay of Bengal during summer, winter, and spring
inter-monsoon periods and found that there was a lack of pronounced
seasonal variation in the phytoplankton standing stock (chlorophyll a) and
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primary production. Phytoplankton community structure and primary
production in small intertidal estuarine-bay ecosystem (eastern English
Channel, France) was studied by Jouenne et al. (2007). Shevchenko et al.
(2013) studied the phytoplankton of the Amur River Estuary (Sea of
Okhotsk) during the summer periods of 2005-2007 and noted that the
increased nutrient input via the river run off caused the high cell density
and biomass of phytoplankton.

4.3 Result
4.3.1 Qualitative and quantitative distribution of planktonic microalgae

4.3.1.1 Station 1. Azheekode

During 2009-2010, the highest standing crop was found in the monsoon
season (8x10’ cellsL™) which was due to a monospecific bloom of
Prymnesium parvum N. Carter and the lowest cell abundance was in the post-
monsoon season, with 372 cellsL™. In the year 2010-2011, the cell density was
found to be highest in the post-monsoon season (3034 cellsL™), whereas
lowest cell density of 764 cellsL™ was found in the pre-monsoon season.
Thalassionema sp. was found to be dominant among diatoms, whereas
Biceratium furca was found to be dominant among dinoflagellates (Table 4). The
Shannon Weiner diversity index (H”) was found to be high during post-monsoon
2011 (Table 5) and the Bray Curtis similarity Dendrogram of planktonic
microalgal abundance (Fig.19) showed 35% similarity between pre-monsoon
2009 and monsoon 2010. The monsoon 2009 behaved entirely different from all
other seasons due to the bloom of Prymnesium parvum N. Carter which showed
100% monospecific standing crop.
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Table 4 Qualitative and quantitative distribution of planktonic microalgae at
station 1 (Azheekode) during 2009-2011

SI No

Class

2009-2010

2010-2011
PRM| MON |POM PRM MON POM

Prymnesiophyceae

1

Prymnesium parvum
Total

Bacillariophyceae

1

OO N OB WDN

NINDINDNDNDNDDNNDNNDNRPRPRPRRPRERPRRERPR R R R
OO NOO AR WNPFPOOOONOGDOPAAWDNELO

Asterionellopsis glacialis
Biddulphia rhombus

Chaetoceros curvisetus
Chaetoceros danicus

Chaetoceros decipiens 80
Chaetoceros didymus
Coscinodiscus asteromphalus | 80
Coscinodiscus radiatus
Cylindrotheca closterium
Cylindrotheca gracilis

Entomoneis alata

Gyrosigma acuminatum
Leptocylindrus danicus

Nitzschia sigma

Odontella aurita

Paralia sulcata

Petroneis marina

Planktoniella sol

Pleurosigma aestuarii

Pleurosigma angulatum

Proboscia alata

Skeletonema costatum

Surirella fluminensis

Surirella striatula

Thalassionema frauenfeldii
Thalassionema nitzschioides
Thalassiosira coramandeliana
Thalassiosira subtilis

Trieres mobiliensis 64

Total 224

8x10’
8x10’

48
48
90
150
32
28
32
16
32
24
164
16
12
24
44
72
132
64
13
10 | 32
20 60
163 | 628 | 372

167
107
134
80
80
167
333
80
27

60
100

147

53
500
400
100

2535

56\
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Dinophyceae

©O© 0| ~N o ok w N

el =
N (- O

Alexandrium monilatum
Biceratium furca
Dinophysis caudata
Diplopsalis lenticula
Prorocentrum gracile
Prorocentrum lima
Prorocentrum micans
Protoperidinium conicum

Protoperidinium oblongum

Protoperidinium oceanicum
Pyrophacus horologium

Pyrophacus steinii
Total

Dictyochophyceae

1

Dictyocha fibula
Total

*Grand total

*CellsL™

40
1040
220
60

12

28

1400

1624

8x10’

83

19
43

38
26

209

372

12

24
28

72

136

266
240
336
20
66 66
48
80
690 | 432
67
67

764 | 1062 | 3034

Table 5 Diversity indices of planktonic microalgae at station 1 (Azheekode)

during 2009-2011

Diversity indices of planktonic microalgae at station 1

Seasons S N d J' H'(log2) 1-Lambda’
PRM2009 9 96 1.754 | 0.8958 2.84 0.8317
MONZ2009 1 | 8944 0 falekaie 0 0
POM2010 11| 61 2.436 0.9774 3.381 0.9141
PRM2010 17 | 106 3.431 0.9756 3.988 0.9408
MONZ2010 8 87 1.568 0.9715 2.915 0.8692
POM2011 21 | 234 3.667 0.9742 4.279 0.9485
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Fig.19 Bray Curtis similarity Dendrogram of planktonic microalgal composition
at station 1 (Azheekode) during 2009-2011

4.3.1.2 Station 2. Balathuruth

The highest cell abundance of 2369 cellsL™ was recorded in the pre-
monsoon season, whereas lowest cell abundance of 394 cellsL™ was in the
monsoon season during 2009-10. During 2010-11, the monsoon season recorded
the highest cell abundance of 939 cellsL™ and the lowest of 536 cellsL™ was
recorded in the post-monsoon season. Biceratium furca was the dominant
species among dinoflagellates. Among diatoms, Asterionellopsis glacialis was
found to be predominant in both the years. Chlorophycean members were
represented by ten genera (Table 6). Highest diversity index (H’) was found
during the pre-monsoon 2010 period (Table 7) where the diatom species
showed the predominance. Bray Curtis similarity Dendrogram showed 35%
similarity of planktonic microalgal abundance between pre-monsoon and post-
monsoon 2010 (Fig.20).
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Table 6 Qualitative and quantitative distribution of planktonic microalgae at

station 2 (Balathuruth) during 2009-2011

sl No Class 2009-2010 2010-2011
PRM MON  POM PRM| MON POM
Chlorophyceae
1 |Cosmarium quadrilaterum 12
2 Micrasterias foliacea 48
3 Neochlorosarcina minor 16
4 | Oedogonium sp 12
5 |Pediastrum duplex 16
6 | Spirogyra sp 12
7 Staurastrum asteroideum 24
Total 140
Bacillariophyceae
1 |Halamphora coffeaeformis 10
2 | Asterionellopsis glacialis 115 | 150
3 |Biddulphia sinensis 26
4 | Campylodiscus ecclesianus 43 48 54
5  Chaetoceros affinis 38
6  Chaetoceros danicus 58 21
7 | Coscinodiscus asteromphalus 20 10 23
8 Coscinodiscus centralis 96 70
9 | Coscinodiscus marginatus 24
10 | Coscinodiscus radiatus 54 42
11 |Cyclotella meneghiniana 30 63
12 |Cylindrotheca closterium 19 | 168
13 |Cylindrotheca gracilis 12 92
14 |Diploneis crabro 92
15 |Ditylum brightwelli 48
16 | Entomoneis alata 33
17 | Gyrosigma acuminatum 66 89
18 |Gyrosigma fasciola 8
19 | Gyrosigma tenuissimum 22
20 | Licmophora flabellata 15
21 | Licmophora juergensii 24
22 |Lyrellalyra 46
23 | Navicula hasta 32
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24 | Nitzschia palea
25 | Nitzschia sigma
26 | Odontella aurita
27 | Odontella longicruris 40
28 | Paralia sulcata 29
29 | Planothidium hauckianum
30 | Pleurosigma aestuarii
31 | Pleurosigma angulatum 54
32 | Pleurosigma falx
33 | Pleurosigma normanii 79
34 | Rhizosolenia hebetata
35 | Surirella fastuosa 162
36 | Surirella fluminensis
37 | Surirella striatula
38 | Thalassionema frauenfeldii
39 | Thalassionema nitzschioides
40 |Thalassiosira coramandeliana
41 |Thalassiosira subtilis
42 | Trieres mobiliensis
43 |Trieres regia 72
Total 533
Dinophyceae
1 |Biceratium furca 1566
2 | Ceratium fusus 36
3 | Dinophysis caudata 54
4 |Diplopsalis lenticula
5 | Prorocentrum compressum 72
6 | Protoperidinium oceanicum 54
7  |Protoperidinium steinii 40
8 |Pyrophacus steinii
Total 1822
Dictyochophyceae
1 |Dictyocha crux 14
Total 14
*Grand total 2369
*CellsL™

17

24

20

26
14

254

394

27

54

51

10

511

10

10

521

24
18
24
18

165

126

12
15

39

894

24
33

927

127

127

114

127

95

863

76
76
939

23

92

536

536
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Table 7 Diversity indices of planktonic microalgae at station 2 (Balathuruth)
during 2009-2011

Diversity indices of planktonic microalgae at station 2

Seasons S N d J' H'(log2) 1-Lambda’
PRM2009 | 15 142 | 2.825 0.9119 3.563 0.8886
MON2009 | 17 @ 77 3.686 0.979 4.002 0.9455
POM2010 | 14 | 80 2.966 0.9741 3.709 0.9303
PRM2010 | 21 127 | 4.132 0.9687 4.255 0.9496
MON2010 | 11 = 99 2.178 0.9862 3.412 0.9129
POM2011 @ 7 | 58 1.477 0.9708 2.725 0.856
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Fig.20 Bray Curtis similarity Dendrogram of planktonic microalgal composition
at station 2 (Balathuruth) during 2009-2011

4.3.1.3 Station 3. Kodikkal

In 2009-10, highest cell density (7608 cellsL™) was recorded in the
pre-monsoon while the lowest was (332 cellsL™) in the monsoon season, whereas
in 2010-11 highest standing crop of 1239 cellsL™ was observed during the post-
monsoon and the lowest of 319 cellsL™ during the pre-monsoon. Among

dinoflagellates Biceratium furca was found in all the seasons in the entire
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period whereas, among diatoms the predominant species was Coscinodiscus

asteromphalus (Table 8). Pre-monsoon 2010 showed highest diversity index

(H’) than other seasons (Table 9). Bray Curtis similarity Dendrogram of

planktonic microalgal abundance (Fig.21) indicated 35% similarity between

monsoon 2009 and post-monsoon 2010, and 33% similarity between pre-

monsoon 2010 and post-monsoon 2011. Pre-monsoon 2009 showed least

resemblance to other seasons due to the high abundance of dinoflagellate

Biceratium furca.

Table 8 Qualitative and quantitative distribution of planktonic microalgae at

station 3 (Kodikkal) during 2009-2011

SI No. Class 2009-2010 2010-2011
PRM MON POM PRM | MON POM
Cyanophyceae
1 | Trichodesmium erythraeum 36
Total 36
Bacillariophyceae
1 Achnanthes brevipes 48
2  |Amphiprora gigantea 20
3  |Asterionellopsis glacialis 31
4 | Campylodiscus ecclesianus 10 73
5 | Chaetoceros affinis 28 142
6 |Chaetoceros decipiens 198
7 | Chaetoceros lorenzianus 227
8 |Coscinodiscus asteromphalus 18 312 | 40
9 | Coscinodiscus centralis 55 10
10 | Coscinodiscus radiatus 11 8
11 |Cyclotella meneghiniana 15 47
12 | Cylindrotheca gracilis 19 18 113
13 | Ditylum brightwelli 8
14 | Ditylum sol 45
15 |Grammatophora marina 40
16 |Gyrosigma acuminatum 9 40
17 | Gyrosigma tenuissimum 12
18 |Nitzschia sigma 12
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19 |Odontella aurita 17
20 | Odontella longicruris 11
21 | Planktoniella sol 5
22 | Pleurosigma aestuarii 80
23 | Pleurosigma falx 13 12 113
24 | Proboscia alata 34
25 | Rhizosolenia hebetata 15 20
26 | Skeletonema costatum 91
27 | Surirella fastuosa 113
27 | Surirella fluminensis 48
29 | Surirella striatula 36
30 | Thalassionema nitzschioides 95 240
31 | Thalassiosira coramandeliana 40
32 | Trieres mobiliensis 80
Total 84 105 | 170 | 270 | 1157 | 886
Dinophyceae
1 Biceratium furca 7200 11 180 12 153 | 313
2 Ceratium fusus 88 36 227
3 |Ceratium gibberum 11
4 Ceratium trichoceros 7
5 Ceratium vultur 18 57
6 Dinophysis acuminata 13
7 Dinophysis caudata 80 55 17 85
8 Diplopsalis lenticula 32 14
9 |Prorocentrum gracile 84
10 |Prorocentrum lima 60
11 |Prorocentrum micans 56
12 |Protoperidinium compressum 26
13 |Protoperidinium oblongum
14 | Protoperidinium oceanicum 7 20
15 |Protoperidinium pellucidum 24
16 |Pyrophacus steinii 24 48 85
Total 7456 | 227 | 352 32 663 | 313
Dictyochophyceae
1 Dictyocha crux 32 6 40
2 Dictyocha fibula 11
Total 32 17 40
*Grand total 7608 | 332 | 522 | 319 | 1820 | 1239
*CellsL™
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Table 9 Diversity indices of planktonic microalgae at station 3 (Kodikkal)
during 2009-2011

Diversity indices of planktonic microalgae at station 3

Seasons S N d J' H'(log2) 1-Lambda’
PRM2009 9 | 141 1617 | 0.6793 2.153 0.6215
MON2009 13 60 | 2.927 0.968 3.582 0.9242
POM2010 16 82 | 3.402 @ 0.9655 3.862 0.9342
PRM2010 16 65 | 3.587 @ 0.9712 3.885 0.9399
MON2010 14 1 152 | 2.588 | 0.9804 3.733 0.9273
POM?2011 13 1 118 | 2,518 @ 0.9704 3.591 0.9181
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Fig.21 Bray Curtis similarity Dendrogram of planktonic microalgal composition
at station 3 (Kodikkal) during 2009-2011

4.3.1.4 Station 4. Mahe

In 2009-10, highest cell abundance (516 cellsL™) was recorded during
the post-monsoon season, whereas the lowest (82 cellsL™) was recorded in the
monsoon season. In the second year, the highest cell density was recorded in
the post-monsoon with 1628 cellsL™ and the lowest of 648 cellsL™ was

recorded in the monsoon season. Among diatoms, Surirella fastuosa and
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Cylindrotheca gracilis were found to be dominant. Biceratium furca was
found to be predominant among dinoflagellates (Table 10). Highest diversity
index (H’) was found in the pre-monsoon 2010 where the diatom species
showed the predominance (Table 11). Bray Curtis similarity Dendrogram of
planktonic microalgal abundance (Fig.22) showed 25% similarity between
pre-monsoon 2009 and post-monsoon 2010 and 23% similarity between
monsoon 2010 and post-monsoon 2011.

Table 10 Qualitative and quantitative distribution of planktonic microalgae
at station 4 (Mahe) during 2009-2011

2009-2010 2010-2011
PRM 'MON POM| PRM | MON POM

SI No. Class

Bacillariophyceae

1 Aneumastus maculosus 22

2 | Asterionellopsis glacialis 117

3 |Biddulphia rhombus 17 95

4 |Biddulphia sinensis 12

5 | Chaetoceros decipiens 186 | 205

6 |Chaetoceros danicus 35

7 | Coscinodiscus asteromphalus 29 19 9% | 220

8 |Coscinodiscus marginatus 90

9 |Coscinodiscus radiatus 48 96

10 |Cylindrotheca closterium 17

11 | Cylindrotheca gracilis 477

12 Detonula pumila 65

13 | Ditylum brightwelli 52

14 Entomoneis alata 60

15 |Licmophora flabellata 29

16 |Mastogloia exigua 51

17 | Melosira numuloides 69

18 | Navicula distans 58

19 | Nitzschia palea 6 13

20 |Nitzschia sigma 51
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21
22
23
24
25

26

27
28
29
30
31
32
33
34

Odontella aurita
Odontella longicruris
Pleurosigma aestuarii
Pleurosigma angulatum
Proboscia alata

Psammodictyon
panduriforme

Rhizosolenia hebetata
Skeletonema costatum
Surirella fastuosa

Surirella striatula
Thalassionema frauenfeldii
Thalassionema nitzschioides
Thalassiosira subtilis
Trieres mobiliensis

Total

Dinophyceae

1

OO wWN

Biceratium furca
Dinophysis caudata
Prorocentrum gracile
Prorocentrum micans
Protoperidinium oceanicum
Pyrophacus steinii

Total

Dictyochophyceae

1 |Dictyocha crux
2 |Dictyocha fibula
Total
*Grand total
*CellsL™

44
19
72
90 384
44 12

420 54 | 461

12
28
7
26
28 45
10
10

420 82 | 516

90
43
125
48
43
74
65 147
60
74
9
51
56

832 588 | 1430

65 51

59
52

60
117 60| 110

88
88
949 648 | 1628
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Table 11 Diversity indices of planktonic microalgae at station 4 (Mahe)
during 2009-2011

Diversity indices of planktonic microalgae at Station 4

Seasons S N d J' H'(log2) 1-Lambda’
PRM2009 7 | 53 | 1.511 | 0.9878 2.773 0.867
MON2009 4 17 | 1.048 @ 0.971 1.942 0.7762
POM2010 10 54 | 2.261 | 0.8855 2.941 0.8353
PRM2010 17 | 123 # 3.325 | 0.9873 4.036 0.945
MON2010 7 | 66 | 1.432 | 0.9897 2.779 0.8642
POM?2011 13 1 134 245 | 0.9686 3.584 0.9161

STATION: 4
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Fig.22 Bray Curtis similarity Dendrogram of planktonic microalgal composition
at station 4 (Mahe) during 2009-2011

4.3.1.5 Station 5. Puthiyangadi

In 2009-10, highest standing crop was observed in the pre-monsoon
period (2277 cellsL™) and the lowest of 326 cellsL™ in the monsoon season.
However, in 2010-11, the highest recorded cell abundance was 2198 cellsL™ in
the pre-monsoon season and the lowest of 354 cellsL™ in the monsoon season.
Biceratium furca was found to be predominant among dinoflagellates, whereas

among diatoms, Asterionellopsis sp., Biddulphia sp., Trieres sp., Coscinodiscus sp.
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and Proboscia sp. were predominant (Table 12). Shannon Weiner diversity

index (H”) was found to be high during the pre-monsoon 2010 season (Table 13)

and the Bray Curtis similarity Dendrogram of planktonic microalgal

abundance (Fig.23) showed 35% similarity among pre-monsoon 2009 and

2010.

Table 12 Qualitative and quantitative distribution of planktonic microalgae at

station 5 (Puthiyangadi) during 2009-2011

SI No.

Class

2009-2010
PRM | MON |POM PRM MON POM

2010-2011

Bacillariophyceae

1 | Asterionellopsis glacialis 107 | 107
2  |Biddulphia rhombus 400
3 | Cerataulina bicornis 112
4 | Chaetoceros affinis 72 | 59
5 |Chaetoceros decipiens 14 | 150
6 |Coscinodiscus asteromphalus 30 32 40
7 | Coscinodiscus marginatus 14 69
8 | Coscinodiscus nitidus 34
9 | Coscinodiscus radiatus 80 32
10 | Cyclotella meneghiniana 67
11 | Cyclotella striata 40
12 | Cylindrotheca closterium 172
13 | Cylindrotheca gracilis 22
14 | Ditylum brightwelli 59
15 |Entomoneis alata 5
16 |Gyrosigma acuminatum 20 37
17 |Halamphora tumida 20
18 | Lyrella hennedyi 48
19 |Lyrella lyra 10 40
20 | Navicula hasta 32
21 | Navicula marina 51
22 | Nitzschia palea 44
23 | Nitzschia sigma 16
24 | Odontella aurita 43
25 | Paralia sulcata 12
26 | Planktoniella sol 59
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27 | Pleurosigma falx 24 34 188
28 | Proboscia alata 27 165
29 | Rhizosolenia hebetata 80 21
30 | Skeletonema costatum 32
31 |Surirella fastuosa 112
32 | Surirella fluminensis 60
33 | Thalassionema frauenfeldii 112
34 | Thalassionema nitzschioides 32
35 |Thalassiosira coramandeliana 40
36 | Thalassiosira subtilis 32 37
37 | Trieres mobiliensis 102 187 | 35
38 | Trieres regia 12
39 | Tropidoneis longa 30
Total 238 | 210 | 348 | 1446 | 289 | 975
Dinophyceae
1 | Biceratium furca 1496 84 | 400 | 27
2 | Ceratium fusus 24
3 |Ceratium gibberum 119
4 | Ceratium symmetricum 58
5 | Ceratium trichoceros 34
6 | Ceratium tripos 27
7 | Dinophysis acuminata 22
8 | Dinophysis caudata 27 50 59 11
9 |Dinophysis sp 12
10 |Diplopsalis lenticula 20 32
11 |Prorocentrum gracile 68 64
12 | Prorocentrum lima 100
13 | Prorocentrum micans 104
14 | Protoperidinium oblongum 69
15 | Protoperidinium oceanicum 136 120 | 53
16 |Pyrophacus horologium 85 107
Total 2023 | 116 | 452 | 752 | 65
Dictyochophyceae
1 | Dictyocha fibula 16 82
Total 16 82
*Grand total 2277 | 326 | 800 2198 | 354 | 1057
*CellsL™
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Table 13 Diversity indices of planktonic microalgae at station 5 (Puthiyangadi)
during 2009-2011

Diversity indices of planktonic microalgae at station 5

Seasons S N d J' H'(log2) 1-Lambda’
PRM2009 14 | 135 | 2.652 | 0.9058 3.449 0.8807
MON2009 14 | 66 | 3.106 | 0.9898 3.768 0.9389
POM2010 14 | 101 | 2.815 | 0.9825 3.741 0.9313
PRM2010 22 | 200 H 3.964 0.9691 4.322 0.9497
MON2010 10 | 57 | 223 | 0.9791 3.253 0.9055
POM2011 10 | 99 | 1.958 | 0.9829 3.265 0.9017
STATION: 5
0
I
|
204
%<
Edfo--
560--
&
80 4+
100-_‘* a» (] o [o)] (o]
2 S 2 2 : F

Seasons

Fig.23 Bray Curtis similarity Dendrogram of planktonic microalgal composition
at station 5 (Puthiyangadi) during 2009-2011

4.3.1.6 Station 6. Thykadapuram

In 2009-10, highest cell density of 664 cellsL™ was in the pre-monsoon
season, whereas the lowest of 149 cellsL™ was in the post-monsoon period. In
2010-11, highest cell density (1493 cellsL™) was observed in post-monsoon
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and the lowest cell density of 776 cellsL™ was recorded in the pre-monsoon.

Among dinoflagellates, Biceratium furca and Dinophysis caudata were found

to be predominant. Coscinodiscus radiatus and Pleurosigma falx were found

to be predominant among diatoms (Table 14). Pre-monsoon 2010 (Table 15)

showed highest diversity index (H”) and Bray Curtis similarity Dendrogram of

planktonic microalgal abundance (Fig.24) showed 27% similarity between

monsoon 2009 and post-monsoon 2010 and 20% similarity between pre-

monsoon 2009 and monsoon 2010.

Tablel4 Qualitative and quantitative distribution of planktonic microalgae at
station 6 (Thykadapuram) during 2009-2011

S| No. Class 2009-2010 2010-2011
PRM| MON | POM |PRM MON POM
Chlorophyceae
1 |Pleurotaenium sp. 10
2 | Scenedesmus quadricauda 8
3 | Staurodesmus convergens 7
Total 25
Bacillariophyceae
1 |Amphiprora gigantea 26
2 | Biddulphia rhombus 101
3 | Biddulphia sinensis 19
4 |Campylodiscus ecclesianus 11
5 | Cerataulina bicornis 44
6 | Chaetoceros decipiens 60
7 | Coscinodiscus asteromphalus 32 101
8 | Coscinodiscus centralis 30
9 | Coscinodiscus marginatus 44
10 | Coscinodiscus radiatus 150 | 38 13 | 228
11 | Cyclotella meneghiniana 54
12 | Cylindrotheca closterium 26
13 |Cylindrotheca gracilis 133
14 | Diploneis elliptica 120
15 | Ditylum brightwelli 19
16 |Gyrosigma acuminatum 40
17 | Gyrosigma fasciola 19
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18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

Lyrella hennedyi

Lyrella lyra

Navicula directa

Navicula hasta

Nitzschia longissima
Nitzschia sigma

Odontella longicruris
Petroneis marina
Pleurosigma aestuarii
Pleurosigma falx

Podosira montagnei
Proboscia alata
Psammodictyon panduriforme
Rhaphoneis amphiceros
Surirella fastuosa

Surirella striatula
Thalassionema frauenfeldii
Thalassionema nitzschioides
Thalassiosira coramandeliana
Total

Dinophyceae

=
SElBwvo~NolorswNe

Biceratium furca
Ceratium fusus

Ceratium tripos
Dinophysis acuminata
Dinophysis caudata
Dinophysis miles
Prorocentrum gracile
Prorocentrum micans
Protoperidinium conicum
Protoperidinium oceanicum
Pyrophacus horologium
Pyrophacus steinii

Total

Dictyochophyceae

1 |Dictyocha crux
2 | Dictyocha fibula
Total
*Grand total
*CellsL™

30

20

40

438

120

30
30

14

32
226

664

19

17

26

14
36
10

160

185

29
43

18

101

26

22

48

149

56
60
32 | 120
72
40
43
341 | 540
40
69
492
40
43
56
60
107 | 102
355 | 654
11
69
80
776 | 1194

101
70

76
133
127

95

82

114

1259

190

44

234

1493
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Table 15 Diversity indices of planktonic microalgae at station 6 (Thykadapuram)
during 2009-2011

Diversity indices of planktonic microalgae at station 6

Seasons S N d J' H'(log2) 1-Lambda’
PRM2009 13| 85 | 2.698 | 0.9667 3.577 0.9198
MONZ2009 10 | 41 | 2.419 | 0.9819 3.262 0.9136
POM2010 6 | 29 1.48 0.9882 2.554 0.8555
PRM2010 18 | 114 | 3.588 | 0.9874 4.117 0.9488
MONZ2010 8 | 90 | 1555 | 0.9626 2.888 0.8624
POMZ2011 17 | 153 | 3.179 | 0.9853 4.027 0.9427

STATION: 6
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Fig.24 Bray Curtis similarity Dendrogram of planktonic microalgal composition
at station 6 (Thykadapuram) during 2009-2011

4.3.2 Mean annual variation in standing crop

During 2009-10, the mean annual variation of standing crop was
highest in station 1 (Azheekode) and the lowest was at station 6 with 333
(SD +288) cellsL™. The mean annual variation of the standing crop during
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2010-11 was also highest at station 1 having 1620 (SD +1234) cellsL™
whereas the lowest was at station 2 with 801(SD +229) cellsL™ (Fig.25).

—&— 2009-10
- H - 2010-11

e e )
CVORNWAUNIO

Nz

CellsL"Y(Log; o of mean)

ORNWARUION
[
H

3 Stations 4

Fig. 25 Mean annual variation in standing crop: 2009-2011

4.3.3 Pigment composition
4.3.3.1 Chlorophyll a

In 2009-10, during pre-monsoon, chlorophyll a was found to be highest
at station 3 (6.01 pgL™), whereas station 6 recorded the lowest (2.14 pugL™). In
the monsoon season, the highest chlorophyll a value (13.54 pgL™) was at
station 1 where a blooming of Prymnesium parvum was observed and lowest
was at station 4 (1.10 pgL™). During the post-monsoon season, station 5
recorded the highest chlorophyll a value (4.32 pgL™) and station 6 showed the
lowest of 1.68 pgL™ (Fig.26).
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Fig. 26 Seasonal and spatial variation in chlorophyll a: 2009-2010

In the second year, the concentration of chlorophyll a was found to be
highest at station 5 (10.46 pgL™), whereas lowest was recorded at station 3
(3.72 pugL™) in the pre-monsoon season. During the monsoon season, station 1
showed the highest chlorophyll a value (8.61 pgL™) and the lowest at station
5(1.95 pgL™). In the post-monsoon season, the highest chlorophyll a value
recorded was 9.17 pgL™ (station 1) and the lowest 2.82 pgL™ at station 2 (Fig.27).

12
~— PRM2010

«+s e+ MON2010
—a— POM2011

10

Chlorophyll o
(wgl?)
(4]

Stations

Fig. 27 Seasonal and spatial variation in chlorophyll a: 2010-2011
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4.3.3.2 Chlorophyll b

During the first year, in the pre-monsoon season, the highest chlorophyll b
value was recorded at station 5 (0.41 pgL-1), whereas station 6 recorded the
lowest value (0.03 pgL™). In the monsoon season, the chlorophyll b value
ranged from the lowest of 0.01 ugL™ at station 1 to the highest of 1.58 pgL™ at
station 2. In the post-monsoon season, the highest chlorophyll b value was
recorded at station 6 (0.29 ugL™) and the lowest value (0.04 ugL™) at station 5
(Fig.28).

16 A —=— PRM2009
1.4 <+« A+ MON2009
1.2 —8 =POM2010

Chlorophyll b
L)
[
=]
>

Stations

Fig. 28 Seasonal and spatial variation in chlorophyll b: 2009-2010

In 2010-11, the highest chlorophyll b value was at station 3 (1.18 pugL™)
and the lowest at station 1 (0.24 pgL™) during the pre-monsoon season. In the
monsoon season, station 6 recorded the highest chlorophyll b value (1.14 pgL™)
and the lowest at station 5 (0.01 pugL™). During the post-monsoon season,
station 5 had the highest value of chlorophyll b (0.94 ugL™) and the lowest of
0.01 pgL™ at station 6 (Fig.29).
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Fig. 29 Seasonal and spatial variation in chlorophyll b: 2010-2011

4.3.3.3 Chlorophyll ¢

In the first year, during the pre-monsoon season, the highest value of
chlorophyll ¢ was recorded at station 6 (1.56 pglL-1) and lowest at station 3
(0.56 pugL™). In the monsoon season, station 1 recorded the highest chlorophyll ¢
value (3.44 pgL™), whereas the lowest value of 0.48 pgL™ was recorded at

station 4.
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Fig. 30 Seasonal and spatial variation in chlorophyll ¢: 2009-2010
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During post-monsoon, the chlorophyll ¢ value ranged from the lowest of
0.58 pgL™ at station 1 to the highest of 1.65 pugL™ at station 2 (Fig.30).

During 2010-11, in the pre-monsoon season, the chlorophyll ¢ value was
highest at station 1 (2.46 pgL™) and lowest at station 6 (0.66 pgL™). During
the monsoon period, the highest chlorophyll ¢ value (2.95 pgL™) was recorded
at station 3, whereas the lowest (0.56 pgL™) was at station 6. In the post-monsoon
season, the chlorophyll ¢ value ranged from the lowest (0.61 pgL™) at station 2
to the highest (3.06 pgL™) at station 1 (Fig31).
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Fig. 31 Seasonal and spatial variation in chlorophyll c¢: 2010-2011

4.3.3.4 Carotenoids
In 2009-10, the carotenoid pigment showed the maximum concentration

at station 2 (1.81 pgL™) and the lowest at station 3 (0.49 pgL™) in the pre-
monsoon season. During the monsoon season, station 1 recorded the highest
carotenoid value (1.91 pgL™), whereas station 4 showed the lowest value
(0.02 pgL™). In the post-monsoon season, the highest value was at station 4
(1.11 ugL™) and the lowest was at station 6 with 0.60 ugL™ (Fig.32).
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Fig. 32 Seasonal and spatial variation in carotenoids: 2009-2010

In the pre-monsoon season of 2010-2011, the highest value of carotenoids
was 3.95 pugL™ at station 1 and the lowest being 1.17 pgL™ at station 3. In the
monsoon season, it varied from the lowest of 0.44 pgL™ at station 2 to the highest
of 1.88 pgL™ at station 6. In the post-monsoon period, the carotenoid values
varied between 0.81 pgL™ at station 2 to 2.93 pgL™ at station 1 (Fig.33).
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Fig. 33 Seasonal and spatial variation in carotenoids: 2010-2011
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4.3.3.5 Mean spatial variation in pigments: 2009-2010

Chlorophyll a showed the highest value at station 1 (6.14 +6.44 pgL™)
and the lowest value (1.68 +0.474 pgL™) at station 6. Chlorophyll b was
highest at station 2 with 0.68 +0.78 ugL™, whereas it was lowest at station 1
(0.08 +0.07 pugL™). The highest value of chlorophyll ¢ was found at station 1
(1.64 +1.57 pgL™) and the lowest of 0.73 +0.23 ugL™ at station 4. Carotenoid
pigments showed the highest value at station 1 with 1.24 +0.59 ugL™ and the
lowest of 0.65 +0.26 ugL™ at station 6 (Fig.34).

|l
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Concentration of pigments
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Fig. 34 Mean spatial variation in pigments: 2009-2010

4.3.3.6 Mean spatial variation in pigments: 2010-2011

The highest mean annual variation of chlorophyll a was found at station 1
(9.05 +0.39 pgL™) and the lowest of 3.95 +0.76 pugL™ at station 3. Chlorophyll b
was recorded as highest in station 5, with 0.65 +0.21 pugL™, whereas it was
lowest at station 1, having 0.14 +0.10 pgL™. The highest value of chlorophyll ¢
was found at station 1, with 2.11 +1.17 pgL™ while the lowest value was at

station 6 with 1.03 +0.73 pgL™. Highest carotenoid value was recorded in
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station 1 (2.70 +1.38 ugL™), whereas the lowest value of 0.93 +0.56 pgL™
was at station 2 (Fig.35).
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Fig. 35 Mean spatial variation in pigments: 2010-2011

4.3.4 Spatial variation of standing crop, chlorophyll a and Net primary
production

During 2009-10, the mean annual variation of chlorophyll a and
standing crop was found to be directly proportional. The cell abundance was
found to be highest in station 1 (Azheekode) along with chlorophyll a at
6.14 (SD +6.44) mg/m°. The primary productivity was also found to be highest
in station 1 with 1.05 (SD +0.35) gC/m*/day (Fig.36).

The mean annual chlorophyll a and the standing crop were found to be
directly proportional in the second year also except in station 1. The highest
chlorophyll a and standing crop were recorded at station 1 with, 9.05 +0.39 mg/m’
and 4860 +1234 cellsL™ respectively, whereas primary production was found
to be highest in station 5 with, 1.28 +0.98 gC/m®/day (Fig.37).
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Fig. 36 Mean spatial variation in Standing crop, Chl a and Net PP: 2009-2010
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Fig. 37 Mean spatial variation in standing crop, Chl a and Net PP: 2010-2011

4.3.5 Statistical Analysis

The two-way ANOVA of pigments with stations and seasons is shown
in Table 16. No significant relationship could be observed between these

parameters.
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Table 16 Analysis of Variance (ANOVA) of pigments with stations and seasons

Chlorophyll a
Source of Variation SS DF MS F P
Season 19.375 2 9.687 1.395 0.265
Station 65.947 5 13.189 1.899 0.126
Error 194.472 28 6.945
Total 279.794 35

Chlorophyll b
Source of Variation SS DF MS F P
Season 0.253 2 0.127 0.847 0.439
Station 0.912 5 0.182 1.220 0.326
Error 4.186 28 0.149
Total 5.351 35

Chlorophyll c
Source of Variation SS DF MS F P
Season 0.334 2 0.167 0.252 0.779
Station 2.924 5 0.585 0.882 0.506
Error 18.566 28 0.663
Total 21.824 35

Carotenoids

Source of Variation SS DF MS F P
Season 2.920 2 1.460 2.726 0.083
Station 4.600 5 0.920 1.718 0.163
Error 14.993 28 0.535
Total 22.514 35

Pearson correlation of pigments is shown in Table 17, in which
chlorophyll ¢ has shown 0.001 level of significance with chlorophyll a, and
carotenoids at 0.001 level with both chlorophyll a and c.
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Table 17 Pearson Correlation analysis of pigments

Chl a Chlb Chlc Carotenoids

Pearson Correlation 1
Chla Sig. (2-tailed)
N 36
Pearson Correlation -0.021 1
Chlb Sig. (2-tailed) 0.903
N 36 36
Pearson Correlation 0.558** | -0.037 1
Chlc Sig. (2-tailed) 0 0.829
N 36 36 36
Pearson Correlation 0.623** | -0.085 | 0.593** 1
Carotenoids |Sig. (2-tailed) 0 0.622 0
N 36 36 36 36

* Correlation is significant at 0.05 level
** Correlation is significant at 0.01 level.

4.4 Discussion

4.4.1 Qualitative and quantitative distribution of planktonic microalgae

Distribution of planktonic microalgae varies widely from station to station
and from season to season. In the first year of observation 2009-2010, at station 1
off Azheekode, both diatoms and dinoflagellates were recorded with 9 species
each. An extensive monospecific haptophycean bloom of Prymnesium parvum N.
Carter was observed in the monsoon season. None of the diatom species were
found to be common in all the seasons. Harmful dinoflagellate Biceratium furca
was found to be dominant among dinoflagellates. This observation was in
accordance with the study of Taylor et al. (2008) who observed that Ceratium spp.
were more abundant in the tropical waters. Potent DSP producing

Dinophysis caudata was recorded in pre-monsoon season with a cell density of
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220 cellsL™. This species is widely distributed in tropical and temperate waters
and can appear abundantly in coastal waters (Nishitani et al., 2008). The red
tide of Biceratium furca associated with mass mortalities of fish and the DSP
intoxication in green mussels were reported (Okaichi, 1967; Holmes et al., 1999).
Dinophysis caudata was reported to have mixotrophic nutrition (Nishitani et al.,
2008) which also helps them to survive under adverse condition. Potentially toxic
Alexandrium sp. was recorded in the pre-monsoon season with low cell density.
The relative high temperature (31°C) in the pre-monsoon season favoured the

increased abundance of dinoflagellates (Lehman, 2000).

During 2010-11, 33 species of microalgae were recorded from station 1
of which 25 species were diatoms, 7 species were dinoflagellates and the
remaining species were grouped under Dictyochophyceae. Among these
Thalassionema frauenfeldii was the dominant one. Protoperidinium oceanicum
was the only species reported from all the consecutive seasons. Previous
studies also had shown the abundance of Protoperidinium spp. in Indian
waters (Subrahmanyan, 1971; Gopinathan, 1972; Sanilkumar et al., 2009).
Harmful dinoflagellates Biceratium furca and Prorocentrum lima were also
observed in the present study. Prorocentrum lima is a widespread and
common dinoflagellate species in both tropical and temperate benthic
environments (Richardson, 1997; Taylor et al., 2008) and its occurrence as
planktonic microalgae is probably due to the mixing of sediments, because
station 1 is located near the bar-mouth. The standing crop was found to be high
in the post-monsoon season. Bloom-forming diatom Leptocylindrus danicus was

found in low cell density in the post-monsoon.

' Algal Blooms and Associated Bacteria along the Southwest Coast of India //”



Chapter 4

During the study period, a total of 43 species of microalgae were recorded
from station 1 of which 29 species were diatoms, 12 species were dinoflagellates
and one species each belonged to Haptophyceae and Dictyochophyceae. A
gradual increase in the diversity index was observed from the first year to the
following year and it was due to the increased abundance of diatoms in the
post-monsoon. Bray Curtis similarity Dendrogram of planktonic microalgal
abundance (Fig.19) showed 35% similarity between pre-monsoon 2009 and
monsoon 2010 due to the similarity in species composition among diatoms.
Distribution of microalgae in monsoon 2009 was entirely different from other
seasons due to the bloom of Prymnesium parvum which showed 100%
monospecific standing crop. Highest standing crop of diatom was observed during
the post-monsoon 2011 which might be due to the increased Si: N ratio (13:1) as
reported by earlier workers (Turner et al., 2003; Piehler et al., 2004; Aktan et al.,
2005; Sanilkumar et al., 2009).

Distribution of microalgae at station 2 (Balathuruth), an estuarine
station, was also found to be varying considerably depending on the season.
During 2009-10, 42 species of microalgae were documented of which 27
species belonged to diatoms and seven species each of Chlorophyceae and
Dinophyceae. Dictyochophyceae was represented by one species. None of the
species were found to be common in all the seasons. During the pre-monsoon,
the abundance of harmful dinoflagellate Biceratium furca was observed. In a
similar study, high diversity and dominance of dinoflagellates, particularly
long horned members of Ceratium sp. in the tropical regions were reported by
Taylor (2004). In estuarine conditions during the monsoon, the floral
composition will change in accordance with the lowering of salinity
(Gopinathan, 1972; Joseph and Pillai, 1975; Gao and Song, 2005). Low

[ 86 \\\ Department of Marine Biology, Microbiology and Biochemistry, CUSAT b |




Distribution of Planktonic Microalgae along the Kerala Coast

salinity of 2 psu in station 2 favoured the distribution of chlorophycean species
during monsoon. Abundance of diatom species was found to be low when
compared with other seasons and none of the dinophycean members were
found. The presence of Gyrosigma tenuissimum, a typical marine diatom
species (Jin-Dexiang et al., 1985) in the post-monsoon where the salinity was
27 psu indicated its wide salinity tolerance. The same species was reported
from this station in the monsoon as well as in the post-monsoon seasons as the

new distributional records in India (Sanilkumar, 2009).

In the year 2010-11, a total of 31 species were recorded from this
station of which 29 species were diatoms and remaining two were
dinoflagellates. None of the species were found to be common in all the
seasons. The high Si: N ratio favoured the increased abundance of diatoms
(Piehler et al., 2004; Aktan et al., 2005) in the monsoon and post-monsoon

Seasons.

Bray Curtis similarity Dendrogram of planktonic microalgal abundance
(Fig.20) showed 35% similarity between pre-monsoon and post-monsoon 2010.
This was due to the similarity in species composition among diatoms. Altogether,
sixty species of microalgae were observed in this station of which predominant
group was diatoms (44 species) followed by dinoflagellates (8 species),
Chlorophyceae (7 species) and one species of Dictyochophyceae.

At station 3, off Kodikkal in 2009-10, dinoflagellates were found to be
predominant with 14 species followed by diatoms (13 species) and one species
each of Cyanophyceae and Dictyochophyceae. Harmful bloom-forming
Biceratium furca was found to be present in all the seasons and it was the
dominant one (7200 cellsL™) in the pre-monsoon season. Ceratium sp. is a
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ubiquitous thecate dinoflagellate, characteristically found during all seasons,
contributing substantially to annual primary production in the world ocean
(Graham, 1941; Nordli, 1953; Elbrachter, 1973; Weiler, 1980; Dodge and
Marshall, 1994). Biceratium furca and Ceratium gibberum can cause chocking
of gills of fish by its epithecal and hypothecal horns. Baek et al. (2008) also
reported Biceratium furca and Ceratium fusus as the most common bloom-
forming species in the coastal and estuarine waters of the world. Moderately
high temperature (30°C) and optimum N: P ratio (16:1) (Redfield et al., 1963) in
the pre-monsoon season might have caused the increased abundance of
dinoflagellates. Higher temperature influences the abundance and the distribution
of flagellates (Lehman, 2000). Toxic dinoflagellate Dinophysis caudata was also
recorded in low numbers in all the seasons. Trichodesmium erythraeum, an
important carbon and nitrogen fixing microalgae (Capone and Carpenter 1982;
Zehr et al., 2001; Lugomela et al., 2002; Capone et al., 2005) in the oceanic
water, which mainly grow in nitrate limiting condition (Parab and
Matokandar, 2012) was also observed in low cell density (36 cellsL™) in the
pre-monsoon season. Trichodesmium sp. can often form extensive blooms in

tropical and sub-tropical oceans (Capone et al., 2005).

In 2010-11, of the total of 34 species that were recorded in station 3, 25
species belonged to diatoms, while dinoflagellates comprised 7 species and one
species belonged to Dictyochophyceae. The bloom-forming centric diatom
Coscinodiscus asteromphalus was recorded as predominant among diatoms,
whereas among dinoflagallates Ceratium fusus was the predominat species.
Biceratium furca was found in all the seasons. Dominance of diatoms over
dinoflagellates was noticed which might be due to the high Si: N ratio (Piehler
et al., 2004; Aktan et al., 2005) in all the seasons.
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Bray Curtis similarity Dendrogram of planktonic microalgal abundance
(Fig.21) showed 35% similarity between monsoon 2009 and post-monsoon
2010, due to the similarity in species composition among Dinophyceae. Pre-
monsoon 2010 and post-monsoon 2011 showed 33% similarity, due to the
similarity in species composition among diatoms. Due to the high abundance
of Biceratium furca, pre-monsoon 2009 showed least resemblance to other
seasons. A total of 57 species of microalgae were recorded from this station
during the entire investigation period; diatoms were the dominant group
(32 species) followed by dinoflagellates (16 species), Dictyochophyceae
(2 species) and one species of Cyanophyceae. The harmful bloom-forming
dinoflagellate Biceratium furca was found in all the seasons during the entire

study period.

At station 4, Mahe, in the year 2009-10 the overall microalgal
distribution was 14 species of diatoms, 4 species of dinoflagellates and one
species of Dictyochophyceae. Diatom species were found to be dominant
in all seasons, favoured by a high Si: N ratio (10:1) (Piehler et al., 2004).
Surirella fastuosa was recorded as the dominant alga (384 cellsL™) in the
post-monsoon season. Potential DSP producing Dinophysis caudata was

recorded in low cell density in the monsoon season.

In 2010-11, among 32 species of microalgae recorded, 27 species were
diatoms, 4 species were dinoflagellates and the remaining one was
Dictyochophyceae. None of the species were recorded throughout the season.
Diatom Cylindrotheca gracilis was found to be dominant (477 cellsL™) in the
post-monsoon season. Harmful dinoflagellate Biceratium furca was recorded

in both pre- and post-monsoon seasons in low cell densities. Dictyocha fibula
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an oceanic species (Tomas, 1997) was also observed in this estuary in low cell
count (88 cells L™).

Bray Curtis similarity Dendrogram of planktonic microalgal abundance
(Fig.22) showed that pre-monsoon 2009 and post-monsoon 2010 had 25%
similarity due to the similarity in species composition among diatoms. 23%
similarity between monsoon 2010 and post-monsoon 2011 was due to the
increased abundance of bloom-forming diatom Chaetoceros decipiens and
Coscinodiscus asteromphalus. Altogether 43 algal species were recorded; 35
species were diatoms followed by dinoflagellates (6 species) and Dictyochophyceae
(2 species). Diatoms were found to be predominant in all the seasons. Relatively
high silicate concentration (Kristiansen and Hoell, 2002; Piehler et al., 2004;
Aktan et al., 2005) and high pH (Round et al., 1990; Kenneth, 2002) might have

favoured the dominance of diatoms.

In station 5, off Puthiyangadi, during 2009-10, 21 species of diatoms, 14
species of dinoflagellates and 1 species of Dictyochophyceae were recorded
(total 36 species). None of these species were recorded during all the seasons.
The increased abundance of the harmful dinoflagellate Ceratium spp. in the
present study was significant as their distribution was reported more in tropical
waters (Taylor et al., 2008). This might be due to the high N: P ratio (8:1), as
it was found that the growth rate of the Ceratium species increased readily in
high N: P nutrient conditions (Baek et al., 2008) as well as at relatively
increased temperature (Lehman, 2000). The DSP producing Dinophysis spp.
were present in low cell densities and Dinophysis caudata was present in both
monsoon and pre-monsoon seasons, while D. acuminata (22 cellsL™) in the

monsoon season. D. acuminata can cause intoxication, if the cell count
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reaches above 200 cellsL™ (Yasumoto et al., 1978). The mixotrophic nature of
Dinophysis spp. helps them to survive in all the adverse conditions, especially
in the low irradiance climate. The occurrence of Dinophysis spp. were totally
independent of changes in salinity and temperature because in the pre-
monsoon season, temperature and salinity were 30°C and 35 psu, respectively,
whereas in the monsoon season it shifted to 26 C and 30 psu. Yasumoto et al.
(1978) reported that Dinophysis spp. were adapted to a wide range of salinity
and temperature. Harmful dinoflagellate Prorocentrum lima, adapted to
benthic environments (Richardson, 1997; Taylor et al., 2008), was also found
in the post-monsoon among the planktonic algae, which can be attributed to
the influence of bar-mouth in the present station. Prorocentrum micans, a

harmful bloom-forming dinoflagellate was recorded in the post-monsoon.

In the following year, among the total of 34 recorded microalgal species,
26 species belonged to diatoms, 7 species to dinoflagellates and 1 species to
Dictyochophyceae. The significant increase in diatom diversity and abundance
was substantiated by high concentration of Si: N ratio (10:1) (Piehler et al.,
2004: Aktan et al., 2005). Toxic bloom-forming D. caudata and harmful
Biceratium furca were recorded in low cell densities in the pre-monsoon and post-
monsoon seasons. Diatom species like Asterionellopsis, Trieres, Coscinodiscus, and
Proboscia, which can proliferate into blooms were recorded in both pre-monsoon

and monsoon seasons.

Bray Curtis similarity Dendrogram of planktonic microalgal abundance
(Fig.23) showed 35% similarity between pre-monsoon 2009 and 2010. This
was mainly due to the abundance of the bloom-forming species of Biceratium,
Trieres and Proboscia. Altogether 57 species of microalgae were recorded in
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this station, of which diatoms were predominant (39species) followed by
dinoflagellates (17 species) and Dictyochophyceae (1 species).

At station 6, Thykadapuram, in the year 2009-10, out of 25 species of
microalgae recorded, 16 species belonged to diatoms, 6 species belonged to
dinoflagellates and 3 species belonged to Chlorophyceae. Chlorophycean
species were present in the monsoon season when the salinity was 4 psu. The
low abundance of Chlorophyceae might be due to the low proportion of
nitrogen and phosphorus (3:1), whereas the optimum levels reported was 27:1
(Arrigo, 2005). Harmful dinoflagellate Biceratium sp. and diatom

Coscinodiscus sp. were found to be the predominant species.

In the successive year, 36 species of microalgae were recorded at this
station. Diatoms were the predominant group (25 species) followed by
dinoflagellates (9 species) and Dictyochophyceae (1 species). Pennate diatom
Pleurosigma falx was recorded in all the seasons. Pennate diatoms have
generally higher surface to volume ratio and thus are able to assimilate
nutrients even when their concentrations are limited or very low. Si: N ratio of
15:1 favoured the diatoms in the post-monsoon season. Toxic dinoflagellate
D. caudata was recorded in the monsoon season where the salinity and
temperature were 7 psu and 27 C respectively, which shows that Dinophysis spp.
are adapted to a wide range of salinity and temperature (Yasumoto et al.,
1978; Nishitani et al., 2008).

Bray Curtis similarity Dendrogram of planktonic microalgal abundance
(Fig.24) showed 27% similarity between monsoon 2009 and post-monsoon
2010, due to the abundance of Pleurosigma sp., whereas 20% similarity was
observed between pre-monsoon 2009 and monsoon 2010 due to the abundance
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of Coscinodiscus sp. A total of 53 species of microalgae were recorded in
which the majority were diatoms (68%) followed by dinoflagellates (22%),
Chlorophyceae (6%) and Dictyochophyceae (4%).

Altogether, one hundred and fourteen species of microalgae classified
into sixty four genera were recorded during the entire study period from
2009- 2011. These genera come under 6 classes Bacillariophyceae (43 genera)
Dinophyceae (8 genera), Chlorophyceae (10 genera), Dictyochophyceae
(1 genus), Cyanophyceae (1 genus), and Prymnesiophyceae (1 genus). Class
Bacillariophyceae dominated with 75 species (66%) followed by Dinophyceae
(22%), Chlorophyceae (9%), Dictyochophyceae (1%), Cyanophyceae (1%)
and Prymnesiophyceae (1%).

Among class Bacillariophyceae, Chaetoceros was found to be the
dominant genus with 6 species followed by Coscinodiscus (5 species),
Pleurosigma and Navicula (4 species each), Gyrosigma, Nitzschia and
Surirella (3 species each). Members of diatoms are the predominant groups
occurring in the coastal waters (Hendey, 1964; Simonsen, 1974; Van den Hoek
et al,, 1995; Tomas, 1997). In a similar study, abundance of Navicula sp.,
Nitzschia sp., Chaetoceros sp. and Coscinodiscus sp. in the southwest coastal
waters of India was reported by Sanilkumar (2009). Among dinoflagellates,
harmful bloom-forming Ceratium and Protoperidinium (6 species each) were
dominant followed by potentially toxic Dinophysis (4 species) and Prorocentrum
(4 species). Ceratium sp. and Protoperidinium sp. were abundant in the tropical
waters (Balkis, 2003; Baek et al., 2008). The occurrence of one species of
nitrogen fixing Cyanophyceae, Trichodesmium sp. was also observed in the

coastal waters. Low salinity in the monsoon season in the estuarine waters
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favoured the abundance of chlorophycean members. In the present
investigation, at stations 2 and 6 low salinity favoured the occurrence of members
of Chlorophyceae (10 species), although in low abundance. Two species of the
genus Dictyocha were reported from Dictyochophyceae. Prymnesiophyceae was

represented by potent bloom-forming Prymnesium parvum.

4.4.2 Pigment composition
4.4.2.1 Chlorophyll a

During 2009-10, the mean annual concentration of chlorophyll a was
found to be highest in the monsoon season (4.23 +4.72 pgL™). Peak
chlorophyll a concentration was found in station 1 in the monsoon and station 3
in the pre-monsoon period. This high chlorophyll a value was substantiated by
the high standing crop due to the blooming of Prymnesium parvum at station 1
(monsoon) and by dinoflagellates especially Biceratium furca (7200 cells L™) at
station 3 (pre-monsoon). The chlorophyll a values were slightly higher in the
pre-monsoon season than the post-monsoon. In the following year 2010-11,
chlorophyll a value showed a wide fluctuation and the peak was shown in
station 5 and 1 in the pre-monsoon. Station 1 also showed a higher level of
chlorophyll a in the monsoon as well as in the post-monsoon when compared
with other stations due to the increased microalgal biomass in this station. The
mean annual concentration of chlorophyll a was found to be highest in the pre-
monsoon season (7.23 +2.48 ugL™). Two-way ANOVA showed no significant
difference in chlorophyll a value between stations and seasons. The mean
annual chlorophyll a showed a slight deviation from the earlier reports.
Sarupria and Bhargava (1998) have reported the annual average of chlorophyll
a for the entire euphotic zone of Indian EEZ for the period from 1962 to 1988
as 13.4 pgL™, with a seasonal average of 18 pugL™, 7.9 ugL™ and 8.3 pgL™ in
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the pre-monsoon, monsoon and post-monsoon periods respectively.
Sanilkumar (2009) reported mean annual average of chlorophyll a along the
southwest coast of India as 28.57 pgL™ and in the successive seasons,
7.29 ugL™, 49.6 pgL™ and 28.7 pgL™ from 2007-2009. However, in the
present study the mean annual average of chlorophyll a value recorded was
4.66 ugL™ with the seasonal average of 5.59 pgL™?, 4.60 pgL™ and 3.79 pgL™ in
the pre-monsoon, monsoon and post-monsoon seasons respectively. Usually,
the surface chlorophyll a concentration is generally low during inter-monsoon
periods (March-May and October-December) which ranged from 0.03 to
0.05 pgL?, while during the NE and SW monsoons the chlorophyll a
concentrations went up to 11 pgL™ in the western Arabian Sea (Brock and
McClain, 1992). The surface chlorophyll a concentration varied from 0.21 pgL™
to 30.82 pgL™ off Mangalore, west coast of India (Lingadhal et al.,2003),
whereas Harnstrom et al. (2009) reported chlorophyll a concentration from
1.67 pugL™ to 4.87 pgL™ in the post-monsoon season from off Mangalore and
also noted that individual microalgal taxonomic group can influence the
chlorophyll a concentration. Usually, the monsoon period showed high
chlorophyll a value due to the nutrient rich land run-off in the coastal waters
(Hopkinson and Vallino, 1995).The peak in the chlorophyll a value in the pre-
monsoon season in the present study was substantiated by high standing crop
of dinoflagellate Biceratium furca in all the stations. In the present study there
was no relative variation of pigments in accordance with the seasons because
the individual planktonic taxon might influence the microalgal biomass
irrespective of seasons. Harnstrom et al. (2009) reported a positive correlation
between chlorophyll a and dinoflagellates, along off Mangalore, coastal
Arabian Sea. A high chlorophyll a concentration was reported from Cochin
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backwaters in the pre-monsoon period rather than monsoon period (Nair et al.,
1975). The Pearson correlation analysis showed a positive correlation between

standing crop and chlorophyll a.

4.4.2.2 Chlorophyll b

In the present investigation, the mean chlorophyll b value was found to
be highest in the monsoon season (0.66 +0.55 pgL™) in 2009-10. This is
because of the abundance of Chlorophyceae species at stations 2 and 6. The
highest chlorophyll b value recorded was 1.58 pgL™ (station 2). However,
Sanilkumar (2009) recorded the highest chlorophyll b value as 20.41 pgL™
along the southwest coast in the monsoon, which is much higher than the
present value. In 2010-11, the peak in chlorophyll b was recorded at station 6
in the monsoon season, whereas the mean seasonal average was highest in the
pre-monsoon (0.38 +0.24 pgL™). No chlorophycean species were recorded
throughout the year and the hike in chlorophyll b especially in the estuarine
stations might be due to the presence of nanoplanktonic microalgae (2-20 pum)
(Van den Hoek et al., 1995) which could not be counted by Sedgewick—Rafter
counting cell. Mean average of chlorophyll b in the entire study period was
high in the monsoon season (0.45 +0.25 pgL™); similar observations were
made by Menon et al. (2000). Two-way ANOVA showed no significant
difference in chlorophyll b value with stations and with seasons.

4.4.2.3 Chlorophyll ¢

The mean average chlorophyll ¢ concentration was found to be high in
the monsoon period (1.20 +1.13 pugL™) of 2009-10. Bloom of Prymnesium parvum
accounted for the increased chlorophyll c, since it is one of its major accessory
pigments (Jeffrey et al., 1997; Gibb et al., 2001; Roy et al., 2006). In the

[ 96 \\\ Department of Marine Biology, Microbiology and Biochemistry, CUSAT b |



Distribution of Planktonic Microalgae along the Kerala Coast

successive year 2010-11, diatom abundance and chlorophyll ¢ value was
directly proportional since it is the major accessory pigment in diatoms.
(Hendey, 1964; Van den Hoek et al., 1995) Two-way ANOVA showed no
significant difference in chlorophyll ¢ with stations and with seasons.

4.4.2.4 Carotenoids

Station 1 in the monsoon of 2009-10 showed a relatively high carotenoid
value, due to the monospecific blooming of Prymnesium parvum. The major
pigment in carotenoids was fucoxanthin, the key pigment for diatom and
prymnesiophytes (Jeffrey et al., 1997; Gibb et al., 2001; Roy et al., 2006). In
2010-11, both post- and pre-monsoon seasons showed a comparatively high
carotenoid value, probably due to the increased abundance of diatom species.
Two-way ANOVA showed no significant difference in carotenoid value with
stations and with seasons. Pearson correlation analysis (Table 17) revealed that
chlorophyll a had a positive correlation with chlorophyll ¢ and carotenoids.
Significant correlation was also found between chlorophyll ¢ and carotenoids
at 0.01 level. Among these, the strongest correlation was found between
chlorophyll a and carotenoids (0.623).

4.4.3 Mean spatial variation in standing crop, Chl a and Net PP

The mean annual variation of standing crop and chlorophyll a were
found to be directly proportional in the entire study period but primary
production did not show any relationship with chlorophyll a and standing crop.
Similar observation was made from the studies on the southwest coast of India
by Sanilkumar (2009). The highest primary productivity value of 28.83 gC/m’/day
was recorded in station 5 in the post-monsoon season of 2010-11. In the first
year, the highest average mean value was 12.64 gC/m’/day at station 1,
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whereas in the successive year it was 15.38 gC/m*/day at station 5. From the
observations made from 2006-2008 along the southwest coast of India by
Sanilkumar (2009), the highest average productivity was recorded as
28.28 gC/m*/day, and it ranged from 2.44 gC/m*/day to 28.28 gC/m*/day. In
the present study the average productivity ranged from 2.12 gC/m*/day to
15.38 gC/m®/day which is higher than the average production of VVembanad
Lake, 1.2 gC/m*/day as reported by Nair et al. (1975).

4.4.4 Standing crop and physical parameters

In the present study, variation in temperature was comparatively very
low and hence did not influence the plankton distribution much. Gopinathan
(1975a) observed that temperature would never be a limiting factor for
diatoms in the tropical marine ecosystem. But high temperature favoured the
dinoflagellates (Lehman, 2000). Salinity influenced the floral composition
especially in the monsoon season. The occurrence of chlorophycean species in
the estuarine stations 2 and 6 revealed the influence of salinity. In coastal
ecosystems salinity is a thriving force in the distribution of microalgae (Joseph
and Pillai, 1975; Nair et al., 1975; Pillai et al., 1975; Huang et al., 2004).
Despite the inactivation and replacement of marine species with freshwater
species in the estuary on account of freshwater influx during the monsoon
season (Joseph and Pillai, 1975), an optimum nutrient level was also essential
(Arrigo, 2005) for the better growth of freshwater species. This might be the
reason for the scarcity of chlorophycean members in the present study even
though the salinity was too low. The shift from monsoon to post-monsoon
alters the phytoplankton community (Joseph and Pillai, 1975; Nair et al., 1975).
Statistically there was no correlation between hydrographical parameters with
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chlorophyll a, standing crop and primary productivity in the present study.
Similar observations were made by many workers (Pillai et al., 1975;
Sanilkumar, 2009).

4.4.5 Mean spatial variation in nutrients and chlorophyll a
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Fig.38 Mean spatial variation in nutrients and chlorophyll a: 2009-2010
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Fig.39 Mean spatial variation in nutrients and chlorophyll a: 2010-2011

In the present study, no direct relationship could be observed between
nutrients (nitrate, silicate and phosphate) and chlorophyll a during the first
year of observation. Highest annual mean value of nitrate (6.77 +4.22 umolL™)
and silicate (59.77 +73.72 umolL™) were found in station 2 but here the
chlorophyll a concentration was comparatively less. The highest annual mean
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of chlorophyll a value (6.14 +6.44 mg/m®) was found in station 1 where the
mean value of silicate (22.74 +34.0 pmolL™) and nitrate (5.05 +3.36 pmolL™)
were low. The silicate and nitrate concentrations were comparatively low in
station 3 where the chlorophyll a value was in a higher range as compared with
other stations. Likewise in the following year, station 1, where the highest mean
annual chlorophyll a value (9.05 +0.39 mg/m®) was recorded, showed lower mean
concentration of nitrate (6.30 +7.0 umolL™) and silicate (25.31 +14.82 pmolL™).
From these observations it is clear that, apart from the nutrient concentration,
many other factors like magnitude and position of the turbidity maximum,
tidal amplitude and freshwater discharge volume, water column stratification
and grazing rates of zooplankton influence phytoplankton distribution. (Platt,
1972; Therriault et al., 1978; Joint and Pomeroy, 1981; Harrison et al., 1990,
1991; Pennock and Sharp, 1994; Gao and Song, 2005). The demand for
nutrients by phytoplankton is species-specific (Mochizuki et al., 2002).
Graneli et al. (1999) suggested that the demand for silica by diatoms appears
to differ with different species. Gopinathan (1975a) inferred that nutrient
requirement of diatoms may vary and high concentrations of nitrate and
phosphate alone may not support the substantial increase in the production of
diatom. The widely accepted fact, that multiple resources control or limit the
microalgal growth in the world ocean (Arigo, 2005), has now replaced the
importance of individual nutrients on microalgal distribution and biomass
(Calliari et al., 2005). In the present study, it was imperative to state that the
spatial and temporal distribution and the abundance of microalgae were seldom

dependant on individual factors; rather they depended on multiple resources.

In all, 114 species of microalgae coming under 64 genera, among 6

different classes such as Bacillariophyceae, Dinophyceae, Prymnesiophyceae,
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Cyanophyceae, Chlorophyceae and Dictyochophyceae were recorded in the
present study. The predominant groups were diatoms and dinoflagellates.
Chlorophycean members were found in the monsoon seasons. Phytoplankton
standing crop/abundance and chlorophyll a were positively correlated.
Diatoms were the dominant group during the entire study period except in the
pre-monsoon of 2010-11, when a high cell abundance of harmful bloom-
forming dinoflagellate Biceratium furca was observed. Potentially toxic
dinoflagellates Dinophysis sp. and Alexandrium sp., harmful bloom-forming
Prorocentrum lima and Prorocentrum micans and Ceratium spp. were also
observed. Besides, bloom-forming diatoms, Coscinodiscus sp., Odontella sp.,
Trieres sp., Asterionellopsis, sp., Chaetoceros sp. Thalassiosira sp.,
Pleurosigma sp. and Proboscia sp. were present along the Kerala coast during
the entire study period suggesting the possibility of blooming of these species

provided the conditions are optimal in the environment.
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Algal Blooms

5.1 Introduction

5.2 Review of Literature

5.3 Prymnesium parvum N. Carter bloom

5.4 Proboscia alata (Brightwell) Sandstrém bloom

5.5 Chattonella marina (Subrahmanyan) Hara et Chihara bloom

5.1 Introduction

The enormous proliferation of planktonic microalgae into millions of
cells per litre when sufficient light and nutrients are present is termed as algal
blooms. Algal blooms are usually natural phenomena and most of the blooms

are beneficial to the marine ecosystem.

In some situations algal blooms can have a negative effect. As per the
International Council for the Exploration of Seas (1984), algal blooms are
defined as 'those which are noticeable, particularly to the general public,
directly or indirectly through their effects such as visible discolouration of the

water, foam production, fish or invertebrate mortality or toxicity to humans'.

The negative impacts of algal bloom events appear to have increased in

frequency, intensity and geographic distribution in the past two decades
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(Daranas et al., 2001). Harmful Algal Blooms (HABs) are becoming a potent
threat all over the world by affecting human health, natural and cultured
resources, tourism and ecosystems, and the economy. Whereas a normal algal
bloom preferably supports the fishery resources, the fishes avoid the area
having harmful algal blooms due to the increased proliferation or the presence

of toxic substance which are harmful to it.

Usually blooms have very high population density but its potential
harmful effect is influenced by seasonal, regional and species-specific
characteristics. Thus, a low and high biomass of the bloom can cause harmful
effect (Smayda, 1997). However, it is very difficult to define the cell count
that cause potential harmful effect, as some species are so toxic that their
presence even in relatively low numbers may impart high level of lethal effect

(I0C, 2001).

There are two primary factors that are attributed to algal blooms: natural
processes such as circulation, upwelling relaxation, and river flow; and
anthropogenic loadings leading to eutrophication. The latter is generally
assumed to be the primary cause of all algal blooms (Anderson et al., 2002).
The occurrences of algal bloom are increasing throughout the world’s oceans.
The reasons for this obvious increase remain unclear, which include not only

eutrophication but increased observation efforts in coastal zones of the world.

Of around 5000 known species of microalgae around the world, only
about 300 species are known to have the harmful algal bloom-forming effect,
particularly of water discolouration, of which only about 80 species produce

potent toxins (Hallegraeff, 2003).
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Based on the problems caused by the algal blooms, they can be classified
into four major groups, the species which cause water discolouration, species
non-toxic to humans but harmful to filter feeding invertebrates and fishes,
species which produce toxins causing illness to humans through aerosols from
bloom area to the coast, and species which produce potent toxins that can affect

humans through seafood (Hallegraeft, 1995).

Basically, the species which cause water discolouration and those which
are non-toxic to human but cause harmful effects in the fauna comprised non-
toxic species. But under some conditions, due to huge growth that generates
anoxic conditions, these blooms also may lead to the death of the fishes and

invertebrates.

‘Toxins’ produced by the microalgae are commonly secondary metabolites
and are primarily involved in bioluminescence, nitrogen storage, nucleic acid

biosynthesis, bacterial endosymbiosis and pheromones.

Important human illnesses caused by toxic algae are Paralytic Shellfish
Poisoning (PSP), Ciguatera Fish Poisoning (CFP), Diarrhetic Shellfish
Poisoning (DSP), Neurotoxic Shellfish Poisoning (NSP), Amnesic Shellfish
Poisoning (ASP) and Azaspiracid Poisoning (AZP).

Generally the toxin producing algal blooms may cause haemolytic,
hepatotoxic and osmoregulatory and many other toxic effect on fauna that
ingest these species. The toxicity and other negative effects caused by harmful
algae are not limited to a particular genera but are distributed among several
taxonomic groups, and the high taxonomical diversity of the harmful algae

result in the variety of toxins (Anderson, 1997).
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Among the HAB producing microalgae, species belonging to the group
dinoflagellates are potent toxin producers. About one hundred and eighty
five species are harmful in nature of which sixty species are able to produce
toxins. Amphidinium, Alexandrium, Ceratium, Cochlodinium, Dinophysis,
Gymnodinium, Gyrodinium, Heterocapsa, Peridinium, Pfiesteria, Prorocentrum,
Protoperidinium, and Pyrodinium are the major harmful genera. Among these,
many species can produce potent toxins that cause severe illnesses in humans.
Alexandrium sp., Gymnodinium catenatum, and Pyrodinium bahamense are the
causative microalgae of Paralytic Shellfish Poisoning (PSP). PSP induces
muscular paralysis and in severe cases can lead to the death through paralysis of
respiratory system. PSP is caused by ‘PSP toxins’, which is a combination of

eighteen different toxins mainly saxitoxins, neosaxitoxins and gonyautoxins.

Gambierdiscus toxicus, Prorocentrum lima, Ostreopsis siamensis,
Coolia monitis, Thecadinium sp. and Amphidinium carterae are the causative
organisms of Ciguatera Fish Poisoning (CFP) in which the major toxins are
Ciguatoxins and Maitotoxin. Ciguatoxins are very potent neurotoxins.
Ciguatera fish poisoning (CFP) generate gastrointestinal, neurological and

cardiovascular disorders in humans.

Dinophysis sp., Prorocentrum lima, Protoceratium maculosum,
Protoceratium reticulatum and Coolia sp. cause Diarrhetic Shellfish Poisoning
(DSP), by producing the toxins Okadaic acid, Dinophysis toxins, Yessotoxins
and Pectenotoxins. Major symptoms of DSP are stomach pain, nausea,

vomiting and diarrhoea.

Karenia brevis (formerly known as Gymnodinium breve) is the causative

organism of Neurotoxic Shellfish Poisoning (NSP), which produces a potent
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toxin called brevetoxin. NSP produces intoxication leading to gastrointestinal
and neurological problems. Garthwaite (2000) reported the burning of the eyes

and nasal passages, leading to cough and asthma like symptoms.

Major harmful algal genera under the class Prymnesiophyceae are
Chrysochromulina, Prymnesium and Phaeocystis. The toxins produced by
these have a wide range of biological effects, including icthyotoxicity,
neurotoxicity, cytotoxicity, hepatotoxicity, haemolytic, allelopathic and

antibacterial activity.

Chatonella and Heterosigma are the major harmful algae under the class
Raphidophyceae, which produces neurotoxins and free fatty acids, whose

reactive oxygen species are involved in tissue injury and mucus production.

Usually diatoms cause harmful effects either by physical stress or by oxygen
depletion. However, some diatoms like Pseudo-nitzschia pungens f. multiseries,
P. australis, P. pseudodelicatissima, P. seriata, Nitzschia actydrophila and
Amphora coffeaeformis are able to cause Amnesic Shellfish Poisoning
(ASP) in humans by producing a potent neurotoxin called domoic acid.
Symptoms mainly include gastroenteritis, but in severe cases neurological
symptoms along with dizziness, headache, disorientation, short term
memory loss, respiratory difficulty and coma have also been observed (Perl

et al., 1990).

Among cyanobacteria, major harmful genera comprises Anabaena,
Aphanizomenon, Calothrix, Cylindrospermopsis, Lyngbya, Microcystis, Nodularia,
Nostoc, Oscillatoria, Planktothrix, Scytonema and Trichodesmium, of which
the species of Anabaena, Aphanizomenon, Cylindrospermopsis, Microcystis,
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Nodularia, Nostoc and Oscillatoria have toxic strains which are responsible

for cyanophycean toxins.

In recent decades, the frequency, intensity and spreading of toxic and non-
toxic planktonic algae and the HAB events have increased worldwide.
(Hallegraeff et al., 1995; Lewitus et al., 2012). There are five possible reasons for
increase in frequency and geographical extent of HAB events (Hallegraeff, 1993)
(1) improved methods for detection and monitoring methods of blooms that
would previously have gone unreported, (2) species dispersal through currents,
storms or other natural mechanisms, (3) introduction of new algal species into
inshore areas through ship ballast water exchange or aquaculture, (4) long-term
climatic changes and (5) cultural eutrophication. These reasons may vary from
one bio-region to the other with regional environmental settings. Bio-invasion is
considered as one of the vectors for global expansion of HABs in other parts of

the world (Blackburn et al., 2001; Marangoni et al., 2001).

Arising from growing concerns of such an increase in the occurrence of
HABs, a number of national, regional and international programmes viz. the
Intergovernmental Oceanographic Commission on Harmful Algal Blooms
(IOC-HAB), Global Ecology and Oceanography of Harmful Algal Blooms
(GEOHAB), the Northwest Pacific Action Plan (NOWPAP), the Korean
Harmful Algal Bloom Research Group (KORHAB), have been implemented
to understand the features and mechanisms underlying the population
dynamics of HABs and to improve and develop management and amelioration

strategies.

India, being one of the major maritime countries, is endowed with a

coastline of approximately 7,500 km which is embraced by two important
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seas, the Arabian Sea on the west coast and the Bay of Bengal on the east
coast. Studies on algal blooms in Indian waters indicated that the west coast is
a more bloom prone area compared to the east, since it is one of the most
biologically productive areas among the World Oceans. Most blooms
occurring in Indian waters are naturally driven due to physical forcing such as
monsoonal influence, riverine discharge and seasonal upwelling. Besides these
factors, variations in temperature, salinity, irradiance, water stability and
nutrient enriched waters are important conditions that influence bloom
formation. Some species-specific blooms of diatoms, raphidophytes and
cyanophytes which followed a seasonal pattern are common in Indian waters,
whereas the non-seasonal dinoflagellates blooms respond to short-term events
such as sunny, calm weather (D’Silva et al., 2012). However, the algal bloom
outbreaks are sporadic and unpredictable. Regular monitoring of bloom-prone
areas will provide significant insights into bloom dynamics and its impact on

the ecosystem and human community.

A national coordinated multi-institutional research programme for
monitoring of ‘“‘HABs in the Indian EEZ’’ and monitoring of phytoplankton
under the Indian Expendable Bathythermographic (XBT) programme has been
initiated by the Ministry of Earth Sciences, Government of India. Ballast
Water Management Programme-India (BAMPI) and Port Baseline Biological
Survey (PBBS) by the Council of Scientific and Industrial Research and the
Ministry of Shipping, Government of India, and Moderate Resolution Imaging
Spectroradiometer (MODIS)/Aqua data of remote sensing by INCOIS are the
other programmes actively involved in the surveillance of HABs along the

Indian coast.
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In view of this, as part of the Ministry of Earth Sciences, Government of
India sponsored project on ‘Monitoring and Surveillance of Algal Blooms’,
funded by Centre for Marine Living Resources and Ecology, Ministry of Earth
Sciences, Government of India, regular monitoring and surveillance of planktonic
algal blooms along the southwest coast of India from the coastal/estuarine stations
has been carried out. During the present investigation, occurrences of three
blooms Prymnesium parvum N. Carter, Proboscia alata (Brightwell) Sandstrom
and Chattonella marina (Subrahmanyan) Hara et Chihara have been observed

from the northern Kerala coast.

5.2 Review of Literature
5.2.1 Algal Blooms: International status

The first written reference regarding the harmful algal bloom was (back
in 1000 years B.C.) in the Bible,*“... all the waters that were in the river were
turned to blood and the fish that was in the river died; and the river stank, and
the Egyptians could not drink of the water of the river” (Exodus 7: 20-21).
One of the first recorded fatal cases of human poisoning after eating shellfish
contaminated with dinoflagellate toxins was in 1793. Captain George
Vancouver and his crew, when landed in British Columbia, noticed that the
local Indian tribes were intoxicated with contaminated shellfish when sea
water became phosphorescent due to dinoflagellate blooms (Dale and Yentsch,
1978). However, there is fossil evidence that HABs have occurred long before
this. The main constrain in the study of algal blooms is the lack of historical

data and the restricted number of good long-term data series.

With the emergence of HAB studies, a series of conferences were held in

Boston, Massachusetts, in November 1974 (LoCicero, 1974), at Miami, Florida,
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in 1978 and at St. Andrews, Canada, in 1985. The First International
Symposium on Red Tides was held in 1987 (Hallegraeff et al., 1995). The
concept for the ‘Manual on Harmful Marine Microalgae’ was discussed in
the first Session of the IOC-FAO Intergovernmental Panel on Harmful
Algal Blooms in 1992, which was published in 1995. Hallegraeff (1993)
made a review on harmful algal blooms. ‘A Review On Seafood Toxins:

Present Approaches and Future Options’ was made by Wright in 1995.

Smayda (1997) reported that in order to define algal blooms, subjective
difference and arbitrary criteria are essential. Zingone and Enevoldsen
(2000) reported that HABs show high diversity with regard to causative
organisms, bloom dynamics and type of impact. Bio-invasion is considered
as one of the vectors for global expansion of HABs (Marangoni et al., 2001).
The intoxication of shellfish, fish fauna and avian community (Shumway
et al.,, 2003) and ultimately of humans due to toxic bloom events have
increased worldwide (Okolodkov, 2005). Paralytic Shellfish Poisoning (PSP)
(Dale and Yentsch, 1978; Usup et al., 2002; Nguyen-Ngoc, 2004; Vilaa
et al., 2005), Diarrhetic Shellfish Poisoning (DSP) (Kat, 1979, 1985;
Kumagai et al., 1986; Lassus et al., 1985; Dahl and Yndestad, 1985;
Cembella, 1989; Marasigan et al., 2001, Madigan et al., 2005), Amnesic
Shellfish Poisoning (ASP) (Jeffery et al., 2004), Neurotoxic Shellfish
Poisoning (NSP) (Magana et al., 2003; Kirkpatrick et al., 2004) and the
outbreak with the toxicity of Prymnesium sp. (Holdway et al., 1978;
Kaartvedt et al., 1991; Guo et al., 1996; Edvardsen and Paasche, 1998;
Amsinck et al., 2005; Lundholm and Moestrup, 2006; Graneli et al., 2008;
Baker et al., 2007, 2009) have been reported.
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5.2.2 Algal Bloom events along the Indian waters

In the Indian EEZ, occurrence of algal blooms is more prevalent along
the west coast than on the east coast. Hornell (1908) made the first
observations on algal blooms that caused massive fish mortality while cruising

along the Malabar Coast to the Laccadive Islands.

Diatom blooms have been reported from the west coast of India and the
causative organisms were Ditylum sp. and Thalassiosira sp. (Hornell and
Nayudu, 1923), Fragilariopsis oceanica (Devassy, 1974), Nitzschia sigma
(Devassy and Bhattathiri, 1974), Skeletonema costatum (Devassy and
Bhattathiri, 1974; Tiwari and Nair, 1998) and Coscinodiscus asteromphalus
(Padmakumar et al., 2007). Diatom blooms by Fragilariopsis oceanica and
Skeletonema costatum have been reported as a recurring annual feature
(Gopinathan, 1974; Devassy, 1983; Devassy and Goes, 1988; Tiwari and Nair,
1998; Mitbavkar and Anil, 2002; Patil and Anil, 2008).

Dinoflagellate blooms along the west coast were mainly caused by
Glenodinium sp. (Hornell and Nayudu, 1923), Gymnodinium spp. (Hornell
and Nayudu, 1923; Bhimachar and George, 1950; Karunasagar, 1993),
Prorocentrum spp. (Hornell and Nayudu, 1923), Cochlodinium spp. (Hornell
and Nayudu, 1923; O’Herald, 2001), Noctiluca spp. (Bhimachar and George,
1950; Venugopal et al., 1979; Devassy et al., 1979; Devassy and Nair, 1987;
Katti et al., 1988; Nayak and Karunasagar, 2000; Naqvi et al., 1998; Sahayak
et al., 2005; Padmakumar et al., 2008; Sanilkumar et al., 2009; Padmakumar
et al., 2010), Dinophysis sp. (Bhimachar and George, 1950), Gonyaulax sp.
(Prakash and Sarma, 1964), Karenia sp. (Iyer et al., 2008; Madhu et al., 2011)
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and Protoperidinium sp. (Sanilkumar et al., 2009). Among these, blooms of

Noctiluca spp. were observed to be predominant.

Cyanobacterial blooms especially of Trichodesmium sp. are predominant
in the Indian waters (Prabhu et al., 1965; Nagabhushanam, 1967; Qasim,
1970; Ramamurthy et al., 1972; Devassy et al., 1978; Verlancar, 1978;
Sarangi et al., 2004; Anoop et al., 2007). Blooms of raphidophycean
Chatonella marina (formerly Hornellia marina) was reported by various
workers (Subrahmanyan, 1954; Jugnu and Kripa, 2009; Sanilkumar et al.,
2012).

Diatom blooms in the east coast were mainly caused by Rhizosolenia sp.
(Raghu Prasad, 1956), Asterionellopsis spp. (Subba Rao, 1969; Mani et al.,
1986; Choudhury and Panigrahy, 1989; Panigrahy and Gouda, 1990; Mishra
and Panigrahy, 1995; Satpathy and Nair, 1996; Sasamal et al., 2005),
Thalassiothrix sp. and Coscinodiscus spp. (Mishra and Panigrahy, 1995).

Dinoflagellate blooms were mainly caused by Noctiluca miliaris (Aiyar,
1936; Raghu Prasad, 1953, 1958; Santha, 1975) and Noctiluca scintillans
(Silas et al., 1982; Sargunam and Rao, 1989; Eashwar et al., 2001; Dharani
et al., 2004; Mohanty et al., 2007; Gopakumar et al., 2009).

Trichodesmium erythraeum was the predominant bloom forming
cyanobacteria on the east coast (Chacko, 1942; Chidambaram and Unny,
1944; Ramamurthy, 1968, 1970a and b, 1973; Chellam and Alagarswami,
1978; Jyothibabu et al., 2003; Satpathy et al., 2007; Anantharaman et al.,
2010). Microcystis aeruginosa bloom was reported by Santhosh et al. (2010).
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Phytoplankton blooms which occurred along the Indian coast during the
period from 1982 to 1987 have been documented by Mathew et al. (1988).
Algal blooms, particularly HAB occurrences, along the Indian coast have been
reviewed by Karunasagar and Karunasagar (1990). D’Silva et al. (2012) made
the pioneer review regarding the occurrence of algal blooms from 1908 to
2009, and showed that there has been an exponential increase in algal bloom
events along the Indian coasts, which have direct or indirect effects on coastal

waters, fisheries, other marine organisms and humans.

However, the intoxication of humans by algal bloom is comparatively
less in Indian waters (D’Silva et al., 2012). Paralytic Shellfish Poisoning by an
unidentified toxic species, due to the consumption of bloom infected Meretrix casta
resulted in casualties in Tamil Nadu in 1981 and in Mangalore (Karnataka) in
1983 (Bhat, 1981; Silas et al., 1982; Karunasagar et al., 1984; Devassy and
Bhat, 1991). Low levels of PSP were recorded in shellfish from surrounding
estuaries near Mangalore on two occasions during 1985 and 1986 (Segar et al.,
1989). Planktonic and cyst forms of Gymnodinium catenatum, a PSP-
producing dinoflagellate were recorded from Mangalore (Godhe et al., 1996).
In 1997 at Vizhinjam (Kerala), shell fish poisoning by Gymnodinium resulted
in causalities and hospitalisation of people inhabiting the coastal belt
(Karunasagar et al., 1998). In 2004, a bloom event that occurred along the
coasts of Kollam and Trivandrum due to species belonging to the genera
Gonyaulax, Cochlodinium and Karenia caused massive fish kill and
hospitalization of people, especially children, due to the consumption of
intoxicated sea food (Sahayak et al., 2005, Iyer et al., 2008). Subsequent to
this event, an unidentified holococcolithophore (Ramaiah et al., 2005) was

reported from southern Malabar Coast.
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5.2.3 Factors influencing algal blooms

The formation of algal blooms is influenced by physical processes such
as upwelling, cyclones and eddies (Vinayachandran and Mathew, 2003;
GEOHAB, 2005; McGillicuddy et al., 2007), chemical processes such as
increased nutrient conditions (Anderson et al., 2002; Smayda, 2005),
biological processes like competition, grazing and allelopathy (Smayda, 1998;
Graneli and Johansson, 2003) in combination with local meteorological

conditions of the geographical region (Naik et al., 2011).

Algal blooms along the west coast of India, one of the highly productive
regions of the world’s oceans (Smith et al., 1991; Banse, 1994) were mainly
influenced by upwelling during the monsoon period (Venugopal et al., 1979;
Mathew et al., 1988; Banse et al., 1996; Madhupratap et al., 2001) which
leads to high nutrient conditions triggering high primary production and bloom
events (De Sousa et al., 1996; Raghukumar and Anil, 2003; Patil and Anil,
2008; D’Silva et al., 2012).

The break in monsoon can cause sudden changes of salinity and water
temperatures, and might induce the blooming of certain species that prefer
a particular range of salinity and temperature in the presence of sufficient
nutrients in the coastal waters (Subrahmanyan, 1959; Gopinathan, 1974;
Patil, 2003; Patil and Anil, 2008; Wang et al., 2011). Nutrient availability
together with light and temperature are primary determinants of
phytoplankton growth and biomass accumulation (Kooistra et al., 2007; Patil
and Anil, 2008) which in turn is linked to anthropogenic eutrophication
(Glibert et al., 2005).
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The most important nutrients that limit the microalgal growth in the
coastal waters are silicate, an important nutrient for diatoms (Tilstone et al.,
1994; Kristiansen and Hoell, 2002; Kudela, 2008) and nitrogen (Wilkerson
and Dugdale, 2008).

5.2.4 Monitoring of algal blooms in Indian EEZ

Since, Indian fisheries economy depends heavily upon the coastal zone
for marine products, keen attention has been taken regarding the occurrence of
toxic microalgae and its proliferation even on a low scale, because such
harmful or toxic blooms cause substantial impacts on the growth, recruitment
and mortality of fish population. This causes direct and severe damage to
coastal fishing industries, and thus emphasizes the need for efficient
monitoring systems to minimize damage to fisheries and to reduce public

health risks (D’Silva et al., 2012).

5.3 Prymnesium parvum N. Carter bloom

Prymnesium parvum N. Carter, commonly referred as “golden alga”, is a
microscopic haptophyte. Blooming of P. parvum is common in brackish and
coastal waters, especially in nutrient rich condition (Edverdsen and Paasche,
1998). This species can produce exotoxins called prymnesins under certain
conditions and have wide range of biological activities, including icthyotoxic,
neurotoxic, cytotoxic, hepatotoxic and haemolytic activity towards a wide
range of marine organisms including fish and shellfish (Yariv and Hestrin,
1961; Manning and LaClaire, 2010). Blooms of Prymnesium sp. may cause

serious economic losses (Moestrup, 1994).
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A monospecific bloom of Prymnesium parvum was observed off
Azheekode (Lat. 10" 117 02" N & Long. 76" 09 22" E) in the southwest coast
of India, during the monsoon 2009 (Fig.40). The surface water colour was
turned into pale brownish, which extended up to 8-10 nautical miles from the
coast. However, there was no foam production and fish mortality during the
bloom event. The bloom lasted only for one day as heavy rain dissipated the

cells. This is the first report of Prymnesium parvum bloom from Indian waters.

Fig. 40 Phase contrast images of Prymnesium parvum
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5.3.1 Result
5.3.1.1 Standing crop and pigment composition

At the time of bloom observation, a monospecific standing crop of the
P. parvum was observed with the cell density of 8x107 cellsL™". Chlorophyll a
concentration was higher, 13.54 pgL”, whereas on the previous and
successive years of the same season at the same station chlorophyll a was
found to be only of 3.82 pgL™ and 2.61 gL, respectively. Chlorophyll ¢ and
carotenoid values were 3.44 pgL™" and 1.91 ugL™ at the time of bloom event,
whereas comparatively lower concentration of chlorophyll ¢ and carotenoid

was observed during the previous and successive years (Fig.41).
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Fig.41 Comparison of standing crop and pigment concentrations of P. parvum bloom
(MON 2009) with those during MON 2008 and 2010 off Azheekode.

5.3.1.2 Physico-chemical parameters

At the time of boom event, the sea surface temperature was 28°C,
salinity 34 psu and pH 8. When compared with the previous and successive
years of the same season at the same station (temperature 26°C, salinity
35 psu, pH 7.8 and temperature 26°C, salinity 30 psu, pH 8.1, respectively) no

drastic change in physical parameters was noticed (Fig.42).
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Fig.42 Comparison of physical variables at the time of P. parvum bloom
(MON 2009) with those during MON 2008 and 2010 oftf Azheekode.

During the P. parvum bloom event, nitrate concentration was 5.6 pmolL ™,
phosphate was 1.9 pmolL™" and silicate was 62 pmolL". However, in the previous
and successive years of the same season, higher level of nitrate concentration was
recorded, whereas phosphate concentration was lowest in the 2008 monsoon

season (0.36 pmolL™) but highest at 2010 monsoon season.
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Fig.43 Comparison of nutrient concentrations, DO and Net PP of P. parvum
bloom (MON2009) with those during MON 2008 and 2010 off
Azheekode.
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In the bloom event, dissolved oxygen was found to be lower (1.41 mgL™),
whereas net primary production was higher (3.5 gC/m’/day) when compared with

the previous and successive years of the same season at Azheekode (Fig.43).

5.3.2 Discussion
5.3.2.1 Standing crop and pigment composition

Prymnesium parvum is a common member of the marine phytoplankton
(Lee, 1980; Bold and Wynne, 1983; Larsen, 1999). It is a uninucleate,
unicellular flagellate with an ellipsoid or narrowly oval cell shape (Prescott,
1968; Lee, 1980). P. parvum cell has two equal flagella and a well-developed
haptonema. The flagella are used for motility and the haptonema may be
involved in attachment and/or phagotrophy (McLaughlin, 1958; Prescott,
1968). Bold and Wynne (1983) described P. parvum as photosynthetic with
possible heterotrophic growth (phagotrophy) when cells sink below the
euphotic zone which enable them to sustain under nutrient deficient condition.
It is a euryhaline and eurythermal organism tolerating a broad range of

salinities and temperatures.

P. parvum was first identified as the culprit of mass fish mortalities in
the brackish waters of Denmark and Holland (Shilo and Aschner, 1953;
McLaughlin, 1958) in the Ketting Nor off the coast of Jutland and again in
1939 in the Selso So located on a peninsula of Sjalland Island
(Reichenbach-Klinke, 1973). Shilo and Shilo (1953) reported P. parvum
bloom occurrence in 1947 with large fish mortality in Israel waters. Bales
et al. (1993) noted multiple fish mortalities associated with P. parvum in
England starting in 1969 and becoming less severe until 1975, this bloom

event was supposed to be stimulated by gull-guano from the large number
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of black-headed gulls nesting in the area. In Norway, from 1989-1996,
mixed blooms of P. parvum have occurred every summer in the Sandsfjord
system (Larsen and Bryant, 1998). Hallegraeff (1992) also noted that since
the 1970’s, P. parvum blooms have been related to recurrent fish kills in
Vasse-Wonnerup estuary of Australia. Harmful blooms of P. parvum
associated with fish kills have been reported from China (Guo et al., 1996),
Europe and Australia (Edvardsen and Paasche, 1998; Lindholm et al.,
1999), Morocco (Sabour et al., 2000), Israel (Gordon and Colorni, 2008)
and North America (Roelke et al., 2007). Usually, blooming of P. parvum
with faunal mortalities is quite common in temporal waters when compared
with tropical waters. Even a cell density of 5x10” cellsL™ could bring about
faunal mortality (Lindholm and Virtanen, 1992). However, in the present
bloom event, even though the cell density was 8x10” cellsL™ no faunal
mortality was observed. The toxic effect of different strains will vary
depending up-on the strain and the physico-chemical factors. The same
species which cause blooming and faunal mortality in one area were not
supposed to have the same effect on everywhere because both physico-
chemical variables and the biogeography of the area play a significant role
in the metabolic activity of algal strains. This was quite true in the case of
blooming of P. parvum. The factors that are responsible for the formation
of toxic P. parvum blooms have yet to be determined. Apart from these, the
environmental conditions conducive to blooms and the factors that lead to
the formation and termination of harmful algal blooms in general are

complex (Paerl, 1988; Roelke and Buyukates, 2001).
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However, the factors that are likely to contribute to P. parvum bloom
formation include the production of chemicals toxic to grazers (Graneli and
Johansson, 2003; Tillmann, 2003; Barreiro et al., 2005; Michaloudi et al., 2009;
Brooks et al., 2010), use of alternative energy and nutrient sources through
mixotrophy and saprophytic nourishment (Nygaard and Tobiesen, 1993;
Skovgaard and Hansen, 2003; Lindehoff et al., 2009), suppression of competitors
through allelopathy (Fistarol et al., 2003, 2005; Graneli and Johansson, 2003;
Roelke et al., 2007; Errera et al., 2008) and resistance to the allelopathic effects of
other algae (Suikkanen et al., 2004; Tillmann et al., 2007). In the present bloom
event, no other microalgaec were enumerated other than P. parvum. The
monospecific nature of the present bloom event could be substantiated by the
alleopathic effect of the P. parvum because, by producing allelopathic chemicals
P. parvum can immobilize plankton and suppress competitors, thereby fuelling
bloom development and persistence (Fistarol et al., 2003, 2005; Graneli and
Johansson, 2003; Uronen et al., 2005; Roelke et al., 2010).

Chlorophyll a, ¢ and carotenoid concentrations during the bloom were
much higher than the values obtained during the previous and subsequent
years. The chlorophyll a was found to be 13.54 pgL™, with a standing crop of
8x107 cellsL™. Lindholm and Virtanen (1992) reported a bloom of P. parvum
with toxicity and fish mortality in Finland waters during June 1990, where
chlorophyll a was below 10 pgL'and standing crop was 5x10" cellsL™. A
significant hike in the chlorophyll ¢ and carotenoids were present in the bloom
event. This is because chlorophyll ¢ and carotenoid (fucoxanthin) are the major
accessory pigment of the haptophycean members. P. parvum cells have large
amounts of fucoxanthin, a carotenoid pigment that gives its characteristic

golden colour (Moestrup and Thomsen, 2003).
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5.3.2.2 Physico-chemical parameters

Shilo and Aschner (1953) observed that temperatures greater than 30'C
were inhibitory to the growth of P. parvum, and 35°C resulted in cell lysis,
however, the cells could survive at 2°'C for many days. McLaughlin (1958)
noted erratic growth of P. parvum above 32°C with death occurring at 34'C.
Larsen et al. (1993) found that P. parvum has a growth temperature
optimum of 26 C and growth was found to be severely limited at 10°C.
However, different strains of P. parvum tested by Larsen and Bryant (1998)
exhibited maximum growth rate at 15°C and tolerated wide temperature
range of 5°C to 30°C. An outbreak of P. parvum occurred in Morocco
waters where the temperature was between 15°C - 23.5°C (Sabour et al.,
2000). All these investigations suggest that P. parvum is a eurythermal
organism. In the present P. parvum bloom event also the sea surface
temperature was 28°C, which is well within the optimal range of growth

temperature of P. parvum.

Salinity may also play an important role in the blooming of P. parvum
and its toxicity. Optimum salinity of bloom formation depends on the strains.
Larsen et al. (1993) reported growth of P. parvum in the salinity range of 8-25 psu.
Larsen and Bryant (1998) noted that different strains of P. parvum survived in
salinities ranging from 3 to 30 psu. Sabour et al. (2000) reported that
P. parvum bloom associated with the fish kill in Morocco was characterized
by a salinity of 8.6 to 12.4 psu. In the present bloom observation, the salinity
was 34 psu. A rapid change in physical variables especially of salinity and
temperature in the bloom event as a result of heavy rain could be one reason

that caused the P. parvum bloom deterioration on the very next day. Roelke
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et al. (2011) observed that an increase in anthropogenic activity and change in
the climate can influence the frequency and magnitude of P. parvum bloom.
Usually an alkaline pH favoured the blooming of P. parvum (Lindholm et al.,
1999; Prosser et al., 2012). Sabour et al. (2000) reported that the P. parvum
outbreak in Morocco occurred in water with a pH of 7.67-9.04. In the present
study, the pH was found to be 8 during the bloom which was favourable for

the growth of this alga.

Usually, high nutrient supply can promote algal blooms by supporting
rapid reproductive growth. After a population has grown, its ultimate
abundance is often controlled by the supply of a critical nutrients, such as
nitrogen or phosphorus, because conversion of nutrients to algal biomass
occurs through the process of consumption and growth. Since P. parvum
bloom occurs usually in the eutrophic waters, nitrogen and phosphorus can
play a key role in the bloom dynamics and toxicity. In the present bloom
event, nitrate concentration was 5.6 pmolL™, nitrite was 0.8 pmolL™ and
phosphate was 1.9 umolL™. The low nitrate to phosphate ratio might be one
reason for the blooming. Similarly, Michaloudi et al. (2009) reported that
low nitrogen concentrations favoured the initiation of the P. parvum bloom
in northern Greece. The present bloom station, off Azheekode was located
near the northern end of the Cochin estuary, which carry large influx of rain
water. Since the bloom event occurred in the monsoon season, it might have
played a significant role in the bloom dynamics. However, the important
point to be noted in connection with the planktonic microalgal blooms is not
why they occur but rather what mechanisms control the species which occur
at a given time and place (Richardson, 1997). The marine environment

provides different niches that can be exploited by different microalgal
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species and each species has its own specific combination of necessities such
as light, micro and macro nutrients. The triggering of a particular microalga to
its bloom stage is not only dependent on a particular factor but also on a
combination of all the favourable factors like physico-chemical, geographical,

biological as well as the occurence of the target species at that time.

The toxicity of P. parvum increased markedly under nitrogen or
phosphorus deficient conditions compared to nutrient sufficient conditions
(Johansson and Graneli, 1999) suggesting that the production of toxins is a
chemical response to low nutrient levels. However, the presence of blooms of
P. parvum did not necessarily mean that the algae will produce and secrete
toxins into the water, and in fact studies suggested that bloom density and
toxicity are not strongly correlated (Shilo, 1981) which was quite evident in
the present bloom event also. Even though P. parvum cell density was high,
there was no faunal mortality or foam production; this might be due to the
sufficiency in nitrogen and phosphorus concentration at the present bloom
event. So, it could be clear that apart from the geographical variation, which
provide a species-specific privilege, nutrients played a significant role in the
harmless effect at the time of the present P. parvum bloom. A low
concentration of dissolved oxygen was recorded at the time of bloom
observation, since the bloom was in the decline stage. Ramaiah et al. (2005)
noted a very low level of dissolved oxygen concentration as a consequence of
excessive organic loading due to crash of the bloom in southern coast of
Kerala. So, it could be inferred that, rather as a specific factor, the multiple
resources like temperature, salinity, pH, nutrients, other environmental factors

and geographical adaptations, in a favourable range for a particular species,
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commonly referred to as ‘species-specific’, played a significant role in the

present bloom dynamics.

5.4 Proboscia alata (Brightwell) Sandstrom bloom

Proboscia alata (Brightwell) Sandstrom is widespread in boreal,
tropical and subtropical realms of the World Ocean and the seas of the
middle latitudes. It substantially contributes to the abundance and biomass
of the total phytoplankton and carbon fluxes in pelagic ecosystems (Jordan
et al., 1991; Takahashi et al., 1994). Proboscia sp. are quite important in
the aspect of diatom—diazotrophic cyanobacterial association and its
episodic, monospecific bloom formation, since it can contribute high rate of
carbon and nitrogen fixation in the marine ecosystem. Proboscia alata can
dominate phytoplankton biomass in highly productive areas (Garate-
Lizarraga et al., 2003).

The coastal sea off Bekal (Lat. 12° 38" 02" N & Long. 75" 04 31" E),
experienced a bloom of centric diatom Proboscia alata (Brightwell)
Sandstrom; (formerly Rhizosolenia alata) during 10" to 12™ October 2009, in
the early post-monsoon (Fig.44). During the bloom, there was a pale brown
discolouration of sea surface water, which extended around 3 nautical miles
along the coastal area. There was no fish mortality and foam production. For a
comparative analysis, sampling was also done from two reference stations, Off
Thykadapuram (St.1) (Lat. 12° 22" 84" N & Long. 75 10 94 E) and Off
Puthur (St.2) (Lat. 12° 55 18 N & Long. 74" 95 18 E), one before and one

after the bloom station in the same latitude.
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Fig. 44 Proboscia alata. (A) A complete cell, (Phase contrast microscopy).
(B) Apical part of valve, (ESEM). (C) Proboscis structure, varied
spinules (ESEM). (D) Girdle segments, (ESEM). (E) Details of
clasper and contiguous area, (ESEM).
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5.4.1 Result
5.4.1.1 Standing crop and pigment composition

Table 18 Abundance of standing crop during Proboscia alata bloom

Off
Sl.
No Class Off Bekal Thykadapuram Off Puthur

10-10-2009 | 12-10-2009 | Reference st.1 |Reference st.2

Bacillariophyceae

1 |Asterionellopsis glacialis 18
2 | Chaetoceros constrictus 96 24
3 | Chaetoceros curvesetus 54 14
4 | Chaetoceros decipiens 115
Coscinodiscus
5 |asteromphalus 79 6
6 | Coscinodiscus centralis 48
7 | Cylindrotheca closterium 29
8 |Entomoneis alata 12
9 |Lyrellalyra 4 28
10 |Navicula hasta 36
11 |Nitzschia sigma 18 86
12 |Pleurosigma falx 70 86
13 | Proboscia alata 80000 28000 59 66
Total 80000 28241 417 290
Dinophyceae
1 | Biceratium furca 48 23
2 | Ceratium fusus 119
3 | Ceratium trichoceros 72
4 | Dinophysis acuminata 38
5 | Dinophysis caudata 80 17
6 | Pyrophacus steinii 360 34
Total 551 166 74
*Grand total 80000 28792 583 364
*cellsL™

\\\\ Department of Marine Biology, Microbiology and Biochemistry, CUSAT '



Algal Blooms

The abundance of standing crop during the bloom is presented in Table 18.
On 10™ October, the total standing crop comprised only P. alata, with
8x10* cellsL™. On 12™ October, the abundance of P. alata decreased to
2.8x10° cellsL™" and a few species of other diatoms and dinoflagellates were also

observed. Both the reference stations showed the predominance of diatoms.

On 10™ October, the chlorophyll a concentration was found to be
highest, 10.8 pgL" whereas it receded to 6.48 pugL™ on 12" October with an
average of 8.64 pgL"'. Lower concentration of chlorophyll b was detected from
the bloom event. Chlorophyll ¢ concentration was highest on the first day with
4.62 ugL™, and on 12" October, it was 3.97 ugL" with an average of 4.29 ugL™.
On 10"™ October, carotenoid concentration was 2.39 pgL™', while on 12"
October it receded to 2.01 pgL" with an average value of 2.20 pgL™. In the
reference stations, the average chlorophyll a concentration (4.34 pgL™) was
lower than the bloom event. Both chlorophyll ¢ and carotenoid average values
(2.39 pgL " and 1.13 pgL™ respectively) were also found to be in a lower range
than the P. alata bloom event (Fig.45).
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Fig.45 Concentration of pigments during Proboscia alata bloom
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5.4.1.2 Physico-chemical parameters

In the bloom event, the sea surface temperature was 27°C on the first day
while on 12" October it was 28°C. Salinity was stable at 35 psu in the entire
bloom event, whereas the pH showed a gradual decrease from 8.4 on the first
day to 8.2 on 12™ October, when the bloom almost crashed. The pH observed
in the reference stations were comparatively lower (7.6 and 7.8 in Ref. stations

1 and 2 respectively) (Fig.46).
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Fig.46 Variation in temperature, salinity and pH during Proboscia alata bloom

During the bloom event, on the first day, concentration of silicate was
high (38.31 umolL-1) which receded to 14.2 umolL-1 on the last day.
Concentration of nitrate ranged from 2.11 pmolL™ to 1.4 pmolL™, whereas
nitrite was below the detectable range. Phosphate concentration was found to
be ranged from 1.40 pmolL™ to 1.20 pumolL" during the bloom event.
Dissolved oxygen concentration was 5.42 mgL™" on the first day, whereas at
the end of bloom event, it was 4.09 mgL™". Primary production was found to be

highest (1.87 gC/m’/day) on first day of bloom event, whereas the lowest
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(1.05 gC/m’/day) was recorded on the last day of the bloom. In the reference
stations (st.1 and st.2), concentration of silicate was 1.86 pmolL™" and 2.46 pmolL™,
and nitrate was 3.03 pmolL'and 2.65 pmolL", respectively. Phosphate
concentration was found to be very low. Dissolved oxygen value was 6.25 mgL”
and 5.24 mgL" and net primary production was 0.76 gC/m’/day and
1.41 gC/m’/day, respectively in reference stations 1 and 2 (Fig.47).
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Fig.47 Chemical variables during Proboscia alata bloom

5.4.2 Discussion

The west coast of India is one of the most biologically productive areas of
the World Oceans (Smith et al., 1991; Banse, 1994) mainly influenced by the
seasonally reversing monsoon systems, southwest monsoon (June- September)
and northeast monsoon (November-February), leading to upwelling. The
microalgal blooms triggered by upwelling influenced eutrophication is common in
this area. Hence the occurrence of the present P. alata bloom soon after the
monsoon can be coupled with upwelling which leads to high nutrient conditions,

triggering high primary production (De Sousa et al., 1996).
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5.4.2.1 Standing crop and pigment composition

On the first day of the bloom event, Proboscia alata was seemingly in a
monospecific condition with a cell count of 8x10* cellsL™. There was no
significant difference in the cell abundance on the 2™ day of the bloom
event. However, on the 3" day (12™ October 2009), the surface water
discolouration nearly faded and the cell abundance reduced to 2.8x10°
cellsL™. Along with P. alata a number of other diatom and dinoflagellate
species like Chaetoceros decipiens Cleve; Coscinodiscus asteromphalus
Ehrenberg; Cylindrotheca closterium (Ehrenberg) Reimann & J.C. Lewin;
Ceratium fusus (Ehrenberg) Dujardin; Ceratium trichoceros (Ehrenberg)
Kofoid and Pyrophacus steinii (Schiller) Wall & Dale, were enumerated from
the sample on the third day, which apparently indicated that the bloom was in a
stage of decline. In the reference stations also diatoms were found to be the
predominant flora with 11 species, but the cell numbers were considerably
less. The dinoflagellates (4species) which were prominent in the reference
stations were also found in the bloom station when the bloom was at the
decline stage. Proboscia alata was found in lower cell density of 59 cellsL™
and 66 cellsL™” respectively, in the reference stations. So it could be inferred
that during the algal bloom as the number of blooming species increases the
diversity of microalgae decreases. At the end of the bloom event, the diversity

further increased and the abundance of P. alata decreased.

The magnitude and the composition of the algal bloom were indicated by
the concentration of the pigments, especially of chlorophyll a, ¢ and
carotenoid. On the first day of the bloom event, the chlorophyll a was found to be
high, which gradually receded in the last day of the bloom event. A hike in
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concentration of chlorophyll ¢ and carotenoids were also found on the first day
which substantiated the diatom bloom event, since these are the major accessory
pigments of diatoms, and showed a gradual decrease on the last day of the bloom.
The concentration of pigments particularly of chlorophyll @, ¢ and carotenoids in
the reference stations were comparatively much lower. The occurrence of
chlorophyll b especially in the initial stages of the bloom sample might be due to
the presence of prochlorophytes / euglenophytes / chlorophytes, which could not

be enumerated by Sedgewick-Rafter counting cell.

5.4.2.2 Physico-chemical parameters

In the present bloom event, the pH was found to be high (8.4) on the first
day, when the bloom was monospecific and a gradual decrease in pH was
observed by the third day when the bloom was in the decline stage. The
hydrogen ion concentration in the coastal environment is probably altered
through nutrient enrichment. Upon the availability of more nutrients the
phytoplankton proliferates into bloom condition which may progressively
drive the pH higher (Kenneth, 2002). However, in the reference stations the
hydrogen ion concentration did not show much variation. Both the salinity and
temperature did not change drastically during the bloom event, which were

found to be almost similar to the reference stations.

During the bloom event, the concentration of silicate was much higher
compared to the reference stations and its concentration reduced gradually in
the second and third day. Since silicate is utilised for the formation of siliceous
frustules of the diatoms, it is considered as the most important nutrient
regulating the growth and proliferation and ultimately the blooming of diatoms

(Kristiansen and Hoell, 2002). Proboscia species are weakly silicified and
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they can adjust their buoyancy and migrate to deeper levels below the euphotic
zone to obtain nutrients. In seasonal upwelling regions, this migration often
enables them to reach nutrient rich water layers before the mixing of photic
zone, resulting in a high contribution to the primary production by these
diatoms. Therefore, remnants of Proboscia species may serve as biomarkers
for upwelling conditions (Tilstone et al., 1994). Southwest coast of India is a
known area of upwelling during southwest monsoon period and since
Proboscia is a common species, comparatively high silicate value probably
due to the coastal upwelling might have influenced the formation of this
bloom. Usually, the diatom growth in marine waters is likely to be limited by
dissolved silica when Si: N ratios are less than 1 (Piehler et al., 2004). On the
first day of the bloom event, the Si: N ratio was 17:1, whereas on the third day,
when the bloom almost crashed, it receded to 9:1. This depletion in Si: N ratio
was found to be positively correlated with variations of chlorophyll a and
standing crop in the bloom event. However, no such remarkable variation in
the individual concentration of nutrients especially of silicate and Si: N ratio
was observed in the reference stations. Hence, it could be inferred that high
Si: N ratio played a significant role in the formation of the P. alata bloom.
Dissolved oxygen and primary production were high in the initial stages of
the bloom, whereas it gradually decreased as the bloom crashed. As a
consequence of excessive organic loading, during the crash of the bloom, the
dissolved oxygen concentration might decrease (Ramaiah et al., 2005). So it
may be inferred that, an increased Si: N ratio with alkaline pH favoured the
P. alata bloom and lowering of Si: N ratio with decreasing pH might have

caused the bloom declination.
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5.5 Chattonella marina (Subrahmanyan) Hara et Chihara bloom

Marine raphidophycean algae, especially Chattonella sp. have been
implicated in major fish kills in various parts of the world (Tiffany et al.,
2001). Blooms of Chattonella marina have been linked to mass mortality of
marine life along the southwest coast of India [reported as Hornellia marina
by Subrahmanyan (1954); Jugnu and Kripa, 2009; Padmakumar et al., 2011;
Sanilkumar et al., 2012).

A conspicuous brown discolouration of surface water was observed in the
coastal sea off Mahe (Lat. 11° 42" 18 N & Long. 75° 32" 36 E), along the
northern part of Kerala from October 27" to November 1% 2011. This was due to
the massive bloom of marine raphidophyte, Chattonella marina (Subrahmanyan)
Hara et Chihara (Fig.48) which extended up to about two kilometres inside the
Mahe (Mayyazhi) estuary during high tide. The spreading of visible water
discolouration (about 1 km in width) extended from the bar mouth to both the

northern and southern sides. The bloom event lasted for a period of one week.

pEme,
——
Fig.48 Phase contrast photo Fig.49 Gills of Mullet fish being
micrograph of C. marina choked by C. marina cells
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5.5.1 Result
5.5.1.1 Standing crop and pigment composition

Table 19 Abundance of standing crop during Chattonella marina bloom

Sl. Mahe
No. Class 27-10-2011 | 29-10-2011 | 01-11-2011
Raphidophyceae
1 | Chattonella marina 45000000 40000000 3800000
Total 45000000 40000000 3800000
Bacillariophyceae
1 | Campylodiscus ecclesianus 8
2 | Chaetoceros decipiens 12
3 | Coscinodiscus asteromphalus 11 48
4 | Coscinodiscus radiatus 7 18
5 | Cylindrotheca closterium 10
6 | Cylindrotheca gracilis 26
7 | Hantzschia marina 8
8 | Odontella aurita 6 12
9 | Pleurosigma aestuarii 18
Total 24 160
Dinophyceae
1 | Biceratium furca
2 | Prorocentrum gracile
Total 11
*Grand total 45000000 40000024 3800171
*cellsL™

The abundance of standing crop during the bloom is presented in Table 19.

The bloom was in a monospecific condition on the first day of investigation

(27" October) with the cell abundance of 4.5%10° cellsL'. There was a gradual
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decrease in the cell numbers on the 29™ of October, with 4x10° cellsL'. On the
3" day of observation, 1* November, a steady decrease in cell abundance was

observed with 3.8x10° cellsL .

On the first day of observation the chlorophyll a concentration was
10.89 pgL™”, which receded gradually, and on the last day of observation it was
6.69 ugL'. The highest concentration of chlorophyll b was 0.69 ugL" on the
first day and the lowest being 0.49 pugL™ on the final day. Concentration of
chlorophyll ¢ varied from 2.44 pgL™" to 1.75 pgL™, while concentration of
carotenoid pigment varied from 3.19 pgL™ to 2.29 pgL™ by the last day of

bloom event (Fig.50).
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Fig.50 Concentration of pigments during Chattonella marina bloom

5.5.1.2 Physico-chemical parameters

During the bloom event temperature varied from 25°C to 27°C. Salinity
was 30 psu on the first day of bloom, whereas it receded to 28 psu on the last
day of bloom event. pH was 7.9 on the first day of investigation and on the last

day it was 7.7 (Fig.51).
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Fig.51 Variation of temperature, salinity and pH during Chattonella marina bloom

The concentration of nitrate ranged from 12.54 pmolL™ on 27™ October,
to 6.99 pmolL' on 1% November. Silicate concentration varied from
3.47 pmolL™ to 2.38 umolL™, whereas the phosphate concentration varied
from 0.56 pmolL™" to 0.49 pmolL™". The concentration of nitrite was below
detectable range. Dissolved oxygen concentration varied from 5.2 mgL” to
4.4 mgL", whereas net primary production ranged from 4.2 gC/m’/day to
1.2 gC/m’/day in the bloom event (Fig.52).
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Fig.52 Chemical variables during Chattonella marina bloom
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5.5.2 Discussion

Blooms of marine raphidophyte Chattonella marina (Subrahmanyan)
Hara et Chihara are known to have deleterious effects on the marine fauna by
having potent ability to produce haemolytic, haemoagglutinating compounds
and reactive oxygen species (ROS) including superoxide anion radicals (O5),
hydrogen peroxide and hydroxyl radicals (OH") (Onoue and Nozawa, 1989;
Oda et al., 1994). The toxic effects of Chattonella marina have been attributed
to the production of brevetoxins and potent neurotoxins similar to those of
dinoflagellate, Gymnodinium breve (Ahmed et al., 1995; Khan et al., 1995).
Even in a nanomolecular concentration, these polyether compounds can act as
an icthyotoxin and the gills become highly susceptible absorptive area for
these brevetoxins from the water column. Hence, exposure of fish to C. marina
causes gill epithelium to become swollen with massive mucous production
(Endo et al., 1985, 1992) and fish appear to smother even in well-oxygenated
waters. The bloom of the same species had been reported as to have appeared
in different colours like green (Subrahmanyan, 1954; Jugnu and Kripa, 2009)
and brownish-red (Padmakumar et al., 2011). Usually, C. marina had
numerous bright green, disc-shaped chromatophores, uniformly distributed all
over the body around its peripheral region (Subrahmanyan, 1954). Here, the
chromatophores appeared in golden brown colour instead of the normal green,
which might be the reason for the brown discolouration of the surface water

during the bloom.

5.5.2.1 Standing crop and pigment composition

In the present study, on the first day of investigation, Chattonella marina

bloom was found to be monospecific with a standing crop of 4.5x10° cellsL™".
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On the second day, the standing crop of Chattonella marina decreased to
4x10° cellsL™" and a few species of diatoms like Coscinodiscus asteromphalus
Ehrenberg, Coscinodiscus radiatus H.L.Smith and Odontella aurita (Lyngbye)
C.Agardh were also observed. On the last day of observation the standing crop
of Chattonella marina receded to 3.8x10° cellsL™. The abundance of diatoms
(9 species) and dinoflagellates (2 species) increased profoundly. Chattonella
marina bloom had been reported in Kerala coast earlier. A bloom of the same
species occurred during September 2002 and 2003 with a standing crop of
28x10” and 135x10° cellsL™ respectively, along the Calicut coast (Jugnu and
Kripa, 2009) and it was associated with huge fish mortality. In the case of this
bloom event also the bloom was monospecific initially; however, the species
diversity increased gradually during the crash of the bloom. A species

succession could be noted during algal bloom and its crash.

The concentrations of pigments like chlorophyll a, b, ¢ and carotenoids
were significantly related with the bloom event, since a gradual decrease in the
pigment concentrations were observed from the first day to the last day of the
bloom event. The pigment concentration changed with different phases of the
bloom. On the first day, the pigment concentration and the standing crop
revealed that the bloom was in an exponential phase. On the second day of
observation, slight decrease in the standing crop and pigment concentration
were noted which pointed out the transition of exponential phase to the
stationary phase. On the last day of the bloom event, the decreased standing
crop and the pigment concentration indicated the late stationary phase, which
led to decline phase of the bloom. Significant hike in chlorophyll ¢ and
carotenoids were admissible to Chattonella marina bloom since Chl ¢,+¢, and

fucoxanthin dominated carotenoid were the major accessory pigments of
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marine/brackish water golden brown raphidophytes. The mean chlorophyll a
concentration in the bloom event (9.14 +2.18 pgL™) was found to be higher
when compared with the five year mean value of the same at Mahe for the same
season (3.48 +3.10 pgL™). Similarly, the mean concentrations of chlorophyll ¢
and carotenoid at the time of present bloom event (2.11 +0.35 pgL™ and
2.79 +0.46 pgL™ respectively) were also higher when compared with the five
year mean concentrations at Mahe (1.57 +0.71pgL™ and 1.63 +2.13 pgL’
respectively). The chlorophyll b value indicated the presence of chlorophytes /
prochlorophytes / euglenophytes which are very small and could not be

counted by Sedgewick-Rafter counting cell.

5.5.2.2 Physico-chemical parameters

The surface water temperature showed a gradual increase from 25°C to
27°C from the first day to third day of observation. The optimum growth of
C. marina in laboratory conditions was shown to be at 25°C (Marshall and
Hallegraeff, 1999). The bloom condition observed here was found to be
optimum for the maximum growth of C. marina. The sea surface temperature
range was 15°C to 35°C in the Salton Sea during the bloom of the same
species (Tiffany et al., 2001). However, C. marina preferred an optimal
temperature of 25°C and 18°C as the minimum for its survival (Wang et al.,
2011). Here on 27" October, the temperature was exactly 25°C and then
increased to 27°C. Even though the variation was very minor, intense bloom
appeared when temperature was at 25°C and the bloom receded with
increasing surface water temperature during the following days. The
temperature optima of C.marina from different geographical areas differ with

seasons. C. marina blooms mostly occur in summer along the Japanese coast,
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when water temperature was within a range of 20-25°C. The raphidophycean
blooms commonly occur when the temperature varies from 20-32°C during
spring and autumn in the southern Chinese coastal waters (Wang et al., 2006 b).
On the first two days of bloom event, when the cell abundance was high,
the salinity was 30 psu, which was optimum for the maximum growth of
C. marina (Marshall and Hallegraeff, 1999). In accordance with the decrease
in salinity (28 psu on the last day) the cell abundance of C. marina was also

found to be decreased.

The nutrient concentrations did not show any marked variation during
the bloom days except nitrate (12.54, 7.54 and 6.99 umolIL"). The mean
nitrate concentration during the bloom period was 9.02 +3.06 umolL™" against
the 2006-2010 mean of 6.59 +1.90 pmolL™" (Fig.49). C. marina prefer nitrogen
rich environment for their better growth and survival. Studies from the
Chinese coasts also have shown that Chattonella blooms are nitrogen
dependent. The increase of nitrogen, particularly nitrate, was thought to be the
important cause of the bloom of C. marina in the Daya Bay, South China Sea
(Wang et al., 2006b; Wang et al., 2011). Here also the increased nitrate
concentrations, when compared to the five year mean value, might have

influenced the development of bloom.

The mean phosphate level during the bloom event was 0.52 +0.04 pmolL",
which was comparatively lesser than that of the five year mean concentration
(1.92 +1.90 pmolL™). C. marina could efficiently utilize all organic phosphate
compounds as noted for several other harmful algal bloom species
(Yamaguchi et al., 2008). It could maintain growth and survive in phosphate

free conditions, which suggest that this species has the ability to store
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phosphorus in an internal pool for sustaining population numbers (Yamaguchi

et al., 2008; Wang et al., 2011).

The levels of silicate are usually higher during the early post-monsoon
season at Mahe and the five year mean (2006-10) value was 12.48 +10.73 pmolL™".
Diatoms were the dominant group found here and they have an absolute
requirement for silicon as they are the most important silicifying algal group
(Kristiansen and Hoell, 2002). During the bloom event, the silicate
concentration was comparatively very low, (2.38 to 3.47 umolL™) hence it has
limited the proliferation of diatoms. The diatom growth in marine waters is
likely to be limited by dissolved silica when Si: N ratios are less than one
(Piehler et al., 2004). In this bloom event, the Si: N ratios were less than one
against the five year mean of 3:1. Since there was no competition from

diatoms, C. marina could proliferate well and produced the bloom.

The N: P ratios showed highest value on 27™ October with 26:1, while it
decreased to 12:1 on 1% November. Five year mean of 4:1 ratio prevailed in
the location since 2006.The high nitrate concentration might have played a
major role in this bloom. Similar observations were made during the C.marina

bloom along Chinese coast by Shen et al. (2006).

5.5.2.3 Fish mortality during Chattonella marina bloom

During the bloom event, mortality of a few fishes like Pearl Spot
(Etroplus suratensis) and Mullets (Mugil cephalus) was observed on 27
October, in the region of one kilometre inside the estuary (Fig.49). It was
found that the gills were fully choked with algal cells and the death might have

been due to suffocation. No other faunal mortalities were observed. The
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avoidance of fishes from the bloom areas along this coast was very much
evident. Commercially important shoaling fishes shift from bloom waters to
other favourable grounds during the C. marina bloom incidents (Subrahmanyan,
1954; Jugnu and Kripa, 2009). There are several reports on the production of
icthyotoxin during the bloom of C. marina (Endo et al., 1992; Jugnu and
Kripa, 2009). Contrary to this, the fish killing activity of C. marina is
attributed to the ROS (Reactive Oxygen Species) produced by these algae
(Kim and Oda, 2010). However, the impact of harmful algal blooms depends
on the concentration of the harmful species; even the most toxic species must
have a minimum cell concentration to exert the harmful effect (Smayda, 1997).
The present harmful algal bloom incident was not at all a prolonged one and
no other faunal mortalities were observed. Hence, it is imperative to comment
that even though mortality of a few fishes were observed during the bloom, it
may not have been associated with the effect of toxins formed during the

present Chattonella marina bloom event.

It could be inferred from the present bloom events that, most of the
bloom formations are naturally driven by physical forcing such as monsoonal
influence, riverine discharge and seasonal upwelling, which result in variations
in temperature, salinity, irradiance, water stability, nutrient enrichment
(eutrophication) etc. The optimum conditions for blooming will vary from
species to species. Occurrence of Chattonella marina bloom, which is
considered as a ‘species-specific bloom’, following a seasonal pattern (D’Silva
et al., 2012) is mainly attributed to the presence of higher concentration of
nitrate, since N: P ratio was found to be high during the initial stage of the

bloom. Optimum temperature for this bloom was found to be 25°C.
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The occurrence of Proboscia alata bloom soon after the monsoon was
coupled with upwelling, which led to high nutrient conditions (eutrophication)
especially of silicate which impart high Si: N ratio that played a significant
role in the bloom initiation. Even though there was no specific factor that
could be attributed to Prymnesium parvum bloom, the combination of
eutrophic condition with the species-specific optimum favourable conditions
of physical variables could have favoured the bloom event. The bloom was
non-toxic in nature which might be due to the availability of sufficient
nutrients, nitrogen and phosphorus in the medium. It can be concluded that
algal blooming is not triggered by a single factor. A combination of species-
specific, optimum favourable physico-chemical, geographical and biological

factors can play a key role in the microalgal bloom dynamics.
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Bacteria Assoclated with Algal Blooms and
Hydrolytic Enzyme Production

6.1 Introduction

6.2 Review of Literature
6.3 Result

6.4 Discussion

6.1 Introduction

The outbreaks and termination of algal blooms in the marine environments
are influenced by physico-chemical and biological factors. Of the biological
factors that regulate bloom dynamics, algal-bacterial interactions are of great
importance as they are potential regulators of both, enhancing and decreasing
algal blooming (Doucette, 1995; Doucette et al., 1998). Algal blooms have an
ordered and structured bacterial community associated with it rather than a
random assemblage of species from the marine bacterial community. The algal-
bacterial association is very specific, with this specificity transcending a wide
range of taxonomical groups, from algal class (Imai et al., 1995) to specific
species (Fukami et al., 1992). The lethal effects of bacteria are influential
factors in controlling phytoplankton bloom dynamics (Fukami et al., 1996; Kim
et al., 1998; Yoshinaga et al., 1998; Imai et al., 2001).

Algal-bacterial interactions can be classified into 4 types; (1) symbiotic,

where both partners benefit from each other’s presence; (2) parasitic, where
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bacteria can lyse algae and algal antibiosis can inhibit bacterial growth; (3)
commensalistic, where the bacteria have no actual negative effects on the host;
and (4) bacteria are competitors for limiting nutrients like phosphate by being

loosely associated with algae (Grossart, 1999).

Phycosphere is a mutually beneficial region around the algal cell (Bell and
Mitchell, 1972) where growth promoting nutrients are exchanged between
phytoplankton and bacteria, the latter are especially found to feed on dissolved
organic material released by the algal cells (Riquelme et al., 1988). The
presence of the bacterial community and of specific populations have distinct
effects on the growth and organic matter release of marine diatoms and other
algae (Grossart and Simon, 2007). Apart from influencing algal growth, the
secondary metabolites produced by the associated bacteria can also inhibit
settlement of potential competitors and antagonise other bacteria (Holmstrom
and Kjellebeg, 1994).

Reduced sulphur in the form of the osmolyte dimethylsulfoniopropionate
(DMSP) is abundantly produced by marine phytoplankton (especially
dinoflagellates and coccolithophores) and is rapidly converted to the gas
dimethylsulfide (DMS) by bacteria, thereby aiding cloud formation over the
oceans, which is important for atmospheric cooling (Charlson et al., 1987).
Roseobacter found primarily in association with phytoplankton, are most
proficient at converting DMSP to DMS (Gonzalez et al., 1999). Thus, these
associated bacteria may also contribute immensely in the microbial loop of the

marine biogeochemical cycle.

Apart from these, the bioactive compounds produced by the epiphytic

bacteria regulate the ontogenesis of marine organisms which either enable them

\\\\ Department of Marine Biology, Microbiology and Biochemistry, CUSAT '



Bacteria Associated with Algal Blooms and Hydrolytic Enzyme Production

to survive under adverse conditions or strictly regulate its dynamics. As a
control measure against algal blooms, this is important because the physical and
chemical methods like yellow loess (Na et al., 1996; Choi et al., 1998) and clay
(Sun et al., 2004) employed to mitigate the algal blooms have secondary effects
upon the feeding habits and ecology of the bottom-dwelling organisms (Rhoads
and Young, 1970; Bricelj and Malouf, 1984). Chemical agents such as copper
sulfate, hydrogen peroxide, and triosyn are effective in controlling blooms
within a short period after application (Steidinger, 1983; Ryu et al., 1998) but
their use can have wide spectrum effects upon even beneficial organisms (Jeong
et al., 2000). But, the biological factors especially of bacteria (Imai et al., 1995)
have least adverse effect (Kim et al.,, 2007). The mode of action of these
bacteria may be either through direct contact with the algal cell or indirectly
through the release of dissolved lytic agents (Lovejoy et al., 1998; Wang et al.,
2005). Extracellular protease produced by algicidal bacteria exert their effects
on algae as dissolved Iytic agent. The algal cells which were treated with
algicidal strains probably secreting algicidal proteins showed a change in
morphological characteristics, with loss of cell wall integrity, discolouration and
disruption of cells, ultimately the cellular substances were decomposed and
released (Wang et al., 2012).

Usually, algicidal bacteria have repeatedly been observed in coastal
environments where harmful algal blooms often occur (Imai et al., 1993;
Lovejoy et al., 1998). Bacteria having algicidal effects are vivaciously involved
in the termination and decomposition of algal blooms (Liu et al., 2008). In the
present study, the bloom associated cultivable bacteria were isolated, identified
and their ability to produce extracellular enzymes such as amylase, lipase,
protease, cellulase, ligninase, phosphatase and alginase were ascertained.
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6.2 Review of Literature

Interactions between algae and bacteria are commonly observed in both
freshwater and marine ecosystems with bacteria increasingly cited as responsible
for the regulation of growth and dynamics of phytoplankton blooms (Doucette
et al., 1998; Hold et al., 2001; Mayali and Azam, 2004). Bacteria are inherent part
of the physical environment of microalgae both in the laboratory and natural
environments (Gallacher and Smith, 1999). The physiological and ecological
relevance of the algal-bacterial interactions in stimulating and inhibiting each
other’s growth and in the biogeochemical cycling has been reported earlier (Fukami
et al., 1996; Lovejoy et al., 1998; Imai et al., 2001). By means of direct or indirect
modes of action (Mayali and Azam, 2004) associated bacteria can influence toxin
production in algae (Bates et al., 1995). Kim et al. (1998) observed that the
population dynamics of algicidal bacteria has a close relationship to the blooms of
the phytoplankton and that in the marine ecosystems, algicidal bacteria targeting
specific phytoplankton may be one of the agents which regulate the change of
species structure of phytoplankton communities.

6.2.1 Bacteria associated with bloom-forming microalgae

Simidu et al. (1971) observed that free living and algal associated bacteria
are very different from each other and the latter are usually gram negatives, with
Vibrio sp. and Aeromonas sp. constituting 70% of the bacterial flora. As part of
the association, the microalgae benefits from bacterial products, mainly
remineralized nutrients (Golterman, 1972) while the bacteria benefits from
phytoplankton products, such as exudates (Bell et al., 1974; Cole, 1982). The
association of the bacteria with the physical environment of the microalgae may
be either loose or close (Caldwell, 1977; Alavi et al., 2001) and can also be
intracellular (Cole, 1982; Franca et al., 1995).
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The bacteria mainly associated with algal bloom were dominated by
alpha-proteobacteria, beta-proteobacteria, gamma-proteobacteria and Cytophaga-
Flavobacter-Bacteroides (CFB) (De Long et al., 1993; Gonzalez and Moran, 1997;
Meusnier et al., 2001). Pseudomonas and Moraxella were found to be associated
with Amphidinium carterae while proteobacteria and Cytophaga group were
found in association with Alexandrium catenella (Nayak et al., 1997).
Marinobacter hydrocarbonoclasticus associated with Alexandrium fundyense was
able to metabolise complex unusual hydrocarbon molecules associated with the
algae (Rontani et al., 1997).

Liu et al. (2000) reported extracellular and intracellular bacteria associated
with Alexandrium minutum. Maki and Imai (2001) reported the presence of bacteria
in the cytoplasm and the food vacuoles of Heterocapsa -circularisquama.
Dinoflagellate Pfiesteria showed the association of as many as thirty bacterial
genera including Pseudomonas, Vibrio, Nocardia, Moraxella, Cytophaga,
Acinetobacter and Roseobacter (Alavi et al., 2001).

Among alpha-proteobacteria, the most frequently associated member is
the Roseobacter clade (Hold et al., 2001) in microalgal culture (Alavi et al.,
2001) and field bloom (Fandino et al., 2001). Within gamma-proteobacteria,
Marinobacter spp. and Alteromonas spp. appear to have an association with
dinoflagellates (Hold et al., 2001; Ferrier et al., 2002) and algal cultures (Mayali
and Azam, 2004). The bacterial group most often associated with dinoflagellates
and diatoms are alpha-proteobacteria and gamma-proteobacteria (Green et al.,
2004). Beta-proteobacteria, recorded to be rare in the marine system was found
to be dominant as an intracellular bacterial flora of the dinoflagellate
Gymnodinium instriatum (Alverca et al., 2002).
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Rooney-Verga et al. (2005) observed the occurrence of CFB group in
association with algal blooms. Grossart et al. (2005) reported the association of
Flavobacteria—Sphingobacteria group in diatoms. Alpha and beta-proteobacteria
were found in association with Pseudo-nitzschia multiseries (Kaczmarska et al.,
2005; Sapp et al., 2006). During Lingulodinium polyedrum bloom event, 11
associated bacterial taxa were detected, which mainly belonged to the
proteobacteria and CFB groups (Mayali et al., 2011). An increased presence of
gamma-proteobacteria populations during the bloom of Akashiwo sanguinea
and its gradual decrease in the post-bloom from Chinese waters was recently
reported by Yang et al. (2012).

6.2.2 Effect of bacteria on bloom-forming microalgae

Usually bacteria have significant impacts on aquatic biogeochemical
processes such as carbon flux and nutrient regeneration (Azam, 1998; Doucette
et al., 1998; Copley, 2002) and may influence the initiation, growth, maintenance,
and/or termination of bloom populations (Imai et al., 1998, 2001; Kodama
et al., 2006). Specifically, a bacterial assemblage can have symbiotic (Silva,
1962), inhibitory (Doucette et al., 1999) or stimulatory effects (Fukami et al.,
1991) including algal toxin production during a bloom event (Riquelme et al.,
1988; Tamplin, 1990; Simon et al., 2002).

Kodama et al. (1988) reported a toxin producing bacteria associated with
dinoflagellate. Yoshinaga et al. (1998) isolated 96 bacterial strains from
Hiroshima Bay which have lethal effect on Heterosigma carterae. Lovejoy
et al. (1998) reported the wide range algicidal effect of Pseudoalteromonas, an

associated bacterial strain on Chatonella, Heterosigma and Gymnodinium blooms
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and thereby plays an important role in regulating the onset and development of
harmful algal blooms.

An algicidal extracellular protease by Pseudoalteromonas sp. against
Skeletonema costatum was reported by Lee et al. in 2000. Skerrat et al. (2002)
reported five algicidal bacterial strains, Pseudoalteromonas, Bacillus cereus,
Zobellia sp., Cellulophaga Iytica and Planomicrobium sp., from Huon estuary,
Awustralia that were effective against Gymnodinium catenatum. Mayali and Doucette
(2002) studied the effect of Cytophaga, an algicidal bacterium, on Karenia brevis and

found that there should be threshold concentration to trigger an algicidal response.

Ferrier et al. (2002) reported stimulatory effect of Alteromonas sp. on
Alexandrium fundyense. Amaro et al. (2005) found that in situ environmental
condition modulates the algicidal expression in bacteria associated with
Alexandrium catenella. A bacterial strain Shewanella sp. had inhibitory effect
(Hare et al., 2005; Pokrzywinski et al., 2012) on dinoflagellate Pfiesteria piscicida
but stimulatory effect on diatoms and raphidophytes.

Su et al. (2007) isolated Pseudoalteromonas which produced a heat
tolerant, acid unstable algicidal compound against toxic dinoflagellate
Alexandrium tamarense. Liu et al. (2008) noted the presence of algicidal effect
of bacteria on raphidophyte blooms Chatonella subsalsa, Heterosigma akashiwo
and Fibrocapsa japonica and found variability in the taxonomic specificity of
the algicidal bacterial effect and raphidophyte susceptibility. Kang et al. (2008)
isolated algicidal bacteria Variovorax paradoxus, Acidovorax delafieldii,
Hydrogenophaga palleronii and Pseudomonas plecoglossicida that have algicidal
effects on diatom Stephanodiscus hantzschii and dinoflagellate Peridinium bipes.
Idiomarina sp. isolated from the east sea areas of China has algicidal effect on
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the toxic dinoflagellate Alexandrium tamarense (Su et al., 2011). Aquimarina sp.
under the family Favobacteriaceae (Chen et al., 2011) and Ochrobactrum sp.
(Mu et al., 2012) were reported to possess algicidal activity against toxic

cyanobacterium Microcystis aeruginosa.

6.3 Result
6.3.1 Bacteria associated with Prymnesium parvum N. Carter bloom
6.3.1.1 Comparative estimation of Total Heterotrophic Bacterial count

During the Prymnesium parvum bloom, the total heterotrophic load of
associated bacteria was 19.2x10* cfu/ml, whereas in the non-bloom sample, the
THB was 6.1x10* cfu/ml (Fig.53). The variation in total heterotrophic bacterial
load between bloom and non-bloom sample was significant (P<0.001, Student-

Newman-Keuls-Multiple Comparisons Test).
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Fig.53 Total Heterotrophic Bacterial (THB) count in Prymnesium parvum
bloom and non-bloom sample

6.3.1.2 Generic composition of bloom associated bacteria

Flavobacterium (38%) was found to be the predominant bacterial genera
associated with P. parvum bloom, which was followed by Pseudomonas (19%),

[ 154 \\\ Department of Marine Biology, Microbiology and Biochemistry, CUSAT b |



Bacteria Associated with Algal Blooms and Hydrolytic Enzyme Production

Vibrio (13%), 6% each of Bacillus, Moraxella, Micrococcus, Acinetobacter and
Corynebacterium (Fig.54).
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Fig.54 Generic composition of bacteria associated with Prymnesium parvum bloom
6.3.1.3 Generic composition of bacteria from the non-bloom sample

In the non-bloom sample, the major bacterial genera were Acinetobacter
and Alcaligenes (25% each) followed by Micrococcus (17%), Staphylococcus
(9%), Corynebacterium, Bacillus and Flavobacterium (8% each) (Fig.55).

Staphylococcus
9%

Fig.55 Generic composition of heterotrophic bacteria in the non-bloom sample
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6.3.1.4 Hydrolytic enzyme production of bloom associated bacteria

The hydrolytic enzyme production of the heterotrophic bacteria associated
with the P. parvum bloom showed a high percentage of proteolytic bacteria
(31%). The percentage of other hydrolytic enzyme producers were lipases
(16%), ligninase and phosphatases (15% each), amylase and cellulase
(10% each) and alginase (3%) (Fig.56).

Alginase
3%

Fig.56 Hydrolytic enzyme production of bacteria associated with Prymnesium
parvum bloom

6.3.1.5 Hydrolytic enzyme production of bacteria from the non-bloom sample

Hydrolytic enzyme producers from the non-bloom samples showed the
predominance of lipase producers (23%) followed by amylase and
phosphatase producers (20% each). 14% of isolates could produce ligninase,
whereas only 11% could produce protease. 7% of isolates were able to
produce cellulose, whereas alginase producers were only 5% (Fig.57).
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Cellulase
7%
Alginase
5%

Fig.57 Hydrolytic enzyme production of heterotrophic bacteria from the non-
bloom sample

6.3.2 Bacteria associated with Proboscia alata (Brightwell) Sandstrom bloom
6.3.2.1 Estimation of Total Heterotrophic Bacterial count

During the Proboscia alata bloom, the total heterotrophic load of
associated bacteria on the first day was 30x10* cfu/ml, whereas it increased to
40x10* cfu/ml on the last day of observation. However, in the non-bloom
sample, the THB was only 12x10° cfu/ml. (Fig.58).

10.10.09 12.10.09 Ref.station
Date/station

Fig.58 Total Heterotrophic Bacterial (THB) count in Proboscia alata bloom and
non-bloom sample
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The variation in total heterotrophic bacterial load between bloom and non-
bloom sample was significant (P<0.001, Student-Newman-Keuls-Multiple

Comparisons Test).

6.3.2.2 Genera wise distribution of bloom associated bacteria

On the first day of the bloom event, the generic composition of the bloom
associated bacteria showed the predominance of Flavobacterium (25%)
followed by Corynebacterium, Acinetobacter, Micrococcus (13% each) and
12% each of Bacillus, Pseudomonas and Alcaligenes (Fig.59).

Fig.59 Generic composition of bacteria associated with Proboscia alata bloom
on the first day of observation

But on the last day of the bloom event, the generic composition of the
bloom associated bacteria showed the predominance of Flavobacterium (40%),
and Pseudomonas (20%), followed by 10% each of Moraxella, Acinetobacter,
Bacillus and Vibrio (Fig.60).
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Moraxella
10%

Fig.60 Generic composition of bacteria associated with Proboscia alata bloom on
the last day of observation

6.3.2.3 Genera wise distribution of bacteria from the non-bloom sample

In the reference sample, the predominant forms were Micrococcus and
Moraxella (25% each) followed by 13% each of Bacillus and Alcaligenes, and

12% each of Pseudomonas and Acinetobacter (Fig.61).

Fig.61 Generic composition of heterotrophic bacteria in the non-bloom sample

Algal Blooms and Associated Bacteria along the Southwest Coast of India //”



Chapter 6

6.3.2.4 Hydrolytic enzyme production of bloom associated bacteria

The hydrolytic enzyme production of the heterotrophic bacteria
associated with the bloom on the first day showed a high percentage of
proteolytic bacteria (36%). Other hydrolytic enzyme producers were amylase
and phosphatase (14% each), lipase, alginase, ligninase and cellulase
(9% each) (Fig.62).

Ligninase —__
9%

Alginase
9%

Fig.62 Hydrolytic enzyme production of bacteria associated with Proboscia alata
bloom on the first day of observation

On the last day of the bloom event, the presence of proteolytic bacteria
increased to 38%. Percentage of other hydrolytic enzyme producers were
cellulase and ligninase (12% each), lipase and phosphatase (11% each), amylase
and alginase (8% each) (Fig.63).
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12%

Alginase
8%

Fig.63 Hydrolytic enzyme production of bacteria associated with Proboscia alata
bloom on the last day of observation

6.3.2.5 Hydrolytic enzyme production of bacteria from the non-bloom sample

Hydrolytic enzyme producers in the non-bloom samples showed the
predominance of amylase and lipase producers (20% each) followed by
phosphatase (17%), protease and cellulase (13% each), ligninase (10%) and
alginase (7%) (Fig.64).

Ligninase
10%

Alginase
7%

Fig.64 Hydrolytic enzyme production of heterotrophic bacteria in the non-
bloom sample
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6.3.3 Bacteria associated with Chattonella marina (Subrahmanyan) Hara et
Chihara bloom

6.3.3.1 Estimation of Total Heterotrophic Bacterial count

During the Chattonella marina bloom event, the total heterotrophic
load of associated bacteria ranged from 10.9x10* cfu/ml on the first day to
175x10* cfu/ml on the last day. But in the non-bloom sample, the THB was
in the range of 1.2x10* cfu/ml to 4.9x10* cfu/ml (Fig.65). The variation in
total heterotrophic bacterial load between bloom and non-bloom was
significant (P<0.001, Student-Newman-Keuls-Multiple Comparisons Test).

200 -
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= 150 1 ® Non Bloom
S
G 100 -
=)
-
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27.10.11 29.10.11 01.11.11
Days

Fig. 65 Total Heterotrophic Bacterial (THB) count in Chattonella marina
bloom sample and non-bloom sample

6.3.3.2 Genera wise distribution of bloom associated bacteria

The generic composition of the bloom associated bacteria showed the
predominance of Bacillus, Micrococcus, Vibrio and Flavobacterium on the first
day. In the second sampling, species of Bacillus, Micrococcus, Staphylococcus,
Moraxella, Vibrio, Streptococcus, Flavobacterium and Pseudomonas were
recorded, whereas on the last day of the bloom event, the predominant genera were
Flavobacterium, Pseudomonas, Vibrio, Corynebacterium, Staphylococcus, Listeria,
Micrococcus and Bacillus (Fig.66).
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Fig.66 Percentage composition of bacteria associated with Chattonella marina bloom

6.3.3.3 Genera wise distribution of bacteria from the non-bloom sample

The bacteria in the non-bloom sample comprised mainly of Bacillus,

Moraxella, Listeria, Streptococcus,

(Fig.67).

Corynebacterium and Staphylococcus

40%
35%
30%
25%
20%
15%
10%
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Fig.67 Generic composition of heterotrophic bacteria in the non-bloom samples
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6.3.3.4 Hydrolytic enzyme production of bloom associated bacteria

The hydrolytic enzyme production of the heterotrophic bacteria
associated with the bloom on the successive days of sampling showed a high
percentage of proteolytic bacteria, with a gradual increase from 43% on the
first day, 45% on the second day to 48% on the last day (mean 45%). Other
hydrolytic enzyme producers were amylase (13%), lipase (11%), phosphatase
(9%), alginase (8%), ligninase (5%) and cellulase (8%) (Fig.68).
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Fig.68 Hydrolytic enzyme production of bacteria associated with Chattonella
marina bloom

6.3.3.5 Hydrolytic enzyme production of bacteria from the non-bloom sample

Hydrolytic enzyme producers in the non-bloom samples were amylase
(21%), protease (20%), cellulase (17%), phosphatase (16%), lipase and
alginase (13% each) while none of the strains were able to produce ligninase
(Fig.69).
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Fig.69 Hydrolytic enzyme production of heterotrophic bacteria in the non-
bloom samples

6.4 Discussion

Interactions between bacteria and harmful algal bloom have been
considered as an important factor regulating the population of microalgae
(Doucette et al., 1998). In the present study, a considerable increase in the
culturable bacterial community has been observed in the bloom sample. In all
the three bloom events observed, total heterotrophic bacterial count was found
to be higher in the bloom samples than in the reference samples. There was a
gradual increase in heterotrophic bacterial population from the first day to the

last day in the bloom events of P. alata and C. marina.

THB was found to be maximum during the decline stage of the bloom
indicating the probable role of bacteria in bloom termination. Hence it can be
assumed that during the algal bloom event, there is a considerable change in
associated bacteria, the number slowly increases from the initial stage and

reaches its maximum during the decline stage of the bloom. These associated
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bacteria must have played a crucial role in bloom dynamics, some acting as
beneficial ones supporting the bloom and another group playing a detrimental
role in bloom decline. Previous studies have also shown that bacterial
community change quantitatively during an algal bloom and this may either
play a beneficial or detrimental role in controlling algal growth (Doucette, 1995;
Doucette et al., 1999).

The bacterial-algal bloom relationships involve more than just trophic
interactions and ultimately reflect a balance between processes inhibitory and/or
stimulatory to the organisms involved. Gamma-proteobacteria, beta-
proteobacteria and Cytophaga-Flavobacterium-Bacteroides (CFB) are the major
bacterial groups reported to have close association with algal blooms (Rooney-
Verga et al., 2005). Gamma-proteobacteria frequently encountered in the algal
bloom fields act as a potentially significant factor in the bloom decline (Skerratt
et al., 2002). CFB group of bacteria are also reported to have algicidal activity
(Doucette et al., 1999) and like gamma-proteobacteria, this group also could be
important in the bloom termination. Based on several reviews, about 50% of the
algicidal strains belong to the CFB group, while about 45% are members of
gamma-proteobacteria; the remaining strains represent the gram-positive genera
Micrococcus, Bacillus, and Planomicrobium (Fandino et al., 2001; Fukuyo et al.,
2002; Mayali and Azam, 2004; Hare et al., 2005; Jasti et al., 2005).

During C. marina bloom, it was clearly noticed that there was a gradual
increase in Flavobacterium, gram-negative gamma-proteobacteria such as
Pseudomonas and Vibrio, and gram-positive Micrococcus from initial stage to
the decline stage of the bloom. The bacterial genera which was abundant
especially at the decline stage of bloom was absent or present in very few
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numbers in the non-bloom samples. Likewise, it was also noticed that during the
P. alata bloom event, as the bloom reached its decline stage, the predominance
of associated bacteria mainly shifted to Flavobacterium, with other members of
the gamma-proteobacteria like Pseudomonas, Vibrio and Moraxella having an
increased percentage composition as compared with the first day of the bloom

event.

During P. parvum bloom also the predominant bacterial genera were
Flavobacterium, Pseudomonas and Vibrio. So, in all the bloom events studied,
the predominant associated bacteria comprised of members of gamma-
proteobacteria and CFB groups and its abundance was also found to be
increased in the successive stages of the bloom event with a peak in the decline
stage of bloom. The relative difference in the composition and abundance of the
associated bacteria in the bloom samples with non-bloom samples indicated its
specific association behaviour. These findings were positively correlated with
the recorded reports that in early stages of algal blooms bacteria often are
virtually absent or less in abundance (Azam and Ammerman, 1984; Lancelot
and Rousseau, 1994), whereas late bloom stages coincide with increased
colonization by associated bacteria (Lancelot and Rousseau, 1994; Smith et al.,
1995). Recently, Yang et al. (2012) also noticed the abundance of gamma-
proteobacteria populations significantly during the decline phase of Akashiwo

sanguinea bloom.

The association of bacteria on algae was complex and diverse in the sense
of many effects on algae (Imai et al., 1995; Lovejoy et al., 1998; Lee et al.,
2000). The algicidal effect of the associated bacteria could play a vital role in
the algal bloom dynamics especially of the bloom termination (Liu et al., 2008).
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In a natural system the algae lytic bacteria closely respond to the algal bloom
dynamics; as bloom proceeds through their initation, maintenance and decline
stage, the relative algicidal bacterial abundance also increases (Doucette et al.,
1999), ultimately reaching the threshold concentration, where algicidal activity
becomes detectable and leads to the rapid destruction of algal cells (Fukami
et al., 1992; Mitsutani et al., 1992; Imai et al., 1993). During the decline stage,
the abundance of the algicidal bacteria become high in number and maintain a

top-down control mechanism (Liu et al., 2008).

The algicidal effect of Flavobacterium sp. (Yoshinaga et al., 1997),
Pseudomonas sp. (Baker and Herson, 1978; Yoshinaga et al., 1997; Lee and
Park, 1998; Kitaguchi et al., 2001), Vibrio sp. (Ishio et al., 1989; Yoshinaga
et al., 1997; Wang et al., 2010) and Micrococcus sp. (Park et al., 1998) against

different microalgae have already been documented.

Usually the mode of action of algicidal bacteria are of two types, those
which attack algal cells through direct contact and others which attack through
the release of a dissolved lytic agent (Wang et al., 2005). Approximately 30%
of the phylogenetically classified algicidal bacteria attack their target algal
species through direct contact, and approximately 70% of algicidal bacteria
exhibit an indirect mode of attack where dissolved lytic agents, especially
extracellular metabolites, are released into the surroundings that effectively
antagonises algal cells without the need of physical contact (Hare et al., 2005).

Many algicidal bacteria exert their effects on algae through extracellular
protease (Lee et al., 2000; Wang et al., 2012). So, the hydrolytic enzyme
production potential of the bloom associated bacteria was assessed. The

percentage of protease producers were very high in the bloom sample. During

168 \\\ Department of Marine Biology, Microbiology and Biochemistry, CUSAT P |



Bacteria Associated with Algal Blooms and Hydrolytic Enzyme Production

C. marina bloom, the percentage of protease producers was significantly higher
when compared with the other hydrolytic enzyme producers and a gradual
increase in protease producers was noticed from the initial stage to the decline
stage of the bloom event. But in the non-bloom sample, such an increase in
protease producers was not observed. Similarly, the hydrolytic enzyme
production potential of the associated bacteria of P. alata on the successive days
showed a significantly higher number of protease producers when compared
with other enzyme producers and a gradual increase in protease producers was
found in the decline stage of the bloom. Similar phenomenon was also observed
during the P. parvum bloom event. Among the various genera associated with
HAB, Flavobacterium, Pseudomonas and Vibrio were found to be more potent
protease producers in all the bloom events. The occurrence of higher number of
proteolytic bacteria was found to be unique in all the bloom events. The
proteases produced by the bacteria were found to have algicidal activity. Lee
et al. (2000) reported the algicidal activity of the extracellular protease produced
by the strains of Pseudoalteromonas against the diatom Skeletonema costatum.
Recently, Wang et al. (2012) also documented the algicidal effect of the protein
produced by two algicidal bacteria, Vibrio and Pseudoalteromonas, against the
toxic dinoflagellate Alexandrium tamarense. The unique nature of the
associated bacterial composition, abundance, high proteolytic activity and its
gradual increase at the time of bloom declination in all the present bloom events
pointed out the specific nature of the bloom associated bacteria and its

significant role in the bloom dynamics especially of the bloom termination.
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Summary and Conclusion

Microalgae play a key role as primary producers in the marine
ecosystem, forming the base of marine food web. The biomass, distribution
and species composition of microalgae change continuously with variations in
physico-chemical variables such as temperature, light, nutrient availability,
grazing pressure, sediment characteristics, tide and water movements, seasons,

and even with time of the day.

Direct microscopic observation, accurate identification and enumeration
are essential for documenting species composition and biomass. Generally,
microalgae have a fairly recognizable annual cycle of growth; sometimes the
synchrony in their normal annual cycle is disrupted by explosive growth of
some species leading to algal blooms.

Algal blooms can cause severe economic loss to aquaculture, fisheries
and tourism, major environmental disturbances and significantly affect human
health. The outbreak and termination of algal blooms in marine environments
are mainly controlled by physical, chemical, and biological factors. With
respect to the biological factor, the associated bacterial community acts as
potential regulators by enhancing or decreasing algal blooms through direct or
indirect modes of action. Thus, it is significant to understand how the
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distribution and composition of phytoplankton populations in economically
important shelf seas relate to the particular chemical and physical properties of

the water column in which they live.

The results of the present study over a period of two years revealed the
distribution and composition of microalgae at three estuarine and three coastal
stations along the southwest coast of India, with special emphasis on bloom-
forming microalgae, algal bloom dynamics, and the role of bloom associated

bacterial community on algal bloom dynamics.

Physico-chemical variables that were investigated in this study were
temperature, salinity, pH, nitrate, nitrite, silicate, phosphate, dissolved oxygen
and primary productivity. The fluctuations of these factors over a period of
two years from pre-monsoon 2009-10 to post-monsoon 2010-11 at the stations
are described.

In all, one hundred and fourteen species of microalgae were enumerated
during the study and are distributed among sixty four genera under six
classes, Bacillariophyceae (43 genera), Dinophyceae (8 genera),
Chlorophyceae (10 genera), Dictyochophyceae (1 genus), Cyanophyceae (1 genus)
and Prymnesiophyceae (1 genus).

Class Bacillariophyceae was found to be the predominant group with 75
species (66%) followed by Dinophyceae (25 species, 22%), Chlorophyceae
(10 species, 9%), Dictyochophyceae (1%), Cyanophyceae (1%) and
Prymnesiophyceae (1%). From the class Bacillariophyceae, Chaetoceros was
found to be predominant with 6 species followed by Coscinodiscus
(5 species), Pleurosigma and Navicula (4 species each), Gyrosigma, Nitzschia
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and Surirella (3 species each). From the class Dinophyceae, harmful bloom-
forming Ceratium and Protoperidinium (6 species each) were dominant
followed by potentially toxic Dinophysis (4 species) and Prorocentrum
(4 species). High cell abundance of harmful bloom-forming dinoflagellate
Biceratium furca was recorded during the entire study period.

Significant correlation was found between standing crop and chlorophyll a.
Salinity influenced the floral composition during the monsoon season. No
direct relationship could be observed between nutrients and chlorophyll a
during the entire study period. The spatial and temporal distribution and the
abundance of microalgae were dependent on cumulative multiple factors

rather than on individual factors.

Several known bloom-forming microalgal species such as Halamphora
coffeaeformis (C. Agardh) Levkov; Asterionellopsis glacialis (Castracane)
Round; Proboscia alata (Brightwell) Sandstrom; Biceratium furca (Ehrenberg)
Vanhoeffen; Dinophysis acuminata Claparéde and Lachmann; Dinophysis caudata
Saville-Kent; Dinophysis miles Cleve; Alexandrium monilatum (J.F. Howell)
Balech; Prorocentrum lima (Ehrenberg) F. Stein; Prymnesium parvum N.
Carter and Chattonella marina (Subrahmanyan) Hara et Chihara, were
recorded during the study, indicating the possibility of potential threat of

harmful blooms in the coastal environment of southwest India.

During the present study period three algal bloom events were recorded.
A monospecific bloom of Prymnesium parvum N. Carter was observed off
Azheekode (Lat. 10° 11° 02” N & Long. 76° 09’ 22” E) during the monsoon
season of 2009. This is the first report of Prymnesium parvum N. Carter bloom
from Indian waters. A multitude of factors which included low N: P ratio,

' Algal Blooms and Associated Bacteria along the Southwest Coast of India //”



Chapter 7

alkaline pH, species-specific optimum salinity and temperature, and other
environmental factors and geographical adaptations in a favourable range for
the particular species might have favoured the blooming of Prymnesium parvum
and influenced its dynamics.

The coastal sea off Bekal (Lat. 12" 38’ 02” N & Long. 75 04’ 31” E)
experienced a bloom of centric diatom Proboscia alata (Brightwell)
Sandstrom from 10™ to 12™ October 2009 in the early post-monsoon season.
Upwelling leading to high nutrient conditions especially of silicate, which
imparted high Si: N ratio, along with an alkaline pH, significantly influenced
the initiation of the bloom. Low Si: N ratio with a decreasing pH might have

caused the bloom to decline.

A massive bloom of the marine raphidophyte, Chattonella marina
(Subrahmanyan) Hara et Chihara; was observed in the coastal sea off Mahe
(Lat. 11° 42’ 18” N & Long. 75° 32’ 36” E) from October 27" through
November 1% 2011. High nitrate concentration which caused high N: P ratio,
along with optimum temperature (25°C) and salinity (30 psu) might have
favoured the blooming. However, it was observed that though the algal cells
choked and caused suffocation in the fish due to mechanical rupturing of gills,
there wasn’t any significant fish mortality.

The studies on the bloom associated cultivable bacterial community
isolated from all the bloom events (Prymnesium parvum N. Carter, Proboscia alata
(Brightwell) Sandstrém and Chattonella marina (Subrahmanyan) Hara et
Chihara) revealed a considerable increase in the number of bacteria from the
first day to the last. When compared to the reference stations, THB was much

higher in the bloom samples.
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The important bacterial flora associated with the bloom-forming algae
were Flavobacterium sp., Pseudomonas sp., Vibrio sp., Bacillus sp.,
Moraxella sp., Micrococcus sp., Acinetobacter sp., Corynebacterium sp.,
Alcaligenes sp., Staphylococcus sp., Listeria sp. and Streptococcus sp. These
bacterial species were also able to produce extracellular enzymes such as
protease, amylase, lipase, cellulase, ligninase, phosphatase and alginase.

An increase in the abundance of members of gamma-proteobacteria
(Pseudomonas sp. and Vibrio sp.) and CFB groups (Flavobacterium sp.)
were found at the bloom decline stage. A gradual increase in proteolytic
bacterial population, which is attributed to have algicidal activity, was
found during the transition of the bloom events from the initial stage to the
decline stage suggesting the probable role of extracellular protease in algal

bloom control.

The unique nature of the associated bacterial composition, abundance,
high proteolytic activity and its gradual increase at the time of bloom
declination in all the bloom events revealed the specific nature of the bloom
associated bacteria and its probable role in the bloom dynamics especially in

bloom termination.

Thus, an inference can be drawn that algal blooming is a consequence
of the combination of multiple, species-specific, optimum favourable
physico-chemical, biological and geographical factors rather than of a
single factor. All these also play a key role in the microalgal distribution

and abundance.
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The study also indicates that bacterial strains are potential agents for the
control of algal blooms. However, further investigations are essential for
establishing the role of associated bacteria, especially of proteolytic bacteria,

in termination of algal blooms.
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Plate 1 Class: Bacillariophyceae (Centric Diatoms)

Biddulphia sinensis x 200 Chaetoceros affinis x 100

Chaetoceros curvisetus x 100 Chaetoceros decipiens x 100

Chaetoceros lorenzianus x 400 Coscinodiscus centralis x 200

s N

Coscinodiscus marginatus x 200 Coscinodiscus radiatus x 200

Conti....
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Cyclotella meneghiniana x 100 Ditylum sol x 100

Melosira nummuloides x 100 Odontella aurita x 100

Planktoniella sol x 100 Proboscia alata x 100

Skeletonema costatum x 200 Thalassiosira sp. x 100 Trieres mobiliensis x 100
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Plate 2 Class: Bacillariophyceae (Pennate Diatoms)

Achnanthes sp. x 100 Amphora sp. x 100

Asterionellopsis glacialis x 100 Campylodiscus ecclesianus x 100

Cylindrotheca closterium x 100 Diploneis crabro x 200

Entomoneis alata x 100 Gyrosigma acuminatum x 100

Conti....
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Gyrosigma fasciola x 400 Nitzschia sigma x 100

Petroneis marina x 400 Pleurosigma aestuarii x 400

Pleurosigma falx x 400 Pleurosigma normanii x 400

Surirella striatula x 200 Thalassionema frauenfeldii x 400 Thalassionema nitzschioides x 100
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Plate 3 Class: Dinophyceae

Biceratium furca x 100 Ceratium fusus x 200

Ceratium gibberum x 200 Ceratium trichoceros x 200

Dinophysis acuminata x 200 Dinophysis caudata x 200 Diplopsalis lenticula x 400

Prorocentrum gracile x 200 Protoperidinium oceanicum x400 Pyrophacus horologium x 400
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Plate 4 Class: Chlorophyceae

Micrasterias foliacea x 100

e
s

Neochlorosarcina minor x 100 Pediastrum duplex x 100

Scenedesmus quadricauda x 200 Staurodesmus convergens x 200

Staurastrum sp. x 200
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KEY FOR THE IDENTIFICATION OF HETEROTROPHIC BACTERIA
(Bergey’s Manual of Determinative Bacteriology, 2000)

TOTAL HETEROTROPHIC BACTERIA

GRAM NEGATIVE

GRAM POSITIVE
|
SPORE STAINING

coccl | ROD WITHOUT SPORE
ANAEROBIC AEROBIC |— CORYNEBACTERIUM
MICROCOCCUS | — usTeRa
CLOSTRIDIUM BACILLUS L ACTOBAGILLY
— ACTINOMYCES
MOTILE NON-MOTILE
YELLOW/ORANGE PIGMENT NON-PIGMENT
KOX -ve
PO CYTOPHAGA/FLAVOBACTERIUM
ENTEROBACTERIACEAE Box e ROS e
| | FERMENTATIVE
o ALNR
FERMENTATIVE | ‘ OXIDATIVE ALKALINE
REEHRERIOESS AECALICEHES ENTEROBACTERIACEAE
(KLEBSIELLA)
ALCALIGENES
ohs MORAXELLA O
NO GAS
GERCMONAS ACINETOBACTER
NONLUMINISCENT LUMINISCENT

VIBRIO PHOTOBACTERIUM

EZA\\
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Table 20 Media / Reagents / Stains
1. ZOBELL’S MARINE AGAR 2216e |2. NUTRIENT AGAR MEDIUM

Peptone :5gm Peptone :5gm
Yeast extract :1lgm Beef extract :3gm
Ferric phosphate :0.02gm Agar :20gm
Agar :20.00 gm 50% sea water 1000 ml
50% sea water 1000 ml pH 17.2

pH 17.2

. MANNITOL MOTILITY AGAR

. MARINE OXIDATION

MEDIUM PERMENTATION MEDIUM (MOF)
Mannitol : 26gm . MOF 122 gm
NaCl :15gm Dextrose :10gm
Agar t4gm NaCl :15gm
Distilled Water : 1000ml Agar :1.5gm
pH 17.2 Distilled Water : 1000ml
pH 17.2
. STARCH AGAR MEDIUM . TRIBUTYRIN AGAR MEDIUM
Peptone :5gm Peptone :5gm
Beef extract :3gm Beef extract :3gm
Soluble starch :5gm Tributyrin 210 ml
Agar :20gm Agar 120 gm
50% sea water : 1000 ml 50% sea water : 1000 ml
pH 7.2 pH 17.2
. GELATIN AGAR MEDIUM . CELLULOSE AGAR MEDIUM
Peptone :5gm Peptone :5gm
Beef extract :3gm Beef extract :3gm
Gelatin :20gm CMC :5gm
Agar :20 gm Agar :20gm
50% sea water : 1000 ml 50% sea water : 1000 ml
pH 17.2 pH 17.2
. LIGNIN AGAR MEDIUM 10. PHENOLPHTHALEIN DI
Peptone :5gm PHOSPHATE AGAR MEDIUM
Beef extract :3gm Peptone :5gm
Agar :20 gm Beef extract :3gm
50% Sea water : 1000ml Agar :20gm
Tannic acid :5gm 50% Sea water : 1000ml
pH 17.2 Phenolphthalein di phosphate : 10 ml
of 1% solution
pH 17.2
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11. ALGINATE AGAR MEDIUM
Peptone :5gm
Beef extract :3gm
Agar :20gm
50% Sea water : 1000ml
Sodium Alginate :15gm
pH :7.2
Gram’s lodine Safranin-‘O’
lodine 1gm Safranin-0 0.25gm
Potassium iodide 2gm Distilled water 90ml
Distilled Water 300ml | Ethyl alcohol (95%) 10mi
Gram’s stain
Solution-A Solution-B
Crystal Violet 2gm Ammonium oxalate 0.8gm
Ethyl alcohol (95%) 20ml Distilled Water 80ml
Solution A and B mixed
Spore stain
Malachite green 5gm
Distilled water 100ml
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Table 21 Physical variables during 2009-2010

2009-2010
Temperature Salinity
Stations, No. (C) (psu) pH

PRM | MON POM PRM | MON | POM|PRM| MON | POM
2009 | 2009 | 2010 | 2009 | 2009 | 2010 | 2009 | 2009 | 2010

Azheekode. 1 31 28 28 |33.0| 340 340 82 8.0 8.3
Balathuruth. 2 30 26 27 |36.0 20 270 80 8.6 8.2
Kodikkal. 3 30 27 29 | 350|350 350/ 7.8 8.1 8.1
Mahe. 4 31 27 29 |320| 90 270 79 8.1 7.7

Puthiyangadi. 5 30 26 28 | 350300 350/ 82 8.0 8.1
Thykadapuram. 6 = 32 27 28 | 340 40 28.0| 8.0 8.2 8.2

Table 22 Physical variables during 2010-2011

2010-2011
Temperature Salinity
Stations, No. (C) (psu) pH

PRM | MON| POM | PRM | MON | POM | PRM | MON | POM
2010 | 2010 | 2011 | 2010 | 2010 | 2011 | 2010 | 2010 | 2011

Azheekode. 1 29.0  26.0 | 26.0 35 30 30 80 | 81 7.9
Balathuruth. 2 28.0  26.0 | 26,5 27 5 30 78 | 82 7.9
Kodikkal. 3 28.0  29.0 | 26.0 35 32 30 80 | 7.8 7.9
Mahe. 4 28.0  26.0 | 26.0 26 20 28 78 | 82 7.9

Puthiyangadi. 5 28.0 27.0 | 26.0 35 30 31 78 | 83 7.9
Thykadapuram.6 | 29.0  27.0  31.0 | 30 7 29 78 | 83 7.7
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Table 23 Nutrient parameters during 2009-2010

2009-2010

Stations, No. NO;-N NO,-N SiO4-Si PO4-P

(umolL™) (umolL™) (umolL™) (umolL™)
PRM|MON|POM PRM|MON | POM  PRM| MON POM|PRM MON|POM
2009 | 2009 | 2010 | 2009 | 2009 | 2010 | 2009 | 2009 | 2010 | 2009 | 2009 | 2010
Azheekode. 1 8.10 | 560 | 145 | 059 | 0.90 | 043 | 3.23 | 62.00 | 2.98 | 1.07 | 1.90 | 0.40
Balathuruth. 2 9721890 168 | 019 140 | 0.28 17.50|144.90/16.92| 0.55 | 140 | 0.81
Kodikkal. 3 1190 2.30 | 3.98 | 0.87 | 1.10 | 0.69 | 400 | 19.70 | 3.05 | 0.79 | 1.50 | 0.06
Mahe. 4 399 | 620 | 266 | 052 090 | 036 34.70| 62.10 | 35.04| 1.15 | 1.30 | 0.72
Puthiyangadi. 5 6.90 | 490 | 265 042 120 | 031 H 6.60 | 45.10 |12.46| 0.87 | 1.80 | 0.58
Thykadapuram.6| 3.05 | 420 | 211 | 038 | 1.10 | 0.47 |26.80 | 25.00 | 3.01 | 0.75 | 1.70 | 0.04

Table 24 Nutrient parameters during 2010-2011
2010-2011

Stations, No. NOs-N NO,-N SiO4-Si PO,-P

(umolL™) (umolL™) (umolL™) (umolL™)
PRM|MON|POM PRM| MON | POM|PRM | MON POM | PRM | MON| POM
2010 | 2010 | 2011 | 2010 | 2010 | 2011 | 2010 | 2010 | 2011 | 2010 | 2010 | 2011
Azheekode. 1 282 | 1436 | 1.73 | 003 | 1.00 | 1.33 |25.10/10.59 |40.24| 1.82 | 250 H 1.71
Balathuruth. 2 459 | 6.27 | 281 | 0.06 | 0.12 | 0.46 |34.32 4281|1756 0.70 | 262 H 201
Kodikkal. 3 124 | 463 | 227 | 085 | 1.20 | 0.21 |15.16|49.49 | 12.83| 0.84 | 0.89 | 1.30
Mahe. 4 425 | 545 | 451 | 052 | 0.79 | 0.42 |48.04|55.41 5091 057 | 142 | 2.54
Puthiyangadi.5 | 426 | 299 | 241 | 040 | 0.87 | 0.37 |55.04|21.50 35.88 0.75 | 2.36 | 0.79
Thykadapuram.6 | 390 | 545 | 1.18 | 0.57 | 0.42 | 1.33 |30.87 28.37 |38.67| 0.79 | 0.77 | 1.77
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Table 25 Dissolved Oxygen and Net Primary Production during 2009-2010

2009-2010
DO Net PP
Stations, No. (mg L_l) (gC/mslday)
PRM MON POM PRM MON POM
2009 2009 2010 2009 2009 2010
Azheekode. 1 4.49 3.38 6.16 8.72 18.16 12.48
Balathuruth. 2 3.84 6.54 5.96 4.48 9.20 9.72
Kodikkal. 3 4.08 5.31 6.24 8.48 8.48 10.20
Mahe. 4 4.49 6.53 5.33 4.24 5.94 1.68
Puthiyangadi. 5 412 5.72 5.64 12.30 4.24 16.92
Thykadapuram. 6 6.53 5.72 5.31 16.96 4.60 1.04

Table 26 Dissolved Oxygen and Net Primary Production during 2010-2011

2010-2011
DO Net PP
Stations, No. (mgL") (gC/mday)
PRM MON POM PRM MON POM
2010 2010 2011 2010 2010 2011
Azheekode. 1 7.96 1.27 4.49 1.70 3.81 1.09
Balathuruth. 2 7.14 7.96 531 3.39 191 1.70
Kodikkal. 3 9.14 5.90 5.72 1.82 7.08 1.45
Mahe. 4 7.27 8.04 531 2.54 9.65 6.84
Puthiyangadi. 5 9.55 6.29 5.72 9.75 7.54 28.83
Thykadapuram. 6 9.35 7.67 6.53 5.09 9.21 4.20
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Table 29 Standing crop and pigment concentrations during MON 2008, at the
time of P. parvum bloom, and during MON 2010 off Azheekode.

Chlorophyll a | Chlorophyll b | Chlorophyll ¢ | Carotenoids | Cells L™

BloomVSeason. ™ (gL %) (gl (gl ) (gl (Logi0)
MON 2008 3.82 0.05 1.14 0.66 25
MON 2009

(P. parvum 13.54 0.02 3.44 1.91 7.9
bloom)

MON 2010 261 0.04 0.80 1.23 3

Table 30 Physical variables during MON 2008, at the time of P. parvum
bloom, and during MON 2010 off Azheekode.

Temperature Salinity

Bloom/Season ) (psu) pH
MON 2008 26 35 7.8
MON 2009 (P. parvum bloom) 28 34 8.0
MON 2010 26 30 8.1

Table 31 Nutrient concentrations, DO, and Net PP during MON 2008, at the
time of P. parvum bloom, and during MON 2010 off Azheekode.

NO3z-N | SiOs-Si | PO.-P DO Net PP

Bloom/Season o1y (umolL™) (umolL™ (mgL™) (gC/m°/day)

MON 2008 24.75 2.60 0.26 6.86 1.20
MON 2009

(P. parvum bloom) 5.60 62.00 1.90 141 3.53
MON 2010 14.36 10.50 2.50 7.27 0.32
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Table 32 Concentration of pigments during Proboscia alata bloom

. Chlorophylla | Chlorophyllb | Chlorophyllc | Carotenoids
Date/station ; ; _ )
(ugL™) (ugL™) (ugL™) (ugL™)

10-10-09
P. alata bloom 10.8 0.44 4.62 2.39
12-10-09
P. alata bloom 6.48 0.28 3.97 2.01
Ref.st.1 4.36 0.53 2.14 0.93
Ref.st.2 4.32 0.39 2.64 1.33

Table 33 Temperature, salinity and pH during Proboscia alata bloom

Temperature

Salinity

Date/station (C) (psu) pH
10-10-09 P. alata bloom 27 35 8.4
12-10-09 P. alata bloom 28 35 8.2
Ref.st.1 28 35 7.6
Ref.st.2 28 35 7.8

Table 34 Chemical variables during Proboscia alata bloom

10-10-2009

12-10-2009
P. alata bloom | P. alata bloom

Ref.st.1| Ref.st.2

NO3-N (umolL™) 2.11 1.40 3.03  2.65
Si04-Si (umolL™) 38.31 14.20 1.86 = 2.46
PO,-P (umolL™) 1.70 1.20 0.13  0.08
DO (mgL™) 5.42 4.09 6.25 @ 5.64
Net PP (gC/m°/day) 1.87 1.05 076 141
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Table 35 Concentration of pigments during Chattonella marina bloom

Date Chlorophylla | Chlorophyllb | Chlorophyll ¢ | Carotenoids

(ugl™) (ugl™) (ugl™) (ugl™)
27.10.11 10.89 0.67 2.44 3.19
29.10.11 9.83 0.53 2.14 2.89
01.11.11 6.69 0.49 1.75 2.29

Table 36 Temperature, salinity and pH during Chattonella marina bloom

Date Temperature ( C) Salinity (psu) pH
27.10.11 25 30 7.9
29.10.11 26 30 8.0
01.11.11 27 28 1.7

Table 37 Chemical variables during Chattonella marina bloom

NOs-N SiO,4-Si PO4-P DO Net PP
Date (umolL™) | (umolL™) | (umoIL™)  (mgL™) = (gC/m°/day)
27.10.11 12.54 2.38 0.51 4,50 1.94
29.10.11 7.54 2.58 0.56 4.80 1.20
01.11.11 6.99 3.47 0.49 5.20 4,24
..... SOR.....
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