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A harmful algal bloom (HAB) occurred along the southeast Arabian Sea, borderingWestern India, during September to November
2004.This bloomwas unique in the region in terms of its large spatial extent, and the trend was weakened towards November. Mass
mortality of fish, emanation of noxious odour, and respiratory problems among the children on the coastal stretch were noticed.
The phytoplankton species Gymnodiniium, class Dinophyceae bloom accounted for 98% of the standing crop. The bloom Karenia
mikimotoi showed a maximum density of 19.37 × 104 cells L−1 and 18.94 × 104 cells L−1 at nearshore and offshore, respectively.
The remotely sensed chlorophyll a (Chl a) data from seaWiFS, sea surface temperature (SST) from advanced very high resolution
radiometer (AVHRR), rainfall from tropical rainfall measuring Mission (TRMM), and Sea winds from QuickSCAT reflected the
bloom due to Karenia mikimotoi, suggesting the advection process at the coastal waters. The release of toxins specifically the
neurotoxic shellfish poisoning (NSP) and azaspiracid shellfish poisoning (AZP) from the bloom was assessed by chemical and
mouse bioassay of the extract from mussel Perna indica, showing negative results. These indicate that asphyxiation and abnormal
mucus secreted by the K. mikimotoi led to clogging of gills that accentuated the mass fish kills.

1. Introduction

There is a concern forHABs due to their deleterious effects on
marine resources, such as death of marine mammals, birds,
and sea turtles. It causes food web disruption and adversely
affects local and regional economies [1]. Several international
organizations have focused on HABs, the factors responsible
for the events, potential toxicity, and impact. Hydrographic
parameters such as current, temperature, and salinity fronts
have contributed to the formation of HABs [2]. Additionally,
shallow shelves with seasonal changes in hydrographic fea-
ture influence the initiation, growth, and transport of blooms,
[3] and climatic conditions also affect the occurrence of these
features [4]. The role of nutrients in the evolution of HABs
has finally been documented [5–7].Wind patterns, moreover,

contribute to periodic coastal upwelling and downwelling
potentially influencing onshore and offshore movements of
bloom. Further, current intrusion [8–10], thermal fronts
concentrate and transport bloom populations [11–15], and
their role in toxic bloom formation have been investigated
using satellite images [16]. To observe widely and quantify the
HABs are much difficult for the entire coast due to its spread
in spatiotemporal variation during September to November
2004.Hence, we collected and analyzed remotely sensed data.
The validation of sea truth data ofK. mikimotoi dinoflagellate
bloom with the satellite image of Chl ameasures the magni-
tude in the range of the southwest coast at Arabian Sea with
respect to environmental and metrological conditions. This
would help us for future early warning and the environmental
conditionwhich causes themassmortalities of fish in turn the
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human population and socioeconomic development. Earlier
research has been conducted through satellite measurement
of various parameters validating the Chl a due to light trap
phototaxis, nutrient availability by rainfall, or cell transport
by wind strength and direction which prolonged large bloom
in Scottish waters [17]. Therefore, with in situ limitation, we
analyzed the satellite data for the potential of bloom and Chl
a SST, rainfall, and sea winds along the coast.

Cell fragments resulting from the disintegration are
carried by ocean spray produced via the bubble-bursting
process typically resulting from whitecap generation that
occurs at high wind speeds and can affect either upper and/or
lower airway symptoms [18]. Further, HABs produce potent
toxins that can be transferred through the food web, where
they induce and kill the higher forms such as zooplankton,
shellfish, finfish, birds, marine mammals, and even humans
[19]. An overview of neurotoxic shellfish poisoning (NSP)
and azaspiracid shellfish poisoning (AZP) and its analytical
methods has been documented [20]. Shellfish poisoning from
the toxins secreted by certain dinoflagellates also has been
recorded [21]. In many instances, the toxin is stored in
the digestive gland or siphon of the shellfish [22]. Besides
toxins, the production of mucous by some algal blooms may
influence fish and invertebrates [23].

For the first time, a dinoflagellate bloom of K. mikimotoi
was observed in the southeast Arabian Sea, off the coast of
Thiruvananthapuram, India, during the third week of Sep-
tember 2004 and continued for threemonths.The bloomwas
accompanied by massive fish kills and respiratory problems
in the nearby coastal population. In this study, the nature and
cause of bloom formation in relation to climatic condition,
hydrographic features, and remotely sensed data have been
examined; chemical and mouse bioassay tests for neurotoxic
shellfish poisoning (NSP) and azaspiracid shellfish poisoning
(AZP), in the mussel Perna indica, were also undertaken.

2. Materials and Methods

2.1. Study Area. The algal bloom occurred over three months
on the Arabian Sea, near the Thiruvananthapuram coast
between latitude 8∘ 22 N and 8∘ 34 N and longitudes 76∘ 48
E and 76∘ 59 E. In the study area, six transects were selected
at 4 km intervals at Puthenthura, Pallithura, Veli, Shanghu-
mugham,Muttathara, and Panathura, respectively, stretching
from north to south along the coast (Figure 1). Two stations,
on each of these transects, were considered as one nearshore
and offshore within 10 km from the coast.

2.2. Sampling Strategy. Representative sampleswere collected
from both stations, using a 10 L Niskin sampler. For the col-
lection of algae, 1 L samples each was passed through a 20𝜇m
net; samples were fixed with Lugol’s iodine and 4% formalin.
Shellfish samples for toxin analysis and toxicity studies were
collected from the area, frozen, brought to the laboratory, and
stored in a deep freezer at −80∘C for further analysis. Besides
the shellfish, dead finfishes were also collected to trace the
cause of death.
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Figure 1: Map showing sampling location of study area.

2.3. Physicochemical Parameters. Meteorological data (rain-
fall) collected from (Indian Meteorological Department) for
a period of study recorded at Thiruvananthapuram station
was examined, and the average values are presented. In
situ temperature was recorded using a thermometer (1–51∘C
range within ±0.1∘C; Brannan, UK). Salinity was measured
by argentometric titration, and nutrients were estimated
following [24]. Current speed was measured by deploying
self-recording current meter for 15min at 6 selected stations.
Wind speed data for premonsoonwas collected from the self-
recording weather station (R.M. Young, USA; Model 05106)
installed on the west shore of Thiruvananthapuram. Oxygen
was measured using Winkler’s method [25]. Samples for pH
were collected in 100mL glass bottles, poisoned with 100𝜇L
of saturated mercuric chloride, and sealed airtight. The pH
was measured using a ROSS combination glass electrode
(ORION 8102U) and pH meter (ORION 555A). Analytical
precision for pH of samples was ±0.02. All carboys, filtering
devices, glassware, and tubings were acid-washed (10% HCl)
and rinsed thrice with deionized water prior to use. Bottles
were rinsed twice with their own volume of sample, capped,
and stored in the dark at 4∘C until analysis. Analyses for
nutrients, NO

2

−, NO
3

−, PO
4

3−, andNH
4

+ were donewithin 6
hours of collection, following filtration through 0.45 𝜇 filters
into acid-rinsed containers. Concentrations were determined
as suggested by standard methods [24]. Iron was analyzed by
1,10-phenanthroline method and sulphide using the methy-
lene blue method [26].

2.4. Pigment Extraction (Chl a). For pigment extraction, 1 L
water samples were filtered through Whatman GF/F glass
fiber filters, which were then immersed in 10mL 90% acetone
and allowed to extract in darkness at 20∘C for approximately
24 hours. After extraction, the samples were vortexed. The
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samples were then centrifuged, and absorbance of the super-
natant was measured using a Perkin Elmer spectrophotome-
ter [27].

2.5. Algal Identification. Algal abundance and species com-
position, especially for the toxic and harmful microalgae,
were assessed [28, 29] by quantifying taxa in 1mL aliquot sub-
samples placed in Sedgewick-Rafter counting chambers. Spe-
cies identification was established using keys of [30, 31].

2.6. BiotoxinAnalysis. For themouse bioassay [32], to 100mL
of 0.1molar HCl was added 100 gm homogenized sample and
gently boiled for 5minutes. After cooling, the pH was adjust-
ed between 2.0 and 4.0 and diluted to 200mL with deionised
water.This supernatant was used as the test solution. OnemL
each of the solutionswas intraperitoneally inoculated in three
healthy test mice weighing from 19 to 21 g. Adverse reactions
of the mice were recorded for a period of 20minutes.

2.7. Remote Sensing Data Analysis. [In order to estimate the
Sea-viewing Wide Field-of-view Sensor (SeaWiFS) Chl a
derived from the Giovanni, an acronym for the GES-DISC
(Goddard Earth Sciences Data and Information Services
Center) NASA using 9 km × 9 km resolution.] Monthly sea
surface temperature (SST) derived from the five-channel
advanced very high resolution radiometer (AVHRR) by
NOAA’s National Environmental Satellite, Data, and Infor-
mation Service, Version 5.0, with spatial resolution 4 km ×
4 km was derived to correlate the Chl a distribution with
respect to HABs. The sea wind’s data for seeing ocean wind
vector from sea winds on QuickSCAT level 3 daily gridded
ocean wind vectors with spatial resolution 25 km × 25 km
during the afternoon for observing the bloom spreading in
the coast. Here [the daily surface currents considered the day
selected randomly from each week of the month and magni-
tude accumulated considering from month of September to
November to observe the influence patterns for the blooming
along the coast.] The rainfall was measured through the
tropical rainfall measuring mission (TRMM) for monthly
average rainfall data with spatial resolution 25 km × 25 km
using 3B43, Version 6.

3. Results

3.1. Hydrographic Conditions. Spatial distributions of various
physicochemical parameters for the period of study were well
depicted in (Figures 2(a)–2(i)). The temperature of the water
varied from 28.22∘C (nearshore) to 28.52∘C (offshore) and
salinity of 33.9 from nearshore to 35.7 at offshore. Dissolved
oxygen levels were as low as 0.2mg L−1in nearshore and
increased to 3.6mg L−1 in offshore. The pH varied from 6.5
nearshore to 8.0 offshore. Levels of PO

4

3− concentrations
were highest of 11.0 𝜇mol L−1at nearshore to 5.0𝜇mol L−1 at
offshore; similarly, high NH

4

+ was measured from nearshore
5.5𝜇mol L−1 to 4.2 𝜇mol L−1at offshore. On the other hand,
NO
2

− and NO
3

− concentrations were low, NO
2

− ranging
from0.002𝜇mol L−1 (nearshore) to 0.038𝜇mol L−1 (offshore)
and NO

3

− was in the range of 0.20𝜇mol L−1 (nearshore) to

1.40 𝜇mol L−1 (offshore). However, the concentrations of iron
were high in the range of 48.70 𝜇mol L−1to 56.22𝜇mol L−1,
whereas the H

2
S concentration was reached up to 1.6 mg L−1.

3.2. Wind and Water Current. During the period of bloom,
predominant winds were southwest and westerly blowing
towards the coast from ocean side. The winds from the
southwest (SW) direction measure 52% and south-southwest
(SSW) 22% of the total time, speed, and frequencies in the
range of 0–2m sec−1 (0.8%), 3–5m sec−1 (1.2%), 6–15m sec−1

(27%), 16–20m sec−1 (65.5%), and 21–25m sec−1 (5%). Mean
monthly wind speed varied from a minimum 5.2m sec−1

(November) to a maximum of 26m sec−1(August). It is
noteworthy that the average wind speed during monsoon
months (May to August) is twice higher (13.39m sec−1) than
September and November (6.65m sec−1) as shown in Table 1;
Figure 3. In the region, the weather often to be proved
unpredictable, particularly during the monsoon gusty winds
accompanied by heavy rain bringing about a sudden change.

[The wind speed shows appreciably high (>20m sec−1)
and the current directions follows variable, with winds,
tide and local circulation.] Current strength varied from
0.12 to 0.64m sec−1. Strong currents (>0.70m sec−1) were
encountered in September and October at offshore from SW,
which ismainly due to the wind driven. A counter circulation
prevailed in the southern part during November may be due
to the combined effect of wind, tide, and topography. In the
southern coast, water movements showed mainly southeast.
At nearshore, currents varied between 0.12 and 0.35m sec−1.
Currents predominated in the speed of 0.21 and 0.26m sec−1
and were bidirectional (WSW and SSW). At offshore, current
speeds varied between 0.29 and 0.76m sec−1 and did not
exhibit any relationship with the tide, being highly scattered
in different directions.

3.3. Bloom Assemblage. A total of 18 taxa of phytoplankton
were identified in the bloom period out of which 14 were
diatoms and four were dinoflagellates. Among the diatoms,
Chaetoceros lorenzianus,Thalassionema nitzschioides,Coscin-
odiscus eccentricus, and Skeletonema costatumwere observed.
Whereas Karenia mikimotoi, Ceratium macroceros, Peri-
dinium depressum, and Prorocentrum micans were identified
under dinoflagellates. Among the population, K. mikimotoi
contributed up to 98%, which belongs to order Gymnodini-
als, family Gymnodiniaceae (Figure 4). Earlier, it was known
as Gymnodinium and recently has been changed to the genus
Karenia [33].

3.4.MucousCausing FishKills. As the bloomdeclined, amas-
sive mortality of fish occurred. The variety of dead fish was
identified to belong to the families Scombridae (Rastrelliger
kanagurta), Clupeidae (Sardinella longiceps), Ariidae (Arius
arius), Siganidae (Siganus javus), Psettodidae (Psettodes
erumei), Balistidae (Monacanthus hispidus), Tetraodontidae
(Diodon hystrix), and Anguillidae (Anguilla sp.). The bloom-
induced areawas found to be covered by slimymucous, partly
washed ashore. Microscopic examinations of the dead fishes
showed that their gills were coated with mucous.
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Figure 2: Average spatial variation of (a) temperature (∘C), (b) salinity, (c) dissolved oxygen (mgL−1), (d) pH, (e) phosphate-P (𝜇mol L−1),
(f) ammonia-N (𝜇mol L−1), (g) nitrite-N (𝜇mol L−1), (h) nitrate-N (𝜇mol L−1), (i) and iron (𝜇mol L−1) at study site during September to
November 2004.

3.5. Biotoxicity. Algal blooms can be toxic or nontoxic
depending on the species. Since K. mikimotoi was identified
and considered toxic, chemical and bioassays for the toxin
were carried out for the extracts of mussel Perna indica.
However, the fluorescence spectra did not show the peak,
corresponding to the neurotoxic shellfish poisoning and
azaspiracid shellfish poisoning (AZP). Hence, the toxin even
if present was below the detection limit of 10−9M.The same
was reflected when the extract was injected intraperitoneally
in healthy mice, which did not give any adverse reaction,
indicating that the concentration of the toxin, even if present
in the mussel, was below 10 𝜇gKg−1, the LD

50
of mice.

3.6. Remote Sensing and Bloom Distribution by Satellite
Parameter Analysis. The study site shows dynamic changes
in both spatial and temporal chlorophyll concentration
from northwest to southwest by satellite remote sensing
(Figure 5(a)). The results clearly indicated the distribution of

Chl a from the northwest region to the southwest region fol-
lowed by generalized distribution pattern, [seeing the satellite
image it was concomitant with the wind vector distribution
(Figure 3).] Concernedwith spatial distribution, the variation
was maximum at the northwest region and gradually scat-
tered to southwest and further led to the east coast of Tamil
Nadu within 200 km stretch.The reason of a high bloom con-
centration is due to the river Karamanawhich originates from
the southern tips of Western Ghats and spreads about 68 km
towards the westward region merging into the Arabian Sea
at Thiruvananthapuram coast. The river discharges largely
during themonsoonwith abundant nutrient load to the coast.
[It is evident from the rain fall which was derived from the
TRMMdata, observed to bemoderate rainfall between 350 to
500mm triggers bloom with the minimum level of nutrient
required by K. mikimotoi was found during September.]
However, rainfall clears the bloom, scatters the bloom from
September to October, and further lessns towards November.
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Table 1: Atmospheric temperature, wind speed, direction, and rainfall at Thiruvananthapuram, Kerala.

Year Atmos. temp (∘C) Wind speed (m sec−1) Wind direction Rainfall (mm)
2004 Min. Max. Mean Min. Max. Mean Mean
May 28.80 32.60 29.88 5.09 15.88 10.51 SW & SSW 252.63
June 26.40 31.10 29.51 6.01 17.02 11.57 SW & SSW 462.53
July 26.50 31.00 28.64 7.03 22.89 14.12 SW & SSW 412.29
August 26.30 30.50 28.67 9.24 26.41 17.36 SW & SSW 494.71
September 24.30 30.50 28.80 4.36 14.52 9.64 SW & SSW 325.86
October 24.90 30.50 27.06 2.02 11.12 6.23 SSW &WNW 336.74
November 22.30 27.40 24.53 1.02 7.01 5.20 WNW&WNW 98.36
December 21.10 24.40 22.67 1.37 8.01 5.52 WNW&NW 35.92

These show the greater temporal variation of Chl a distri-
bution along the coast, which is 15 folds less than of peak
(September) and spreads about 150 km from nearshore to
west wide region. [The SST showed variation within 2∘C (i.e.,
26–28∘C) during September indicates the bloom intensifica-
tion, with optimum temperature and distribution of Chl a
subsequently decreased during October and November.]The
temperature is directly influenced by the magnitude of the
rainfall in October and November as seen from the SST and
TRMM (Figures 5(b), and 5(c)) distributions in the coast.

Thewind speed and direction observed fromQuickSCAT
during peak of monsoon (September) was 4 to 18m s−1, and
during the postmonsoon in October and November, it varied
1–9 & 2–10m s−1, respectively. The results similarly matched
with the metrological data that have been collected at the
site during October 2004 (Table 1), and wind direction was
from south and southwest to the southeast region during
the monsoon (September-October), and it turned back from
southeast to southwest during postmonsoon (November) as
shown in Figure 3. Almost the unidirectional and high mag-
nitude wind revealed the bloom intensification in September
from south to southwest coast and subsequently transparent
towards October than in November as shown in our satellite
image. Again, the wind reversal from the end of October and
bidirectional in November with low magnitude were intensi-
fied and scattered southern region from coast to offshore.

4. Discussion

Earlier algal blooms reported in the Arabian Sea have
occurred further north (latitude 9∘) of Kochi, Mangalore,
and Goa usually in the premonsoon, that is, March–May
[34]. This is the first time that an event of K. mikimotoi
has occurred in the southwest coast of India. Unusually, the
bloom period was marked by high intensity, short duration
rainfall with intermittent high daytime temperatures (+3∘C,
more than normal). The upwelling zone and adjacent ther-
mally stratified waters off the southwest coast could be an
ideal site for bloom formation. It has been discussed in
the backdrop of winds and oceanic currents [34, 35] and
surmised that the equator ward and offshore components
were favorable to upwelling, whereas the pole ward and
onshore components act against upwelling. In the present
study, it was seen that the winds weremainly onshore SW and

SSWand as suchwere unfavorable in upwelling, in agreement
with temperature and salinity patterns; low temperature and
low salinity (Figures 2(a), and 2(c)).

During the study period, 62% of wind came from
the northwest and southwest quadrants and 22% from
the southwest alone. This wind direction provided ideal
conditions for transporting large biomass of this bloom
into the inner parts of the southwest coast, where it had
the greatest impact. In support wind speed and direction
(Figure 3 and Table 1), which have been observed through
QuickSCAT initially with very high winds, caused the
currents favorable to south and southwest region to scatter
further southwest as shown in Figure 3. Afterwards during
the end of October and in November both clockwise and
anticlockwise wind circulations prevailed the bloom at the
southern region and spread to the southwest coast as seen
from the Chl a distribution, which might be due to the
combined effect of wind, current, and bathymetry. It shows
the cyclonic eddies formed and the bloom sustained within
the wind pattern at the west coast between September and
November. In summary, the wind speeds were generally low
during September, providing low levels of turbulence and
fairly calm conditions, which are ideal for the development
of dinoflagellate blooms. The wind direction was mostly
onshore, which led to the accumulation of high numbers
of cells in coastal embayment and at the shores of the
southwestern seaboard; also, expected climatic conditions
could have triggered the bursting ofK.mikimotoi cysts buried
in the sea bottom leading to rapid multiplication. The bloom
of K. mikimotoi was elevated nearshore, governed by water
currents, wind direction, and its strength [36], and formed
advection process as seen in Scottish coastal water [17].

The present study analyzed the causes of algal blooms
explosive growth that was traced due to sudden increase
in supply of nutrients. The high concentrations of nutrients
(5.5 𝜇mol L−1 NH

3
, 10.5 𝜇mol L−1 PO

4

3− and 2.7mg L−1 Fe)
can be attributed to heavy runoff from Veli Lake, Kara-
mana river, and Parvathy Puthanar, which receives large
quantities of effluents from industrial plots, [city sewage
system and domestic sources enter the coastal belts of Thiru-
vananthapuram] (Figures 2(g)–2(i)). Nutrient data indicated
that the concentration of Ammonia was rather high. Many
HAB species display a preference for ammonia over other
nitrogenous nutrients, revealed elsewhere [37–39]; further
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Figure 3: Weekly average sea winds distribution images from QuickSCAT during September to November 2004.
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Figure 4: Photomicrograph of Karenia mikimotoi, showing 1 (a) Soup of K. mikimotoi. (b)-(d) Ventral view, length: 16–34 𝜇m, width: 14–
36 𝜇m.
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Figure 5: Monthly average satellite (a) Chl a images from SeaWiFS, (b) sea surface temperature (SST) fromAVHRR, (c) rainfall from TRMM
during September to November 2004.
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concentrations of phosphate (11 𝜇mol L−1) and iron (2.71–
3.13mg L−1) were high.This abnormal supply of the nutrients
[7] along with the presence of iron, acting as a catalyst,
resulted in the proliferation of algae. In addition, the unusual
climatic factors of high intensity, short duration rainfall with
intermittent high daytime temperatures prevalent at the time
resulted in stratification and the consequent bloom.

Usually red tide dinoflagellate blooms are quantitatively
high and qualitatively poor, resulting in low diversity [fol-
lowed in the present case represents the climax phytoplank-
ton community structure] where the time frame is controlled
by nutrient enrichment due to change inN, P ratios, which are
in well agreement with the earlier report of [40]. Maximum
chlorophyll values compared favorably with those reported in
high density blooms elsewhere and observed byK. mikimotoi
above 100mgm−3 in the English channel [41]. A red tide
was described in western Scotland, where chlorophyll levels
reached 2200mgm−3 [42] resulting in spectacular water
discoloration. Visible discoloration becomes noticed when
chlorophyll concentrations exceed approximately 10mgm−3
[42], [followed our result of 23mgm−3 might be the case.]
Pigments could absorb and algal cells scattered a substantial
fraction of submarine light.

Many fish killing phytoplankton are known worldwide.
The actual toxicity of these species is not fully understood.
The fluorescence studies along with the mouse bioassay
indicated that the present bloom of K. mikimotoi did not
release any significant toxins, particularly. However, mass fish
mortality has been traced to be due to a combination of
decreased levels of oxygen saturation, or anoxic conditions
that result from the decomposition of the algae. At the later
stages of the bloom, respiration by the algae themselves as
well as bacterial respiration associated with the breakdown
of the bloom consumes oxygen; elevated concentrations of
ammonia [43] and releasing of sulphidemay have stressed the
fish, affecting their metabolism and immunity responses.Fish
kills along the coast ofThiruvananthapuramare oftenmarked
with an odour resembling rotten eggs; characteristic of H

2
S

is highly toxic to most organisms and perceptible even at
concentration of 0.002mg L−1, whichwasmuch lesser than in
the present concentration of 1.6mg L−1. [Usually production
of dimethyl sulphide (DMS), principal gaseous form of sul-
phur in coastal waters formed during phytoplankton bloom
simulations for the growth and senescence phases of biomass
[44].] This gas production during the senescence phase is
several times higher than during the growth phase. Thus,
DMS production by the senescence process of K. mikimotoi
could be one of the major reasons for elevated levels of H

2
S

putrid smell, which results from the mass fish kills, nausea,
and respiratory problem to the public. Furthermore, it has
been reported that gill tissue dysfunction by suffocation and
decrease in oxygen partial pressure of arterial blood due
to excessive covering of gills by mucus would have led to
asphyxiation and death of fish. Hishida et al. [45] also made
the similar observation on yellowtail exposed to red tide
dinoflagellate. Althoughmucous production is a general phy-
toplankton trait, dinoflagellates secrete exceptionally large
amounts of mucous during blooms that can be viscous, slimy,

and fibrous [46–49]. Gunther et al. [50] observed that during
a Karenia brevis bloom, the water column appeared slimy
and gelatinous, as if covered by an oily scum.The underlying
mechanisms by which K. mikimotoi exert ichthyotic effects
are still controversial, as for another point of view on toxic
substance. It was found that K. mikimotoi generate react-
ive oxygen species (ROS), [Yamasaki et al., [51] such as
superoxide, hydrogen peroxide, and the hydroxyl radical,
under the normal conditions [52]] which have potentially
deleterious effects on the biological system due to damage
of proteins, lipids, and nucleic acids [53]. The fundamental
mechanism by which superoxide is generated by red tide
dinoflagellates is thought to be the involvement of NAD(P)H
oxidase [54] showing that scavenging activity against super-
oxide generated enzymatically by a hypoxanthine- (HPX-)
xanthine oxidase (XOD) system is thought to be one of the
self-defense mechanisms against self-production of ROS. For
marine organisms to survive in the sea, it is expected that they
possess antioxidants effective in protecting themselves from
oxidative stress.

In west coast of India, HABs have caused tremendous en-
vironmental and socioeconomic losses [34] during summer.
Similarly, during the monsoon period, it has been seen at the
same coast by Karunasagar et al. [55] and at Tamilnadu coast
by Bhat and Matondkar [56]. Hence, the HAB monitored
by satellite remote sensing is an expanding application of
remote sensing retrieved Chl a concentration, corresponding
to the parameters like SST, wind, rainfall, and current speed
that are required to study further dynamic processes and
mechanisms, which influence the intensification ofHABs and
their role in coastal water for ecosystem changes. Distribution
of Chl a is primarily related to the wind driven at the coast
and the currents that produced the region through the ocean
color for spatiotemporal spreading of bloom. Similarly, the
Chl a and the SST distinctly separate at the coast of mixing
and upwelling region at the adjacent water, which have been
reflected from our result with the aid of SST, rainfall, wind
speed, and direction. The same has been observed at distinct
mixed zones near the coast at Tawain Street from AVHRR
and SeaWiFS data result [57]. Any algal blooms or HABs
appearance at the region could be identified and traced out
easily from ocean color image as seen in Figure 5(a) and
could be validated with near synchronous in situ data of cell
densities. Considering the field observation in the present
study, the Chl a image of ocean factor and SST showed clear
variation. This is due to the large freshwater influx with low
temperature and salinities, which have been seen from in
situ data of temperature and salinities. Similar conditions
have been observed through the freshwater influx and HABs
appearance at the Chinese coasts which made huge loss [58].

It has also been seen from a case of the coastal water
of Norwegian water and the Omura bay of Japan linked
to rain-runoff events due to the heavy precipitation, and
nutrient addition induces the K. mikimotoi bloom in the
region [59]. However, in the present study, the heavy rain fall
was partially supported by the intensification of bloom that
occurred during September.As the precipitation increases the
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Chl a intensification decreases due to turbidity and freshens
of the water under higher temperature variations.The similar
environmental conditions occurred at the study site and the
moderate salinities favored for the bloom (Figure 2(c)). It
is also seen that the major river discharges or the riverine
inputs have reflected the influential factor for triggering the
K. mikimotoi and show the correlations between rainfall and
cell densities followed. The present study indicates moderate
rainfall triggered bloom intensification at the coast.

The neurotoxic shellfish poisoning (NSP) and azaspiracid
shellfish poisoning (AZP), which are below detectable,
formed due to the maximum bloom of K. mikimotoi assim-
ilated by mussel Perna viridis at southern Kerala coast, did
not show any toxicity to ecosystem and public health, proved
by experiment of toxicity on mice. It was found the putrid
smell that formed due to the deterioration of bloom, decaying
fish, and sulphide gas released, resulted in the nausea and
respiratory problem to the public health. Addition to this
similar incidence has been reported in west coast during
the same period of September 1997 by the consumption
of mussel Perna indica, Karunasagar et al. [55], causing
hospitalization and death. Another similar incidence has
been observed due to the bloom affecting mussel Meretrix
casta in Tamilnadu, and the causative species were unknown
[56]. In the present study, the putrid smell from the crashing
of the bloom decaying fish and H

2
S emanating from the sea

was wafted towards the coast. The wind also may carry some
cell fragments of the phytoplankton from the crash of bloom
leading to irritation of eyes and nasal membranes, coughing,
and sneezing among the coastal population.

The spatiotemporal satellite remote sensing images are
helpful in studying the movement of HABs, and its marine
dynamic processes have advantages in detecting and tracing
the algal blooms and could be well applicable to monitoring
and forecasting on large scales. The Chl a measure alone
would not be sufficient for confirming any future bloom
of K. mikimotoi without the satellite derived data of SST,
rainfall, and wind pattern during the appearance of bloom.
Similarly, the large fish mortality due to release of neurotoxic
shellfish poisoning (NSP) and azaspiracid shellfish poisoning
(AZP) by dinoflagellate could be predicted and prevented
by remote sensing application. However, validation of bloom
identification and cell counting through the microscope
from ground truthing is always necessary. Presently, the
data analysis has been suggested for the bloom in the region
due to favorable condition of moderate rainfall, dilution
of salinity, nutrient enrichment, low SST, and wind speed.
Therefore, the frequency of occurrences of algal blooms in
the region during study period was increased. Many are
nontoxic in nature, indirectly affecting the fishery potential.
The release of toxins from the present bloom was assessed
by chemical and mouse bioassay method, showing negative
results; nevertheless, crashing of bloom due to traced anoxic
condition and abnormal mucus covering fish gills accentuate
the fish kill. In this context, it appears necessary to strengthen
our understanding of the links between the occurrence of
blooms and the preceding environmental conditions in
predicting the blooms and their impacts.
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