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Abstract

Recurrent blooms of the potentially ichthyotoxiaaflagellateCochlodinium
polykrikoideswere observed since 1958 at Bahia Fosforescehteliaminescent bay in
southwestern Puerto Rico. Despite its potentibdtdaous effects, no previous efforts have been
conducted to understand the population dynamitkigforganism within this bay. This pioneer
study assessed the role of climatological and phisshemical parameters on the bloom
dynamics ofC. polykrikoidesn Bahia Fosforescente. Monthly samplings toalcelat six
stations from May 2002 to July 2003. Sea surfaogperature, salinity, dissolved oxygen
concentration and vertical attenuation coefficiaftdownwelling irradiance [K(PAR)] were
determined at each statioBurface water samples were simultaneously colldoted
determinations o€. polykrikoidesabundance, nutrients and chloroplatloncentrations.
Cochlodinium polykrikoideshowed a strongly aggregational spatial distrdrutowards the
northwest margin of the bay, where cell abundaroged from 0 (undetectable) to 1.34 X 10
cells LY. The temporal distribution &. polykrikoideslooms at this site followed a similar
tendency to that observed for the rainfall regiri¢atistical analyses showed that both the
spatial and temporal distributions ©f polykrikoidedblooms in these waters are associated with
high concentrations of nutrients, particularly pblestes. A combination of factors including the
semi-isolated nature of the area, prevailing sagheinds, low tidal amplitude, processes
promoting enhanced nutrient availability (i.e. pp&ation, nutrient cycling and turbulent
mixing), as well as adaptative strategies and §ipdiée-form characteristics of. polykrikoides

contribute to the recurrence of blooms of this ggem the northwestern margin of the bay.



Given the potential noxious effects@bchlodinium polykrikoideseffective strategies to
monitor the blooms of this species in Bahia Fosfoeate are needed. The strong bio-optical
signatures (striking brownish-red water discolanas) usually associated with these blooms
make them suitable for optical detection. Thisku@ports the first comprehensive
characterization of the optical properties<obfpolykrikoidesaimed to facilitate the accurate
interpretation of the variations in ocean coloraeed during blooms of this species in natural
waters. The feasibility ah situ hyperspectral remote sensing reflectance([i] data to
discriminate and quantif@€. polykrikoidesdblooms in Bahia Fosforescente was also evaluated.
The pigment composition, and the apparenj) @d inherent (absorption, scattering,
backscattering and attenuation) optical propedfeéS. polykrikoidesvere characterized based
on pure cultures. Field data, including measuresiem determinations of R( ) and inherent
optical properties, as well as water samples foerd@nations ofC. polykrikoidesabundance,
chlorophylla concentration and other biogeochemical parameteng collected in Bahia
Fosforescente during May 2002 to July 2003, andiloing May 2007.Cochlodinium
polykrikoidesshowed the typical pigment profile and absorppooperties of most
dinoflagellates with strong backscattering sigral$89 and 620 nm, accounting for the
characteristic brownish-red discoloration of itedohs. Results suggested the potential
application ofin situ hyperspectral Rdata to differentiate the blooms ©f polykrikoidedrom
that of some other bloom-forming species preseBiinia Fosforescente. This data also proved
suitable for quantitative estimations©f polykrikoidesabundance under bloom conditions,

through the application of chlorophyll-based sempeical algorithms.



Resumen

Desde el afio 1958 se han observado florecimieatasnentes del dinoflagelado
potencialmente ictiotoxic€ochlodinium polykrikoidesn la Bahia Fosforescente, al suroeste de
Puerto Rico.A pesar de sus posibles efectos nocivos, no secladéinado esfuerzos previos por
entender la dinamica poblacional de este organamia bahia. Este estudio pionero evaluo el
rol de parametros climatolégicos y fisico-quimiensla dinamica de los florecimientos@e
polykrikoidesen la Bahia Fosforescente. Se realizaron musstneasuales en seis estaciones
desde mayo de 2002 a julio de 2003, incluyendaakt@ciones de temperatura en la superficie
del mar, salinidad, concentracion de oxigeno disyetoeficientes de atenuacion vertical de la
irradianza descendente {KPAR)]. Se tomaron muestras simultaneas en larfoje del agua
para determinar la abundanciaGlepolykrikoidesy la concentracién de nutrientes y clorofila
Cochlodinium polykrikoidemostré una marcada distribucion espacial de agi@gdacia el
margen noroeste de la bahia, donde la abundanci&ulas fluctué desde 0 (no detectable) a
1.34 x 16 células [*. La distribucién temporal de florecimientos@epolykrikoidesmostré
una tendencia similar a la observada para el régoedluvia. Los analisis estadisticos
mostraron que la distribucion espacial y tempoedilarecimientos d€. polykrikoidesestan
asociadas a altas concentraciones de nutrientggsrecular fosfatos. Una combinacion de
factores como la naturaleza semi-aislada del areatos prevalecientes del sureste, amplitud
baja de las mareas, procesos que promueven lanthdpad de nutrientes (precipitacion,
reciclaje de nutrientes y mezcla turbulenta), asi@ adaptaciones estratégicas y caracteristicas
especificas de la forma de vida@epolykrikoidescontribuyen a la recurrencia de

florecimientos de esta especie en el margen naradeska bahia.



Dados los posibles efectos nocivosGiehlodinium polykrikoideses necesario establecer
estrategias efectivas para detectar y monitoredidoecimientos de esta especie en la Bahia
Fosforescente. Las caracteristicas bio-Opticasallizas usualmente asociadas a estos florecimientos
(decoloraciones marron-rojizas evidentes en el)dgaen de la deteccidon dptica un método
apropiado para su estudio. Este trabajo presamanhera caracterizacion comprensiva de las
propiedades 6pticas @& polykrikoidedirigida a facilitar la interpretacion precisalds variaciones
en el color del océano observadas durante florecitos de esta especie en aguas naturales.
También se evalud la capacidad de utilizar datpsrespectrales de reflectancia teledetectada [R
( )] colectadosn situ para discriminar y cuantificar florecimientos @epolykrikoidesen la Bahia
Fosforescente. La composicion de pigmentos yragig@dades Opticas aparenteg)(R inherentes
(absorcion, dispersion, retrodispersion y atenugaléC. polykrikoidedueron caracterizadas
mediante medidas obtenidas de cultivos puros dsdacie. Se obtuvieron datos de campo mediante
muestreos en varias estaciones en la Bahia Fosémtesdurante el periodo de mayo de 2002 a julio
de 2003, y en mayo de 2007. Estos datos incluymexidas para determinaciones dqg Ry
propiedades 6pticas inherentes, asi como muegraguh para determinar la abundanci€ de
polykrikoides concentracion de clorofilay otros parametros biogeoquimicddochlodinium
polykrikoidesmostro tener un perfil de pigmentos y propiedatieabsorcion tipicos de la mayoria
de los dinoflagelados, asi como sefiales fuertestdmlispersion en las longitudes de onda de 589 y
620 nm, lo cual explica la decoloracion marronzajcaracteristica de sus florecimientos. Los
resultados de este estudio sugieren el posibleeisatos de Rhiperespectrah situ para
discriminar florecimientos d€. polykrikoidesle aquellos producidos por algunas otras especies
presentes en la Bahia Fosforescente. Estos datbédn mostraron ser adecuados para estimar
cuantitativamente la abundancia@epolykrikoidesn condiciones de florecimiento, mediante el

uso de algoritmos semi-empiricos para clorofila.
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General Introduction

Among the thousands (~5000) of marine phytoplankfmeties, roughly 60 to 80 are
considered harmful or toxic (Hallegraeff, 1993; e 1997). Although diatoms,
cyanobacteria, dinoflagellates, prymnesiophytgshidophytes, chrysophytes and
silicoflagellates are included in this categoryafiagellates represent the most prominent
noxious group, comprising about 75% (45-60 spe@és)l harmful algal bloom (HAB) species
(Smayda, 1997). The harmful properties of thegaealnvolve the production of biotoxins or
hemolytic/hemagglutinating compounds, physicalatries that cause physical or mechanical
damage to higher trophic levels, and/or extremenbgs accumulations (i.e. blooms). The
deleterious impacts of these harmful algae antd&r blooms include: negative ecological
consequences (e.g. displacement of indigenousespdwbitat and trophic structure alterations,
oxygen depletion, water quality deterioration, masstalities of fish and shellfish, and deaths
of birds and mammals); human health problems falytic, neurotoxic, diarrhetic, amnesic
and azaspiracid shellfish poisoning, and cigudishapoisoning); and vast economic losses
(particularly in the aquaculture, recreation angatigom industries) (Hallegraeff, 1993; Anderson,
1994, 1995; Smayda, 1997; Glibert et al., 2005).

Harmful algal blooms (also known as red or brovdes) have become a widespread
issue throughout coastal waters worldwide (Sma¥880; Hallegraeff, 1993). This trend seems
to be related to both natural and anthropogenisesincluding: biological species dispersal
mechanisms; natural variability of climatic pattgrohanging environmental conditions
promoting species dispersal through currents amthst enhanced eutrophication of coastal
waters (land runoff, domestic, industrial and agitioral wastes, and aquaculture practices);

transport of species via ship ballast water; acdeimsed scientific attention to harmful species,



concurrent with improved instrumentation and anefyttechniques facilitating their detection
(Hallegraeff, 1993; Anderson, 1994, 1995; Glibérale 2005). Consequently, understanding
the bloom dynamics of harmful algae, as well pridl; detecting and monitoring their blooms
is essential to minimize their adverse effects mman health and ecology, and economic losses
to coastal communities. Conventional approachebl&B assessments primarily rely on field
samplings, chemical analyses or mouse bioassaysXior detection and microscopic cell
examinations (Schofield et al., 1999). Unfortuhgtthese methods are arduous and time
consuming, with a poor spatial and temporal regmtut Therefore, alternative methods allowing
faster detection and characterization of these hirmatbreaks over broad spatial scales would
be more suitable.

The fact that phytoplankton strongly influences dipéical properties of natural waters
through theirstriking water discolorations, usually when thegate bloom densities, led to an
enhanced interest in the bio-optical assessmaiA&'s (Roesler and McLeroy-Etheridge,
1998). Once established, blooms are largely mgeaiic, reaching extremely high biomass
over small spatial scales. As a result, theirdptical signatures are distinct and usually persist
for an extended period of time providing a meanspiical detection (Millie et al., 1995).
Ocean color remote sensing is of particular utiittythe assessment of the HAB phenomena,
measuring the amount and quality of the light i@#ld from near the sea surface. This allows an
extensive monitoring of coastal waters on a regodais enhancing our capabilities for rapid
determinations of HAB’s presence and the extemteif distribution, and to trace their
evolution (Cullen et al., 1997; Schofield et ab99).

Puerto Rico has no known reports of toxic algaheseexcept for those regarding

ciguatera fish poisoning (Tosteson et al., 199d, raferences therein). However, dense



accumulations of the dinoflagella@ochlodinium polykrikoide&= C. heterolobatumwere
recurrently observed since 1958 at Bahia Fosfoneésca bioluminescent bay in southwestern
Puerto Rico (Figure 1) (Margalef, 1961; Burkholdearl., 1967; Cintron, 1969; Cintrén et al.,
1970; Seliger et al., 1971; Seixas, 1983pchlodinium polykrikoidegFigure 2) was reported as
the causative species of numerous HAB occurrenu@®amassive fish kills in many regions
including Barnegat Bay, New Jersey (Silva, 196 9rkyRiver and Chesapeake Bay, Virginia
(Ho and Zubkoff, 1979; Marshall, 1995); Japan (Yakd Yoshimatsu, 1989); China (Du et al.,
1993); Guatemala (Rosales-Loessener et al., 1€6);0f Olbia, Sardinia, Italy (Sannio et al.,
1997); Korea (Kim, 1998; Kim et al., 1999); Vanceuvsland, British Columbia, Canada
(Whyte et al., 2001); the Gulf of California, Megi¢Garate-Lizarraga et al., 2000; Garate-
Lizarraga et al., 2004); Peconic Estuary and Shuiocke Bay, New York (Nuzzi, 2004; Gobler et
al., 2008); California, USA (Curtiss et al., 200Bgttaguamscutt Cove, Rhode Island (Tomas
and Smayda, 2008); Palawan, Phillipines (Azanzd. e2008); and Sabah, Malaysia (Anton et
al., 2008). So far, the most catastrophic bloofrtkie species occurred in Korea during 1995,
where mass mortalities of wild and farmed finfistd ahellfish resulted in an economic loss of
about 95 million dollars (Kim et al., 2000). Thetential impacts of this dinoflagellate in Puerto
Rico have yet to be investigated.

Despite the potential deleterious effectopolykrikoidesno previous efforts have
been dedicated to understand the population dyrsamifithis organism in Bahia Fosforescente.
Although numerous studies were conducted to uraieidhe dinoflagellates dynamics in this
bay (Seliger et al., 1971; Seixas, 1983; Seixa881Walker, 1997; Soler, 2006), they mostly
address the bioluminescent spedgsodinium bahamensand other species coexisting within

the central part of the bay includi@gratium furcavar. hircus Dinophysis caudataAkashiwo



Figure 1. Bloom of Cochlodinium polykrikoides the northwest inlet of Bahia
Fosforescente.

Figure 2Two-celled chain o€ochlodinium polykrikoidegPhoto
courtesy of Carmelo R. Tomas).



sanguineg= Gymnodinium splendef@3. sanguineu Prorocentrum micanandPeridinium
divergens As a result, the factors influenci@y polykrikoidesblooms have remained unclear.
Also, no previous attempts to develop monitorirgtsgies folC. polykrikoidedblooms in this
bay have been conducted.

The present study characterizes the optical priggentC. polykrikoidesand evaluates
whether it is possible to discriminate and quarttiiy blooms of this species in Bahia
Fosforescente based mnsitu hyperspectral remote sensing reflectange (Reasurements. In
addition, the role of climatological and physicalemical parameters on the population
dynamics ofC. polykrikoidesn Bahia Fosforescente is assessed.

This dissertation is written in a manuscript forraatl consists of two major chapters, each
with its own abstract, introduction, materials anethods, results, discussion and conclusions.
Chapter one examines the influence of climatoldgioa physical-chemical parameters on the
population dynamics dE. polykrikoidesn Bahia Fosforescente. In the second chapter, th
optical properties of. polykrikoidesare characterized based on pure culture measutemen
This chapter also evaluates the feasibilityna$itu hyperspectral Rdata to discriminate and

guantify the blooms of this species in Bahia Fasoente.



1 Population dynamics of the harmful dinoflagellateCochlodinium
polykrikoides(Margalef) in Bahia Fosforescente, southwestern leuo
Rico

1.1 Introduction
Blooms of the dinoflagellat€ochlodinium polykrikoide& C. heterolobatumwere
recurrently observed since 1958 at Bahia Fosfoneésca bioluminescent bay in southwestern
Puerto Rico (Margalef, 1961; Burkholder et al., 196intrén, 1969; Cintron et al., 1970; Seliger
et al., 1971, Seixas, 1983). Although numeroudistuwere conducted to understand the
dinoflagellates dynamics in Bahia Fosforescentéig&eet al., 1971; Seixas, 1983; Seixas, 1988;
Walker, 1997; Soler, 2006), they mostly addressibRiminescent speciéy/rodinium
bahamensand other species coexisting within the central piathe bay includin@eratium
furcavar. hircus Dinophysis caudataAkashiwo sanguinege Gymnodinium splendeft.
sanguineur Prorocentrum micanandPeridinium divergens As a result, the factors
influencingC. polykrikoidesblooms remain unclear.
Cochlodinium polykrikoides an unarmored, chain-forming dinoflagellate ywag in size
from 30-40 um long and 20-30 um wide that is regdrds potentially ichthyotoxic and is
extensively distributed along warm temperate aogital waters (Steidinger and Tangen, 1997).
It was reported as the causative species of nuradraumful algal bloom (HAB) occurrences
and/or massive fish kills in many regions includBagrnegat Bay, New Jersey (Silva, 1967);
York River and Chesapeake Bay, Virginia (Ho andkaify 1979; Marshall, 1995); Japan (Yuki
and Yoshimatsu, 1989); China (Du et al., 1993); tGmuala (Rosales-Loessener et al., 1996);
Gulf of Olbia, Sardinia, Italy (Sannio et al., 199Korea (Kim, 1998; Kim et al., 1999);
Vancouver Island, British Columbia, Canada (Whytalg 2001); the Gulf of California,

Mexico (Garate-Lizarraga et al., 2000; Garate-Lriaga et al., 2004); Peconic Estuary and



Shinnecock Bay, New York (Nuzzi, 2004; Gobler et 2008); California, USA (Curtiss et al.,
2008); Pettaquamscutt Cove, Rhode Island (Toma$arayda, 2008); Palawan, Phillipines
(Azanza et al., 2008); and Sabah, Malaysia (Antal.e2008). So far, the most catastrophic
blooms of this species occurred in Korea duringsl 9¢here mass mortalities of wild and
farmed finfish and shellfish resulted in an econotoss of about 95 million dollars (Kim et al.,
2000). The potential impacts of this dinoflagelat Puerto Rico are yet to be assessed.

The precise toxic mechanisms@f polykrikoidesare poorly understood at present.
While some scientists postulate thgiibduces neurotoxic, hemolytic and hemagglutinating
substances, others propose that reactive oxygemesp€),  OH and HO,) generated from this
organism are responsible for its noxious effe&saffocation due to copious secretions of mucus-
like substances in fish exposed to this speciesalgasreported as a possible cause for fish
mortalities (Kim et al., 1999; Kim et al., 2000).

Bahia Fosforescente is characterized by high cdratems of resident dinoflagellates,
differing notably from the contiguous coastal watethere the phytoplankton biomass tends to
be relatively lower. This differs specially frotmet waters farther off the coast, in the nearby
extensive coral reef area of La Parguera, wheremigtis the phytoplankton biomass
significantly lower, but also is predominantly cohged by pelagic diatoms. According to
Margalef (1961), this is indicative of a mature counity, occupying an advanced level in the
natural succession of phytoplankton. Within thg peemisesP. bahamensdghe main species
responsible for the bioluminescence in these waterd the non-luminesce@t furcavar. hircus
represent the most abundant species in the ceifee main bay area. Only during sporadic
events, when the abundance of these two speciewad to decrease drastically, other species

outnumber them (Margalef, 1961; Seliger et al.,1)97Towards the northern part of the bay,



however, the abundance of these two species renoawis a consistent manner aReéridinium
quinquecornaisually dominates particularly in the northeastgima(Seliger et al., 1971; Seixas,
1983), whereas very localized bloomd®fpolykrikoidedrequently occur in the northwest
corner (Margalef, 1961; Burkholder et al., 1967t@n et al., 1970; Seliger et al., 1971, Seixas,
1983).

Multiple mechanisms were proposed to explain dieissification of dinoflagellates in
Bahia Fosforescente. According to Coker and Gezzdl960), the prevalent tidal conditions
(tidal amplitude in La Parguera is ~30 cm), the absef rivers, and the low precipitation and
land runoff characteristic of the area, limit wagégchange rates between Bahia Fosforescente
and open waters, thus promoting the accumulatigrhgfoplankton. Margalef and Gonzélez
(1958) and Margalef (1961) postulated that suclsifieation respond to the physiographic
characteristics of the bay and the particular ¢ation pattern of this shallow marine
environment. Margalef (1961) postulated a derdigyribution based circulation pattern for this
area, generated by evapo-transpiration factorsceged with the red mangroves encircling the
bay and the high evaporation typical of the regehere less dense offshore water flow into the
bay at the surface, driven by the prevailing wiradg] accumulates in the rear part of the bay.
Saltier, denser water flows out of the bay as oboturrent. This circulation pattern, together
with the highly secluded nature of this bay (hawngarrow and shallow entrance), strongly
reduce diffusion rates and increases the retetitimto maintain large concentrations of
dinoflagellates. Seliger et al. (1971), on theesotiand, emphasized the motility and phototactic
capabilities of dinoflagellates as having an infitial role in their accumulation in Bahia
Fosforescente. Other studies also suggestedlibatiant dinoflagellate populations are

maintained within the bay by a supply of organidterafrom the mangrove community and



decomposing phytoplankton, inorganic nutrients fregisodic rainfall runoff, remineralization
processes in the bottom sediments, availabilityitainin By, producedn situand wind patterns
(Burkholder and Burkholder, 1958; Seixas, 1988; 3zm and Gonzalez, 2000).

Previous work revealed a complex temporal successidinoflagellates in Bahia
Fosforescente, particularly in the main centralaedSeliger et al., 1971; Seixas, 1988). These
successional patterns were attributed to the dhmagfigime, tidal effects, alterations in the
prevailing wind patterns and the phototactic prtiperof the different dinoflagellate species.
Nevertheless, very little is known about the tenapwariations and dynamics of the
dinoflagellate populations inhabiting predominaritig northern margin of the bay. In the
specific case of. polykrikoidesBurkholder et al. (1967) reported dense bloomisfspecies
several days after a heavy rainfall and attribditesn to nutritional factors entering the northern
part of the bay from inundated mangrove areas,ghoo measurements were made to support
this contention. The aim of this study was to asdbe role of climatological and physical-

chemical parameters on the bloom dynamicS.gbolykrikoidesn Bahia Fosforescente.
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1.2 Materials and Methods

1.2.1 Study area

Bahia Fosforescente is located about 3.2 km edst Bfarguera, a small fishing village
in the southwest coast of Puerto Rico (17° 58 R067° 01’ 10” W) (Figure 3). This bay is
irregular in shape, having three inlets or armerggd towards the north of the main central body,
and a narrow (~150 m wide) and shallow outlet tloathects with the ocean. The bay occupies
an estimated area of 0.19 kand has an average depth of 3.5 m, with a maximepthcbf
about 4 m near the western margin. It is fringgé@ lopnangrove forest predominantly comprised
by Rhizophora mangléed mangrove), which support a rich fauna andafland is of vital
importance for the survival of this delicate arabite ecosystem (Burkholder and Burkholder,
1958; US Department of Interior, 1968). The botisrdevoid of macrovegetation and larger
benthic animals except for the western side whettetgrass Thalassia testudinupand marine
algae, including the geneRenicillus Dictyota Aurainvillea andUdoteagrow abundantly
(Cintrén et al., 1970). Bottom sediments are nyatoimposed of fine mud, large amounts of
sponge spicules, diatoms, ostracods, seagrassnearal mangrove leaves (Margalef, 1961).
The bay is highly turbid due to high phytoplanktmmcentrations, debris from the bordering
mangroves, infrequent rainfall runoff and stirrimigoose sediments by wind and fishes (San
Juan and Gonzalez, 2000). It is characterizedddy évaporative rates, driven by the arid
conditions prevalent throughout the southwestegioreof the island. Surface circulation
patterns are controlled primarily by the prevailimigpds from the east and southeast (Glynn,
1973), which tend to move water in a west-northwigstction. Since there is no river discharge

to the sea in La Parguera or adjacent areas, fegshimputs to the bay are negligible.
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Figure 3. Map of Bahia Fosforescente illustrating the logatbthe sampling stations.
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1.2.2 Field work

Monthly samplings took place at six stations in BaRosforescente (Figure 3) from May
2002 to July 2003. These samplings were condutiiedg the morning using small boats
provided by the Department of Marine Sciences efll’PRM. At each station, surface water
samples for cell counts, chlorophglnd nutrient analyses were collected using afyatte
operated portable water pump system. Triplicafellwater samples, depending on the station
and/or on apparent microalgal concentrations, \ireeel with acid Lugol’s solution (by adding
~4 ml per liter of seawater), filtered through a2 mesh and concentrated to about 50 ml for
subsequent. polykrikoidescell counts. For determinations of nutrient conagions, triplicate
500 ml water samples were collected in polyethyleottles, fixed with 50 pl of HgGhand
immediately refrigerated until further processiry4 L water sample for chlorophyal
determinations was also taken in an amber plastiteband refrigerated for immediate
processing upon return to the laboratory.

Surface seawater temperature, salinity and disdalxggen concentration were
measured at each station using a thermometer,datiedd refractometer and a dissolved oxygen
meter, respectively. Measurements for determinatad the vertical attenuation coefficient of
downwelling irradiance, K(PAR) [PAR - photosynthetic active radiation (4600 nm)], were
performed at two different depths (just below thdace and at 0.5 or 1m depth, depending on
the station’s depth) with a LiCor 1400 underwateadiance meter (~10 measurements were
recorded at each depth once the instrument readiagsstable). Precipitation and wind data

were obtained from the Magueyes Island meteorotbgi@ation operated by NOAA.
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1.2.3 Laboratory work

1.2.3.1 Nutrient analyses

Determinations ohitrite, phosphate and silicate concentrations peréormed
according to the methods described by StricklarttiRarsons (1972) using a double-beam
spectrophotometer (model UV-1601, Shimadzu, InB&mmonium concentrations were
measured by fluorometric methods (Holmes et aB9) ising a spectrofluorometer (model F-
2000, Hitachi, Inc.). Nitrate analyses were perfed using a nitrate/nitrite analyzer (model 745,
Antek, Inc.) and following the methodology descdlmy Braman and Hendrix (1989). N:P
ratios (atoms) were calculated by adding up thal tissolved inorganic nitrogen (i.e. nitrate,
nitrite and ammonium) divided by the phosphate eatration.

1.2.3.2 K4 (PAR) calculations

Kg (PAR) values, which are indicative of the pen&trabpf solar radiation in natural
waters, were calculated for each station frominhgtu downwelling irradiance measurements
(Eq) at two different depths. Prior to the calculaipaverage Fvalues were computed from the
data set collected at each depth. Then(FAR) values were obtained from the following
equation:

Kq (PAR) = 1/(z2 —z) * In (E41/Es2) ) (1
where E1 and E 2 represent the measured downwelling irradiancgeght depths; fjust
below the surface) and @.5m/1m), respectively.

1.2.3.3 Chlorophyll a determinations

Water samples for chlorophyll analysis were vigaitgstirred prior to processing in
order to assure homogeneity. From each samplesivasamples were filtered onto GF/F filter
pads and frozen at -80 °C until extraction. Pigmerere extracted in ~4 ml of 90% acetone by

grinding the filters in an aluminum foil-coverecag homogenization tube, with a motor-driven
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Teflon pestle rotating at about 500 rpm. During ¢hinding process the tube was kept in an ice
bath to avoid pigment degradation by overheatifige extract was then filtered to remove filter
remains and analyzed simultaneously by fluorometpectrophotometric and HPLC methods.
This provided the opportunity to corroborate thiecefncy of these three methods (Appendix 1).
Chlorophylla concentrations were determined by the standaaddiuetric method
(Welschmeyer, 1994) using a field fluorometer (mMddeAU, Turner Designs). For the
spectrophotometric analysis, absorbances were mezhgsing a double-beam
spectrophotometer (model UV-1601, Shimadzu, Inguigped with 1 cm quartz cells. Then,
chlorophylla concentrations were estimated with the trichroom@tjuations reported by Jeffrey
and Humphrey (1975) for mixed phytoplankton popale. HPLC analysis of chlorophwl
was performed using a Waters C18 column (symme®&rx 350 mm) and an HPLC system
consisting of a Shimadzu LC-10 AT pump and a SPIBM1 diode array detector connected to
a Waters WISP 712 injector. The analysis was baseimodified version of the methodology
described by Wright et al. (1991). The HPLC wadsbcated with a solution of pure chlorophyll
ain 90% acetone. Chlorophylwas identified by comparing its retention time afgorption
spectrum (400-700nm) to published data.

1.2.3.4 Determinations of C. polykrikoidesabundance

Triplicatewater samples were used for quantitative determoimaiofC. polykrikoides
cell abundance and for the qualitative assessni@ather phytoplankton species. Prior to cell
counts sample volumes were adjusted depending on appegtmoncentrations. Samples were
gently mixed to give a homogeneous distributiorelfs and subsequently, two 1ml aliquot
replicates were counted in a Sedgewick-Rafter ¢gogmhamber using an inverted microscope
(model CK40, Olympus, Inc.). Determinations ofl eddundance were based on average cell

counts calculated from the replicate samples.
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1.2.4 Data analysis

A log (sgrf+1) transformation was applied to the montBlypolykrikoidesabundance
data in order to normalize distributions. Two-vemalysis of variance (ANOVA) with
replication was used to test for difference€irpolykrikoidesabundance between stations, dates,
and/or interaction effects.

Non-parametric multivariate analyses were used&dyae the physical-chemical data
set. These analyses were performed on standardéadcnd were based on Euclidean
distances. Non-metric principal component analfBSA) was used to examine spatial and
temporal patterns in the physical-chemical seawatgperties. Differences in the physical-
chemical properties among stations and dates wsted using a two-way crossed analysis of
similarity (ANOSIM) without replication (a multiveate non-parametric analogue of ANOVA),
which is a permutation-based test betwagmiori defined groups (stations and dates) where
generated R statistic values are indicative of Bowilar the groups are (the closer to 1 the
greater the differences; 0 indicates no differeamo@ng groups). A similarity percentage
(SIMPER) analysis was used to determine which mlaysihemical parameters primarily
contributed to dissimilarity wherever statisticéferences were found. Physical-chemical data
corresponding to the period between May and Jub22@as not included in the analyses, due to
the lack of nutrient data for those dates.

PCA was further used to evaluate patterns in tlysipal-chemical properties betwe€n
polykrikoidesbloom and non-bloom periods. Bloom periods regmeall stations and dates
sampled wher€. polykrikoidesabundance was 1 x 16ells L* or higher. To determine which
physical-chemical parameters, if any, differenti@tgolykrikoidesoloom and non-bloom

periods, discriminant function analysis (DFA) waed. DFA is a parametric method that
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distinguishes betweempriori defined groups (bloom and non-bloom) using lirmanbinations

of the variables. The procedure finds discrimirfanttions which account for as much of the
variability between groups as possible. To exptetationships betweed. polykrikoides
abundance and the rainfall and wind patterns, disasdetween the climatological and physical-
chemical parameters, Spearman rank correlatiorysisalas used. All data were analyzed
using the statistical packages fr@tatistica software version 7 (StatSait)d PRIMER-E

(Plymouth routines in multivariate ecological resga version 6 (PRIMER-E, Ltd., UK).
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1.3 Results
1.3.1 Climatological parameters

The precipitation regime observed for La Parguerand the sampling period (Figure 4)
was characterized by frequent high to moderatdaihiepisodes extending from April to
September 2002 (monthly values ranged from 241®%mm) and throughout April 2003
(cumulative monthly value of 217 mm). Maximum ppa&ation occurred in April 2003 during
an event of heavy rainfall that lasted several @gaysproduced ~117 mm of rainfall in the area.
An extended period of very low precipitation petesisfrom October 2002 through the last week
of March 2003, with minimum values registered favidmber 2002 (cumulative monthly value
of 3.6 mm). Another period of very low rainfall@gred between May and June 2003, with
cumulative monthly values of 7.1 and 16.3 mm, respely. July 2003 exhibited moderate
precipitation (cumulative monthly value of 38.3 mm)

Prevailing winds from the east-southeast (rangiogpnf98.51° to 124.07°) were
measured for this region throughout the study perscept for October 2002 when winds were
predominantly from the east-northeast (74.6°) (Fedr). Maximum wind speeds were
measured during November 2003 (3.19 m/s), whilemmum wind speeds were recorded in
October and December 2002 (1.71 and 1.89 m/s,cegpky). These values represent the

average of wind data for the seven days prior éssdimplings.

1.3.2 Physical-chemical parameters
1.3.2.1 Temperature, salinity and dissolved oxygen

Surface water temperature at Bahia Fosforescemt&éted from 25.9 to 33.5°C during

the sampling period (Table 1). Higher temperatwese measured throughout the summer
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throughout the study period. They represent tlegasge of the data corresponding to the
seven days preceding the samplings. The coloe stdicates the wind speed range
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Table 1. Physical-chemical data measured at Bahia Fosfaresdering the sampling period.

Date/Station | ©heIAe  Sally - Dissowed oxygen umol L e
NHsS NOs NO, PO, SiO;
May/ 28/2002
*St1 - 37 6.9 - - - - -
*St2 - 37 6.3 - - - - -
St3 - 38 6.4 - - - - -
St4 - 37 7.1 - - - - -
St5 - 37 6.9 - - - - -
St6 - 39 7.1 - - - - -
Jun/27/2002
*St1 32 38 5.9 - - - - -
*St2 32 36.5 6.6 - - - - -
St3 31 36 6.1 - - - - -
St4 32 37 6.8 - - - - -
St5 32 38 45 - - - - -
St6 315 37 7.6 - - - - -
Jul/31/2002
*St1 335 36 5.9 - - - 0.88 451
* St 2 33 375 5.8 - - - 0.48 4.34
St3 325 38 5.6 - - - 0.46 4.74
St4 33.5 37 7.3 - - - 0.49 4.83
St5 335 35 5.4 - - - 020 3.91
St6 335 37 7.3 - - - 0.34 3.70
Aug/28/2002
*St1 32 35 6.9 019 000 017 108 369 0.3
* St 2 32 36.5 5.6 0.09 0.00 0.06 022 354 07
St3 32 36.5 5.4 026 000 0.05 0.12 3.44 2.5
St 4 33 35 6.0 027 000 0.08 0.13 3.97 2.7
St5 325 35 5.9 0.44 000 013 022 3.96 2.6
St6 325 34 - 0.18 0.00 0.05 0.19 3.85 1.2
Sep/26/2002
*St1 27 335 7.9 035 000 019 048 7.01 1.1
*St2 27 34 3.5 021 000 028 079 718 06
St3 27.5 35 2.8 079 008 019 0.12 5.04 9.0
St4 28 35.5 4.1 1.04 0.08 020 021 534 6.3
St5 28 36 3.5 171 021 025 028 520 7.8
St6 28 37 5.2 050 026 019 020 4.18 48
Oct/22/2002
*St1 29 37 5.1 491 000 019 043 6.20 11.8
*St2 28.5 37 4.2 210 0.05 016 021 4.05 107
St3 28.5 37 4.2 210 0.10 016 021 382 112
St4 29 37 5.7 141 0.05 0.18 0.28 3091 6.4
St5 29 37 5.1 261 018 0.27 070 380 4.4
St6 29 36 6.1 0.32 0.07 0.08 0.18 3.27 2.7
Nov/14/2002
St1 28.5 35 4.3 241 072 042 031 503 11.3
St2 28 345 4.4 297 076 0.38 0.18 4.43 230
St3 28 35 3.6 123 0.17 014 012 361 126
St 4 29 35 5.1 197 0.18 023 034 429 7.0
St5 29 35 3.7 1.23 042 034 039 448 5.1
St6 29 345 6.2 0.11 000 010 024 415 09
Dec/19/2002
St1 28.6 36 6.9 329 0.00 063 081 448 438
St2 28 35 5.4 241 0.00 015 025 345 102
St3 27 355 4.9 1.85 0.08 0.14 018 340 11.8
St4 27.5 35 6.6 151 0.00 0.19 021 350 8.2
St5 28.7 35 6.0 137 021 0.17 027 3.77 6.5

St6 27 34 6.6 098 041 010 0.14 272 16.5
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Table 1 cont Physical-chemical data measured at Bahia Fasfente during the sampling

period.
Date/station | ©herAle - Salnly - Dissowed oxygen ol L * e
NHs NOs NO; POs SiO;
Jan/27/2003
St1 26.8 38 4.7 497 048 032 057 447 101
St2 26.9 36 5.7 381 042 027 025 4.08 179
St3 26.9 37 5.9 276 015 018 022 3.82 141
St4 27 35 4.7 426 026 026 036 466 13.4
St5 27 36 4.2 323 091 033 032 548 139
St6 275 35 6.5 326 042 015 024 410 16.0
Feb/25/2003
St1 26.8 36 5.3 1.75 040 025 079 474 3.0
St2 26.7 37 55 197 036 024 034 3.60 75
St 3 25.9 37 6.4 065 0.07 0.09 023 297 3.5
St4 26.5 36 7.1 082 0.09 012 023 318 45
St5 27 36 4.2 200 091 049 038 534 89
St6 26.7 36 7.9 0.06 0.00 013 022 3.11 0.9
Mar/25/2003
*St1 28.2 37 9.2 0.13 0.00 0.28 079 4.02 0.5
St2 28 375 7.2 019 0.03 0.09 026 3.81 1.2
St 3 27.9 37 7.7 0.86 0.16 0.13 0.15 3.22 7.8
St4 27.8 37 6.8 140 0.16 0.14 021 3.46 8.1
St5 28.1 39.5 6.2 083 054 024 035 421 47
St6 28.7 35 8.7 012 074 012 034 3.12 2.9
Apr/30/2003
St1 32 36 5.8 0.19 0.00 032 062 5.99 0.8
St2 31 36 6.2 036 0.02 014 022 1.03 2.4
St3 32 36 6.4 022 0.04 011 023 0.90 1.6
St4 32 35 6.9 028 0.00 017 029 1.13 1.6
St5 31 37 7.3 029 0.00 0.16 047 1.32 0.9
St6 32 36 9.4 0.07 0.00 0.13 020 0.37 0.9
May/29/2003
*St1 32 38 5.7 0.11 0.00 0.10 063 8.63 0.3
* St 2 32 37 5.9 025 0.00 0.18 063 5.59 0.7
St3 315 37 6.5 045 0.01 010 020 457 2.8
St4 32 37 6.2 062 004 012 029 6.12 2.7
St5 315 35 4.8 0.39 0.16 0.17 023 6.20 3.1
St6 32 36 7.2 0.08 0.00 0.08 022 5.95 0.7
Jun/24/2003
St1 32 37 5.3 078 015 0.22 034 321 3.4
St2 31 37 5.0 067 013 011 0.16 235 5.6
St 3 31 37 5.2 052 0.00 011 0.16 2.05 3.8
St4 32 37 6.1 058 0.00 017 031 275 2.4
St5 32 36 5.0 031 010 0.18 028 282 2.1
St6 32 37 7.0 0.07 0.00 012 028 384 0.7
Jul/29/2003
St1 31 34 6.2 064 0.06 012 021 398 4.0
St2 31 35 7.1 069 0.09 011 020 3.67 45
St 3 32 36 8.3 0.30 0.03 0.09 022 294 1.9
St4 32 36 7.1 058 0.09 014 0.33 3.59 2.5
St5 32 35 6.3 072 010 015 0.32 6.02 3.0
St6 32 34.5 7.9 0.08 0.00 0.08 032 2.97 0.5

(-) Data not available. (*¢. polykrikoidesblooms.
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months (i.e. June-August 2002 and April-July 2008)h highest values occurring in July 2002.
Lower temperatures corresponded to the period leetv@eptember 2002 and March 2003, with
lowest values occurring in February 2003. Spatiaiations of temperature were minimal.

Salinity varied from 33.5 to 39.5 ps throughow bay, with variations among the
stations per sampling ranging from 0 to 4.5 ps [@4h. The greatest temporal fluctuations
(though moderate) were observed for stations hds6awith 33.5-38, 34-39.5 and 34-39 ps,
respectively. In general, higher surface saligitecurred during May-July and October 2002,
as well as from January to June 2003, whereas Isal@ities mainly occurred in August-
September and November-December 2002, and durip@d03. A significant negative
correlation was found between salinity and the datiwe rainfall for the four weeks previous to
the samplings (r = -0.70; p < 0.05).

Dissolved oxygen concentrations ranged from 284amg L* (Table 1). Highest
concentrations were typically measured at the carftide bay (station 6), though occasionally
maximum values were found at station 1 (i.e. Aug8sptember and December 2002, and
March 2003). Lower concentrations were invariagagdgociated with the inlets (arms) of the bay,
with lowest values usually alternating betweeniatat3 and 5. Significant negative correlations
were found between dissolved oxygen and ammonium@59; p < 0.05), and between
dissolved oxygen and nitrate concentrations (r.Z:0p < 0.05).

1.3.2.2 Nutrients

Ammonium (NH") concentrations at Bahia Fosforescente ranged @661to 4.97 umol
L™ during the sampling period (Table 1). In genenajher values were measured at all stations
between October 2002 and February 2003, partigutaning January 2003. The highest
concentrations were measured at station 1 durinig@c 2002 and January 2003 (4.91 and 4.97

pumol LY, respectively). Lower ammonium values were mesbat all stations between August
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and September 2002 (with few exceptions), and fench through July 2003. Lowest values
typically corresponded to station 6, except in AstguSeptember 2002 and January 2003.

Dissolved nitrate (N®) concentrations were extremely low overall (0-10.9nol L),
mostly less than 0.5 pmol’iand often reaching undetectable levels (TableHigher values
were generally measured between November 2002 amndh\2003 (with some exceptions,
particularly at station 6), whereas lower concertres prevailed from August to October 2002
and from April to July 2003. Undetectable or lotvesncentrations were found at all stations in
August 2002 and April 2003. Levels of dissolvettita (NO,) were also very low, but always
detectable (0.05-0.63 umol*). (Table 1). Most stations consistently exhibiteticentrations
less than 0.4 pmol't, except for stations 1 and 5 where higher valuewccasionally
measured. During most samplings, lowest concentimivere found at stations 3 and 6 (usually
< 0.2 umol ).

Phosphate (P concentrations varied between 0.12 and 1.08 jimi¢Table 1).
Dissolved phosphates were, for the most part, hptagher at station 1 relative to the other
areas and were always among the highest measurtezs\(@xcept in July 2003). In contrast,
stations 3, 4 and 6 continually exhibited very looncentrations, typically less than 0.5 umdi L
Phosphate concentrations at stations 2 and 5 wech more variable (occasionally exhibiting
highest values). N:P ratios of dissolved inorgarimgen to phosphate (DIN/RQ ranged from
0.3 to 23.0 throughout the bay (Table 1). Withdkeeption of three values corresponding to the
samplings of November 2002 and January 2003, Ni€sravere lower than 14.1 (Table 1).

Of all nutrients, dissolved silicate (S)xoncentrations reached the highest levels (0.37-
8.63 pmol Y) (Table 1). Relatively high silicate values (>&l L™) were consistently

measured at all stations, except in April 2002 wbamcentrations dropped to their lowest levels
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for all but station 1. Silicate concentrations &en general, comparable among the stations
though often, values tended to be higher at stdtifparticularly in October 2002 and April-May
2003) and lower at station 6.

1.3.2.3 Statistical analysis of spatial and temporal distfutions of physical-chemical
parameters

Principal component analysis (PCA) revealed déffiees in the physical-chemical
properties of the seawater both in space and tifigei(e 6). Two components (PC1 and PC2)
explained 59% of the variation in the data, whileee components (PC1, PC2 and PC3)
accounted for 72.1 % of the variability (PC3 is pogsented in the 2-dimensional plot).
Parameters scoring high on PC1 (meaning that tlezg well represented in that particular PC
or axis) were nitrites, ammonium, nitrates, siksaind phosphates, while on PC2 salinity and
nitrates were the ones that scored higher. PCveti@ clear differentiation between station 1
and the other stations, where station 1 was pretietly represented towards the nutrient vectors,
particularly those corresponding to phosphatessdiwétes. Station 1 also exhibited greater
temporal variability in its physical-chemical propes relative to the other stations, primarily
related to phosphate, silicate, ammonium, nitrateratrite concentrations. Spatial and temporal
differences among the physical-chemical propedfdke other stations were much less evident.
Temperature and dissolved oxygen were the parasiigtatr varied less in space and time, and
therefore most points appeared concentrated towhedsorresponding vectors in the two-
dimensional plot, which were very close to eacteotiut separated from the others.

Analysis of similarity(ANOSIM) confirmed significant differences of the
physical-chemical seawater properties betweerosg&{R = 0.405; p = 0.001) and in the
temporal scale (R = 0.313; p = 0.001). Similapgyrcentage (SIMPER) analysis showed that the

physical-chemical parameters that mostly contrithtieethe overall dissimilarity among stations
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Figure 6. Principal component analysis (PCA) ordination mibsampling stations based on
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were the phosphates and nitrates (average comdniboft 22.84 and 20.4%, respectively), though
the ones that contributed most to the dissimilasligerved between station 1 and the other
stations were the phosphates and nitrites (averaggeibutions of 30.4 and 18.02%,

respectively) (Appendix 2). In the temporal scali¢cates and ammonium were the parameters
that mostly contributed to the overall dissimilantith average contributions of 21.5 and 20.9 %,

respectively (Appendix 3).

1.3.3 Vertical attenuation coefficient of downwelling iradiance, Kq (PAR)

K4 (PAR) values at Bahia Fosforescente showed camdildespatial and temporal
variability, ranging from 0.24 to 3.96 hfFigure 7). Spatially, PAR (photosynthetic active
radiation) attenuation was least variable in Ma@2@nd February 2003 (values ranging from
0.68 to 1.05 and from 0.49 to 0.86'nmespectively), and most variable in June and&eper
2002 (values varying from 0.53 to 3.96 and 0.33.18 m", respectively). Temporal variability
was greater for stations 1, 3 and 4, with valuemff.39 to 2.18, 0.33 to 2.13 and 0.58 to 3.96
m, respectively, and lesser for stations 2, 5 amdhére values ranged from 0.41 to 1.29, 0.51
to 1.30 and 0.23 to 1.05respectively. The center of the bay (statiotypjcally showed the
lowest or among the lowerdkPAR) values (except in May 2002), whereas statioften
exhibited greatest PAR attenuation (or among thbdrivalues, except in May, June and August

2002).
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Figure 7. Vertical attenuation coefficients of downwelling RArradiance, K (PAR),
measured at Bahia Fosforescente throughout thelisgnperiod. Data corresponding to
November and December 2002 is missing becausei@w 1400 irradiance meter was
sent to the manufacturer for maintenance servicaglthat time.
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1.3.4 Chlorophyll a concentration

Chlorophylla concentrations, representing the average of flmetdc,
spectrophotometric and HPLC measurements, rangetGr27 to 39.15 pgtthroughout the
study period (Figure 8). Highest concentrationsewsrmally found in the western-most arm of
the bay at stations 1 and 2, but mainly at statiofowever, during the sampling of March 2003
comparatively high chlorophy# values were also measured at station 6 (11.5 ) @ésociated
with a bloom ofCeratium furcavar. hircus andPyrodinium bahamensghereas in April and
July 2003 highest values were measured at stat{@d &nd 4.6 pg £, respectively). Maximum
overall values occurred in August and Septembe® 20Gtations 1 (39.15 pg')and 2 (34.44
ng LY, respectively. Minimum values occurred in JubT pg LY) and September 2002 (0.31
ng L) at stations 3 and 4, respectively. During thramings of February and June 2003

chlorophylla concentrations were lower than 2.5 piyat all stations.

1.3.5 Spatial and temporal distribution of Cochlodinium polykrikoidesabundance
The presence @. polykrikoidesat the six sampling stations is presented in Fi§ure
Cochlodinium polykrikoidew/as always observed as single cells or formingnshaf 2 or 4 cells,
with cell chains more common under bloom conditio@schlodinium polykrikoidesxhibited
an aggregated spatial distribution towards thelhwaest corner of the bay (stations 1 and 2),
where cell abundances from 0 (undetectable) to 1 B® cells L* were found throughout the
study period (Figure 9a). At the other statidbspolykrikoidesalways occurred in substantially
lower concentrations that often reached backgraundadetectable levels (Figure 9b),
particularly at stations 5 and 6 where the lowesinalances (<1,374 cells').were generally

found. At station 3 and €. polykrikoidesell abundance fluctuated from 0 to 28, 210 cefls L
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Figure 8. Chlorophylla concentrations measured at Bahia Fosforescemteghout the
sampling period. Values represent the averagpeaxtsophotometric, fluorometric and
HPLC measurements. Data corresponding to Octdlmerember and December 2002
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notably from the requirements of phytoplankton blase the Redfield molar ratio of N:P = 15.
This suggests a strong nitrogen limitation in theagers.

Vertical light attenuation coefficients [KPAR)] for Bahia Fosforescente were
consistently very high, exhibiting values typicélpooductive coastal waters. The central part of
the bay often showed lowest KPAR) values, presumably due to its higher demilceptibility
to wind mixing and water exchange, and less prayimoi the surrounding mangroves compared
to the other stations. These factors help rededargent resuspension and gezumulation of
color dissolved organic matter (CDOM) and suspendaterials (i.e. phytoplankton cells and
detritus from the mangroves), thus allowing dedig@t penetration.In contrast, station 1
frequently showed greatest PAR attenuagmen its very secluded location (which facilitates
the accumulation of suspended and dissolved mignmevalence of dinoflagellate blooms,
close proximity to the surrounding mangroves aralletv depth (~1m), all of which promote a
strongly reduced light penetration.

Chlorophylla concentrations showed high spatial and temporadbidity, sporadically
reaching considerably elevated values (>15j1y [There was a tendency for higher
chlorophylls to occur towards the northern mardithe bay, predominantly in the northwest
corner, concurrent with red tide bloomstfpolykrikoidesand ofA. sanguinea Nevertheless,
in few occasions higher values also occurred &bst&. This general spatial pattern of
chlorophylla coincided, to a large extent, with the spatiatrdbation of the physical-chemical
parameters. Results indicated that station 1ré@dfsubstantially from the other stations in
relation to its physical-chemical characteristgasticularly in its nutrient contenfThis station
often exhibited higher concentrations of nutriemgjnly phosphates and silicates, and less

frequently of ammonium, nitrites and nitrates. sTeiiggests a direct supply of nutrients in that
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particular area, probably related to land draindgéng rainfall events (Cintrén, 1969), coupled
with a significant contribution of organic mangrawaterials and a very efficient nutrient
cycling associated with bottom microbial activiBufkholder and Burkholder, 1958; Burkholder

et al., 1967).

Relationship betweenC. polykrikoidesblooms and the climatological and physical-
chemical parameters

The blooms ofC. polykrikoidesn Bahia Fosforescente constitute an interesting
phenomenon given their recurrent and constrainedroence towards the northwest margin of
the bay (Margalef, 1961; Burkholder et al., 196ihtfdn, 1969; Cintrdn et al., 1970; Seliger et
al., 1971; Seixas, 1983). Even though this stugipahstrates the presencelfpolykrikoides
in other areas of Bahia Fosforescente, it condlgtencurred in very low or background
concentrations. This species only reached higlsities in the northwestern arm of the bay,
particularly toward the inner part of this cove.

The characteristics of Bahia Fosforescente thaemdlan ideal location for the
occurrence of dense populations of dinoflagellagase been well documented (Margalef and
Gonzalez, 1958; Margalef, 1961; US Department tdrlar, 1968; Seliger et al., 1971).
Fundamentally, it is understood that the physibalracteristics of the bay, consisting of its small
size, shallow basin and narrow entrance with aistiéract withthe prevailing winds and arid
conditions, absence of riverine discharge and thegtent small tidal range, to restrict its
diffusion and flushing ratesThe fringe of mangrove trees encircling the bayigakc land
runoff and microbial nutrient cycling processesvide plenty of nutrients and growth factors to
these waters (Burkholder and Burkholder, 1958; Baltter et al., 1967). All these factors result

in a fairly stable water mass, able to develop mdiskdifferent characteristics from that of
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adjacent waters, that furthers the growth and tetef large numbers of dinoflagellates (US
Department of Interior, 1968; Cintron et al., 1970)

Margalef (1961) further emphasized that the infetsarms) of the bay represent optimal
settings for the initiation of dinoflagellate bloemAs discrete, semi-isolated areas within the
main water body of the bay they offer twice as fabbe diffusivity conditions, such as to reduce
the horizontal dispersion of dinoflagellate cetlkis the minimum nutritional requirements to
support the accumulation of these organisms. Jdéusns to explain, at least partially, the
occurrence o€. polykrikoidedblooms in the northern part of the bay. Howeitaetpes not
provide an explanation for their limited distributitowards the northwestern corner, despite the
fact that the three inlets share similar physitaracteristics.

Overall, the spatial distribution . polykrikoidedblooms in Bahia Fosforescente
appears to be highly related to the observed dygatiterns of nutrients in these waters. As
explained previously, the inner part of the northteen inlet (station 1) was characterized by
often showing relatively higher phosphate and aiédevels than the other stations.
Occasionally, higher concentrations of ammoniurtritaiand nitrates were also observ&ince
C. polykrikoidesdoes not have any known requirements for siliggh kevels of this nutrient are
not expected to have any influence on the bloonkisfspeciesPhosphorus and nitrogen, on
the other hand, are essential nutrients of allggiiginkters and are most often implicated in the
constraint of phytoplankton growth in marine enwmeents (Reynolds, 2006Y.he fact thaC.
polykrikoidespreferentially grows in this particular area of theey, where phosphate levels tend
to be higher, suggest that these blooms are piyr@mtrolled by phosphorus and not by
nitrogen. This is in agreement with the finding<$arate-Lizarraga et al. (2004), who found

higher levels of phosphates in a coastal lagod@uinia de La Paz, Gulf of California, during the
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onset of &C. polykrikoidedbloom than previously measured for that area.ti@rother hand, the
very low N:P ratios (0.3-11.8) typically observaaridg C. polykrikoideslooms (Table 1)
strongly implied a limitation by nitrogen and nat pphosphorus. This is consistent with Tomas
and Smayda (2008), who found tla@atpolykrikoidesblooms in a coastal cove in Rhode Island
occurred or developed towards nitrogen-limitingiesrvments, but rarely occurred in
phosphorus-limited environments.

Other factors contributing, to a greater or lesseéent, to the limited spatial distribution
of C. polykrikoidesn Bahia Fosforescente are the prevailing windbstales. Seixas (1988)
pointed out the relevance of wind patterns in gatieg and maintaining dense patches of
dinoflagellates in surface waters, and their movanaathin the bay. Under the influence of the
southeast winds, the water in Bahia Fosforescent#stto move towards the northwest. Even
though the wind does not seem to have an effeitsblf on the generation of blooms ©f
polykrikoides supported by the no correlation found betw€epolykrikoidesabundance and
wind speed/direction, it is an important factomaintaining the cells aggregated in the
northwestern margin. Correspondingly, the smd#ltamplitude characteristic of the area (~30
cm) prevents these blooms from extreme advectsse®

Some specific life-form characteristics©f polykrikoidesnay also have an influential
role in its strongly aggregational or patchy disition towards the northwestern margin of the
bay. Cochlodinium polykrikoides highly motile (Margalef, 1961) and was usualbserved
forming chains of up to four cells, particularlyder bloom conditions. Chain formation has
been recognized as an adaptational strategy of btooen-forming dinoflagellates to increase
their motility (Fraga et al., 1989)Cochlodinium polykrikoidealso tended to form large clumps

or strips of cells embedded in mucilaginous seanstwhen in high densities. Mucilage



42

production is considered another adaptative styadéged tide dinoflagellate species to dampen
turbulence (Smayda, 2002). Furthermore, this gsdtas been reported to be positively
phototactic (Seliger et al, 1971) and to migratgigally in the water column (Park et al., 2001).
All these life-form characteristics represent intpat mechanisms to overcome advective losses
and to promote the spatial accumulation of thisnigm.

A comparison between qualitative trends of rairdaliC. polykrikoidesabundance
during the study period (Figs. 4 and 9) revealed tihe occurrence @&. polykrikoideslooms
followed a similar tendency to that observed fa pinecipitation regime. Moreovet,
polykrikoidespractically disappeared from November 2002 to &atyr 2003 and from June to
July 2003, coincidentally with extended periodvefy low rainfall. This implies that
precipitation is an important factor influencingethopulation dynamics &. polykrikoides
most likely promoting the availability of essentmaltrients, vitamins and chelating substances
(humic and fulvic acids) required for its growtls, @reviously proposed by Burkholder et al.
(1967). Since no correlation was found betweehatelndance and the cumulative rainfall for
the 7, 14, 21 and 30 days preceding the samplinigsnferred that the intensity and delay in the
response (i.e. proliferation of cells) ©f polykrikoidego these nutrient pulses is highly variable.
This may be due to variations in nutrient inputidgrrainfall events, and/or in the lag periods
needed for sedimentation to reduce water turbaliky forC. polykrikoidedo adapt to
conditions of enhanced nutrient concentrations jpreconditioning), lower salinity and adequate
light penetration. It also may be related to contip@ of C. polykrikoideswith other
dinoflagellate species in the area that may prendram proliferating.

AlthoughC. polykrikoidesvas usually the dominant bloom-forming speciethen

northwestern arm of the bay, bloomsfofsanguineavere observed in this same area during
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December 2002 and April 2003. The bloom of Ap@iD3 concurred with the peak precipitation
event for the study period. A common observationrd) both bloom episodes was the virtual
absence of. polykrikoideg367 and 24 cells't, respectively). In the same way, sanguinea
was never found to occur duri@ polykrikoidesblooms. Cintron (1969) and Seliger et al.
(1971) also reported the occurrencéosanguinedlooms in the northwestern arm in complete
absence of. polykrikoidesand vice versa. Moreover, Cintron (1969) repottedtransition
between blooms of these two species to be abilims strongly suggests that these species are
mutually exclusive in this area. This apparemi@sion may involve the production of
allelopathic exudates released into the wateritindbit the growth of competing species (Glibert
et al., 2005 and references therein). Howevenay also be related to differences in
adaptability to salinity changes between thesedpexies. Cintrén (1969) compared the salinity
tolerance of both species and concluded Ahaanguineappears to be better able to survive
rapid salinity reductions thad. polykrikoides This agrees with the trend observed after the
heavy rainfall episode of April 2003, where Ansanguinedloom developed immediately after
the rainfall and was followed by@ polykrikoidedbloom several weeks later (May 2003).
Although this seems a plausible explanation tadiglayed proliferation of. polykrikoidesafter
this heavy rainfall episode, it does not necessegppresent the only mechanism responsible for
the sporadic prevalence Af sanguineaverC. polykrikoidesn this area. Salinities in the
northwestern arm do not appear to vary much, eveingl heavy rainfall events due to the high
evaporative and transpiration rates in this aredo &xplain the occasional alternation between
the blooms of these two species. Additionallyeask bloom oA. sanguineaccurred in
December 2003 during a period of very low prectmpta when typical salinity values (St 1 = 36

ps; St 2 = 35 ps) for these waters were measurak implies that other mechanisms such as
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differences in specific growth rates, action oéllpathic substances and/or sudden changes in
wind velocity favoring the movement and accumulatd large numbers &&. sanguineaells
towards the northwest arm (Cintrén, 1969), mosljilcontrol or assist the proliferation of this
species in the absence®f polykrikoidesor by out-competing it.

The fact that £. polykrikoidesbloom occurred during March 2003, in the abserice o
previous rainfall episode, denote the relevancattoér factors in initiating blooms of this
organism. Relatively high phosphate concentratioeie measured at station 1 during the
sampling of March 2003, implying that rainfall istmecessarily a prerequisite for the
availability of high nutrients in this area. These very shallow waters receiving a continuous
supply of organic matter from the adjacent mangmy@munity. Therefore, the decomposition
of these mangrove materials and dead phytoplardetis, along with the redox transformations
that take place in bottom sediments, must contilbonhsiderable amounts of dissolved organic
and inorganic nutrients to these waters. A suddemase in wind velocity capable of inducing
enough turbulent mixing such as to bring ampleiaents from bottom sediments to surface
waters may trigger the onset o€apolykrikoidesdbloom. After the bloom initiates and nutrient
levels start to decrease due to excessive consomoiense concentrations©f polykrikoides
may be sustained given its propensity to undenakical migrations (Park et al., 2001).
Nocturnal migrations to bottom waters by this spedn Bahia Fosforescente have been
suggested (Cintron, 1969), and may represent aartant nutrient gathering strategy affecting
its population dynamics in this are@ochlodinium polykrikoides also capable of mixotrophy,
ingesting preferentially small phytoplankton (<12unthis species has been demonstrated to
increase its growth rates considerably with indrepprey densities, from 0.17 without prey to

0.32 doublings per day, with prey (Jeong et alo40 Although the relevance of mixotrophy as
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a supplementary strategy to fulfill the nutritiomafiuirements of. polykrikoidess recognized,
the potential mixotrophic behavior 6f polykrikoidesn Bahia Fosforescente remains an open
guestion.

The recurrent nature &@. polykrikoidesblooms in Bahia Fosforescente points out to a
temporary cyst formation strategy. Temporary cgsésnonmotile life stages produced by some
dinoflagellates to withstand adverse conditiongr{iit al., 2002) and have been regarded as
potentially important for the initiation of dinofiellate blooms (Anderson and Wall, 1978). The
generation of temporary cysts By polykrikoideshas been documented in other areas and were
suggested as the cause of recurrent blooms ofpleisies (Kim et al., 2002; Tomas and Smayda,
2008). According to Kim et al. (2002), these cysin survive extended periods of time (up to 6
months) prior to regenerate motile cells when egfdds favorable conditions. Even though this
study did not assess the existenc€ opolykrikoidesysts in bottom sediments of Bahia
Fosforescente, it seems plausible@ompolykrikoidego settle down at the bottom as temporary
cysts under unfavorable circumstances (e.g. suddamges in salinity, paucity of essential
nutrients or growth factors, and/or the productiballelochemical substances by other co-
occurring species). Cysts could regenerate megils when favorable conditions reappear, thus
providing a recurrent seed source or inoculuntfopolykrikoidedblooms. Howevewnery low
or background concentrations©f polykrikoidescells were frequently found in the northwest
arm during periods of no bloom occurrences. Tleestthe possibility that. polykrikoides
blooms may be seeded from this small residual mpoipulation or from a population
introduced from other areas cannot be ignoiéthe proper chemical and physical conditions

meet, such as to allow this small populatioilCopolykrikoidedo proliferate in a way that active
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growth compensates losses due to advection andtmedTomas and Smayda, 2008), a bloom
would initiate.

This study demonstrates the influential role ofrieuts and the processes that contribute
to enhance their availability (i.e. precipitatiomtrient cycling and turbulent mixing), in
regulating the spatial and temporal distributiorCopolykrikoidesdlooms in Bahia
Fosforescente. Although this certainly represantgnportant first step in the aim of
understanding the factors that dictate the bloormadyics ofC. polykrikoidesn these waters,
much research is still needed. For instance,keific effects of temporal fluctuations in the
concentration of vitamins, micronutrients and husubstances in regulating these blooms must
be evaluatedLikewise, the potential formation of temporary sybiC. polykrikoidesas well
as its vertical migration and mixotrophic behaviothese waters need to be assessed. Lastly,
the use of more robust meteorological data, obtbimsitu, instead of using the available data
from the Magueyes Island station (obtained haplihgais strongly recommended for future
studies, as it could contribute to minimize eriiarthe relationships between rainfall/wind and

bloom dynamics o€. polykrikoidesn Bahia Fosforescente.
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1.5 Conclusions

This is the first study addressing the populatignaanics of the dinoflagellate

Cochlodinium polykrikoides Bahia Fosforescente.

Cochlodinium polykrikoidesxhibited a strongly aggregational spatial disttiin at the
northwest inlet of the bay, particularly towards thner margin, occurring only in very
low concentrations outside this area. This spaté#tern appears to be highly related to
the distribution of nutrients in these waters, esgdly phosphates, which frequently

showed higher concentrations in the inner parhisfinlet.

The aggregational pattern Gf polykrikoidesseems to be assisted by the favorable
diffusivity conditions of the area, prevailing sbaast winds, small tidal amplitude and

specific life-form characteristics of this organigimat promote its accumulation.

The occurrence df. polykrikoidedblooms coincided, in general, with the precipdati
regime. This implies rainfall as an important taanfluencing the population dynamics
of this organism, most likely promoting the availiyp of nutrients, vitamins and humic

substances essential for its growth.

The absence of correlation betweanpolykrikoidesabundance and the cumulative
rainfall for the 7, 14, 21 and 30 days precedirggghmplings suggest that the intensity
(i.e. proliferation of cells) and delay in the reape ofC. polykrikoidego these nutrient

pulses is highly variable.
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Cochlodinium polykrikoidebloom episodes were mainly differentiated from-bdoom
episodes by higher silicate and phosphate lev&isceC. polykrikoidesdoes not have
any known requirements for silica, this stronglggests tha€C. polykrikoidedblooms

require high phosphorus levels, although low Nfibsasuggest nitrogen limitation.

Other factors aside from rainfall (e.g. sudden dgearnn wind velocity promoting
turbulent mixing coupled with organic matter decasition and redox transformations
in bottom sediments) may provide ample nutrientthése waters and trigger blooms of

this species.

Nocturnal migrations to bottom waters for nutrigathering and mixotrophic behavior
represent potential adaptational strategies thgthelp sustain dense accumulation€of

polykrikoidesin Bahia Fosforescente.

The recurrent nature @. polykrikoidesblooms in Bahia Fosforescente suggests a
temporary cyst-type survival strategy. Under unfable circumstances. polykrikoides
may form cysts and settle down at the bottom, gemerate motile cells when favorable
conditions reappear. This would provide a recurseed source or inoculum fGr.

polykrikoidesblooms.

The presence of small numberdg®bfpolykrikoidesells in the northwest inlet during
non-bloom periods implies that this small residu@bulation may also be responsible for

the recurrent blooms of this species.
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2 Optical properties of the harmful dinoflagellate Cochlodinium
polykrikoides(Margalef)

2.1 Introduction

The dinoflagellateCochlodinium polykrikoidew/as reported as the causative species of
numerous harmful algal bloom (HAB) occurrences andiassive fish mortalities in many warm
temperate and tropical waters (Silva, 1967; Ho Aamgkoff, 1979; Yuki and Yoshimatsu, 1989;
Du et al., 1993; Marshall, 1995; Rosales-Loessenat., 1996; Sannio et al., 1997; Kim, 1998;
Gérate-Lizarraga et al., 2000; Whyte et al., 200dzzi, 2004; Anton et al., 2008; Azanza et al.,
2008; Curtiss et al., 2008; Gobler et al., 2008n@e and Smayda, 2008). Since 1958, blooms
of C. polykrikoidesvere recurrently observed in Bahia Fosforescentéluminescent bay
considered one of the main tourist attractionsoutlswestern Puerto Rico (Margalef, 1961;
Burkholder et al., 1967)Despite the potential deleterious effects assataith this organism,
no previous attempts to develop monitoring straefprC. polykrikoidesblooms in this bay
have been conducted.

Conventional approaches for HAB assessments pifiynaty on field samplings,
chemical analyses or mouse bioassays for toxirctleteand microscopic cell examinations.
Unfortunately, these methods are arduous and tanswning, with a poor spatial and temporal
resolution. Alternative methods allowing fastetedtion and characterization of these harmful
outbreaks over broad spatial scales would be motatde.

Phytoplankton strongly influences the optical prtips of natural waters through their
striking water discolorations, usually when thegate bloom densities. This fact suggests that
optical methods are well suited to assess HAB’ac&Xestablished, blooms are largely mono-

specific, reaching very high biomass over smaltigpacales. As a result, their bio-optical
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signatures are distinct and usually persistenafoextended period of time providing a means of
optical detection (Millie et al., 1995). Of padlar utility for the assessment of HAB
phenomena is ocean color remote sensing, whichuresathe amount and quality of the light
reflected from near the sea surface. It allowsxensive monitoring of coastal waters on a
regular basis enhancing our capabilities for rajgterminations of HAB’s presence and the
extent of their distribution, and to trace theiokxion (Cullen et al., 1997; Schofield et al.,
1999).

Ocean color is defined radiometrically by remotesseg reflectance [R(l )], an
apparent optical property (AOP)..sR ) depends on the substances comprising the aquatic
medium and the angular distribution of the ligleldi It is represented as the ratio of water-
leaving radiance [k (I )] to incident downwelling irradiance {gl )], or:

Rs(l)=Lu(1)/Ea(l) 1)

Ris (1) is primarily influenced by two inherent opticabperties (IOP’s) (i.e. those that depend
on the constituents of the aquatic medium, bunaihe angular distribution of the light field),
the absorptiond) and backscatteringpf) coefficients. The absorption coefficient is defil as
the flow of incident light that is absorbed, dividey the thickness of the medium. In contrast,
the backscattering coefficient is equivalent toftber of incident light that is dispersed in a
backward direction, divided by the thickness of tiiedium. The main constituents of the water
column that contribute to absorb and backscatét,land thereby control, Kl ) are: water
itself, organic particulates (phytoplankton andrities), color dissolved organic matter (CDOM)
and inorganic particulate matter. Theoretical Esidemonstrated that the relationship between
Ris (I ) and the IOP’s can be described by the ratio okéeattering to absorption (Morel and

Prieur, 1977), such that:
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Ris(1)»bo(l)/[a(l) +by(l)] 2)
Therefore, variations in ocean color associatetl WilB’s must be a function of changes in
these IOP’s.

Phytoplankton has evolved a variety of light-hatwespigments which are classified in
three main categories: chlorophylls, carotenoidsaienes and xanthophylls) and
phycobiliproteins. Some of these pigments aregeized as taxonomic markers because they
are unigue to a small group of closely related wigyas or to a specific taxonomic group. Given
that each pigment has a particular light absorpgmectrum, detection of specific optical features
may distinguish individual pigments and can be we®ed diagnostic tool to characterize
phytoplankton composition (Johnsen et al., 1994bh&dson, 1996). Differentiation to the
species level can only be attained if the organigmnesents a significant fraction of the
phytoplankton biomass and/or if it has discrimingtspectral features (e.g. unique pigments, or
the light acclimation state associated with thdagioal niche occupied by the species)
(Schofield et al., 1999).

Previous laboratory studies suggest the viabilitysing pigment absorption features to
differentiate amongst phytoplankton classes, arabtoe extent, species (Johnsen et al., 1994b;
Millie et al., 1997). However, the discriminatdeatures identified in these studies correspond
to spectral regions associated with absorptiondegssory chlorophylls and carotenoids. This
fact results in significant limitations for the chaterization of microalgal composition since the
absorption contributed by these pigments tende tmimor compared to that of the major light-
harvesting pigment chlorophydl and hence their signals are usually masked iovkeall
cellular absorption spectra. Besides, the absorptf carotenoid pigments tend to overlap in the

blue-green region (~ 450-550 nm) of the visible spmee, thus spectral features attributable to
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unique or diagnostic pigments would be difficultdiscern. Derivative analysis, a mathematical
technique that amplifies and resolves the weakatsgraused by the extensive overlapping of
pigment absorption spectra (Butler and Hopkins0)9fas proven useful in overcoming the
aforementioned difficulties (Bidigare et al., 1983digare, 1989; Millie et al., 1995; Aguirre-
Gbomez et al., 2001). It was successfully applrececently developeith situ methods for the
detection of phytoplankton species from mixed asdages (Millie et al., 1997; Kirkpatrick et
al., 2000; Steehr and Cullen, 2003). Thereforaydgve analysis represents a powerful tool for
bio-optical determinations of phytoplankton taxastigularly in those areas where a limited
number of species dominate the phytoplankton asisg@b

Although most research emphasized the pigment csitigas and spectral absorption
characteristics of harmful algae as responsibléhfedistinct bio-optical signatures frequently
observed during HAB events, most harmful specie® hather similar pigment compositions as
their harmless counterparts (Roesler and McLerdwyeifidge, 1998). In consequence, their
absorption signatures are hardly unique and camnoglied on as a sole discrimination criterion.
This is particularly true within the chlorophyicontaining algae (including prymnesiophytes,
chrysophytes, diatoms, dinoflagellates, raphidogfwnd chryptophytes) whose spectral
absorption properties exhibit very similar pattefishnsen et al., 1994b). The only known
exceptions are the toxic dinoflagellat€ésrenia brevisK. mikimotoiandKarlodinium micrum
that unlike most dinoflagellates which have peiiias their major light-harvesting carotenoid
pigment, contain fucoxanthend 19’-acylofucoxanthins instead, as well as gusiminor
carotenoid pigment, gyroxanthin-diester (Millieadt 1995).

There is sustaining evidence regarding the limgeténtial of absorption signatures for

the discrimination of harmful taxa based on oce@oraneasurements. Garver et al. (1994)
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demonstrated that accessory pigment absorptiorshatkenging to discern from remotely
sensed ocean color data. Additionally, while maaguhe IOP’s of four harmful algal species
of various sizes and growth phases, McLeroy-Etlgeriahd Roesler (1998) observed slight
differences in the shape of the absorption spéataeen species or growth phase but
substantial variations in their scattering and lsaakering spectra. They concluded that the
scattering and backscattering properties of haraifijde have a significant role in the distinct
ocean colors observed during HAB events. Moreasiarylations of ocean color corresponding
to blooms of these four harmful species suggestattihe enhanced concentrations of uniform-
size cells in surface waters and their unique beatkesring spectra are the specific bloom
properties influencing ocean color (Roesler and &toly-Etheridge, 1998).

Despite the fact that spectral backscattering veastgd out as having an influential role
in the unique spectral signatures of HAB'’s, essdigtbecause it is controlled by specific
properties of the harmful algae such as cell abooglacell size, shape, refraction index and
physiological status (Ahn et al., 1992; McLeroy-&idge and Roesler, 1998; Roesler and
McLeroy-Etheridge, 1998; Boss et al., 2004; Vaidlanrt et al., 2004), it has been largely
ignored in ocean color efforts to discriminate toghytoplankton specieshis is most likely
related to the fact that the algal backscattermgribution to Rs ( ) is weak compared to that of
absorption (Ahn et al., 1992Also, commercial instrumentation for situ determinations of
optical backscattering has only recently becomdatla (Maffione and Dana, 1997).
Nevertheless, in an attempt to identify waters datad by blooms df. brevis Cannizaro
(2004) was able to develop a classification teammilased on the unique optical properes

the blooms of this speciggven by their characteristically low backscattgrto absorption ratio.
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This confirms the feasibility of using backscattgrsignatures as part of bio-optical strategies to
identify harmful phytoplankton species.

Ocean color remote sensing have long been critidaeproviding only bulk composite
signals (including contributions by phytoplanktadetritus, suspended sediments, and CDOM)
for a particular water mass. Therefore, signatacgsesponding to different phytoplankton
groups or species are difficult to determine (Gaetal., 1994; Schofield et al., 1999). Sitill,
many different approaches were developed duringntegears for the remote detection and
assessment of phytoplankton blooms in both coasthlbopen ocean waters. Some of these
methods involve the development of robust protobalsed on unique optical properties of
harmful algae (Subramaniam and Carpenter, 1994ni€anmo, 2004), monitoring of chlorophyll
anomalies in SeaWiFS imagery combined with clinegmal data analyses (Stumpf et al., 2003;
Suh et al., 2004), or the application of spectndlaacement/classification techniques and/or red
tide index (RI) algorithms (Ahn et al., 2006; AhmdaShanmugam, 2006) to satellite imagery
data. Additionally, a technique to differentiate@ng different phytoplankton groups based on
spectral variations of SeaWiFS normalized watevitepradiances was developed (Alvain et al.,
2005).

Novel strategies based on the use of hyperspeetradte sensing reflectance data
collectedin situwere also established. For instance, Roesldr €Q904) demonstrated the
application of an ocean color inversion model tore series of hyperspectral reflectance data
obtained during a HAB event to delineate the presemd abundance of harmful algae. Lubac
et al. (2005) compared second-derivative transféoma of Rs ( ) spectra corresponding to
natural blooms of diatoms and the prymnesiopfyteocystis globosand found notable

differences among spectra at 469 nm, which allogidrentiating blooms oP. globosafrom
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diatoms dominated waters. In a recent study byg@Gtal. (2006), a quasi-analytical algorithm
was employed to derive a phytoplankton absorptpatsum for blooms dk. brevisfromin

situ measurements of. R ). Subsequently, they used a similarity indexdmpare the fourth-
derivatives of reflectance-derived absorption gpeict a fourth-derivative of a referene
brevisspectrum. With this technique they were not @iile to detect this organism, but also to
estimate its abundance.

There are very few studies on optical assessméi@s molykrikoideslooms (Suh et al.,
2004; Ahn et al., 2006; Ahn and Shanmugam, 208&ih et al. (2004) demonstrated the
viability of detecting blooms of this species inr€an waters utilizing a combination of satellite-
derived sea surface temperature (SST) and chloloplepncentration anomalies together with
in situ observations of the blooms distribution. Ahnle{2006) and Ahn and Shanmugam
(2006) employed the Forward Principal Componentlysis/Minimum Spectral Distance
classification techniques and red tide index (Rjpathms, respectively, to differentia@
polykrikoidesblooms from non-bloom or turbid waters from sételimages.

Except for the work of Suh et al. (2004), who sigjgé a detection method based on
specific absorption characteristics of these bloat10 nm, no other evidence of previous
efforts to discriminat€. polykrikoidesdlooms from particular optical signatures was fhun
Absorption between 310-360 nm is likely due tophesence of mycosporine-like amino acids
(water soluble substances for UV protection), wlaoé widespread in many phytoplankton
species (Hannach and Sigleo, 1998). Unfortunatiedyultraviolet region is not suitable for
airborne or satellite remote sensing due to thequoced effects of atmospheric (Raleigh)

scattering below 400 nm.
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Given the need for effective strategies to mortierblooms ofC. polykrikoidesn Bahia
Fosforescente, and the alleged potential of optrezthods for these purposes, this study has
established the following objectives:

1. To characterize the inherent and apparent opticgdgrties (AOP’s and IOP’s)

of C. polykrikoidedrom pure cultures.

2. To evaluate whether it is possible to discrimiretd quantify the blooms of

this species in Bahia Fosforescente based situ hyperspectral remote

sensing reflectance data.
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2.2 Materials and Methods
2.2.1 Cultures

2.2.1.1 Culturing of C. polykrikoides

Waters samples were collected from Bahia Fosfoneésdée June 2004 during a bloom of
C. polykrikoides A few cells were isolated under an inverted wscope using capillary
pipettes and cultured in polystyrene well platésdiwith enriched L1 medium (Guillard and
Hargraves, 1993) at 26 °C and a salinity of ab@&up8 These plates were exposed to mabl
m? s of photosynthetically active radiation (PAR) proed by cool-white fluorescent lamps
(Phillips F20T12/CW) in a 12:12 light:dark cycl&vhen numerous cells were observed, they
were transferred to 125 ml culture flasks and growder the same conditions. A batch culture
technique was subsequently used until maximum @uitalumes of 1 L were reached. From
this point on, exponential growth phase cultureseweaintained in 2 L glass Fernbach flasks
until all the optical measurements were performed.
2.2.1.2 Bio-optical characterization of cultures

Cultures ofC. polykrikoidesvere used for determinations of pigment compasitio
spectral absorption coefficients, CDOM, and thatrehship between cell abundance and
chlorophylla concentration. Culture samples were filtered tglroR5 mm Whatman glass-fiber
filters (GF/F) with a nominal pore size of 0.7 prapped in aluminum foil and immediately
stored in a -80 °C freezer for characterizationgiginent composition. These filters were
shipped in dry ice, within less than fours houosam external laboratory (Horn Point Laboratory,
Center for Environmental Science, University of Mand) for analysis. Pigment analyses were
carried out using high-performance liquid chromaapdpy (HPLC) following the method

described in Van Heukelem and Thomas (2001).
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Spectral absorption coefficients©f polykrikoidesvere determined based on the
guantitative filtering technique (Truper and Yehtst967). Culture samples were collected onto
GF/F filters and stored at -80 °C until analysi¥ptical density (OD) measurements
corresponding to total particulates and detritusevgeerformed on these filters (referenced to a
blank filter saturated with 0.2 um filtered seawptefore and after pigment extractions (by
slowly passing ~ 40 ml of hot methanol through therk) (Kishino et al., 1985), respectively.
Optical densities were recorded between 350 anch85@ith a 1 nm spectral resolution using a
double-beam spectrophotometer (model UV/Vis Lamt®laPerkin-Elmer, Inc.) equipped with
an integrating sphere. All OD spectra were coa@dbr differential scattering by subtracting
the corresponding average value measured betwdearD820 nm. Spectra of total particulate
absorption §, ( )] and detritus absorptiom{ ( )] were then obtained as follows:

apra () = ((2.303'0Dya ())/( *vol))*A 3)
where:

2.303is the conversion factor to transform Ledo Log:,

OD( ) represents Log (scan reference/scan sample),

vol is the culture volume filtered in liters,

A is the clearance area of the filter, and

is the pathlength amplification correction fadfibrat compensates for multiple
scattering inside the filters).
In this study a constantfactor of 2, as proposed by Roesler (1998), was.usSpectral
absorption coefficients due @. polykrikoidepigments §n( )] were estimated as the
difference between, ( ) anday ( ) spectra. An averagg, spectrum was calculated from six

culture samples collected during different dates.
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Determinations of CDOM absorption coefficienség( )] were done to investigate the
presence of CDOM and to elucidate its potentiatmoution to the bio-optical measurements
from these cultures. A total of six culture sansplere collected during different dates and
processed immediately according to the methodofwggented in section 2.2.6. Simultaneously,
triplicate samples for cell abundance determinatioere obtained and fixed in acid Lugol’s
solution. The L1 culture medium was prepared Withum filtered natural seawater and it
could represent a potential source of CDOM. Tlweefduplicate samples of the L1 medium
were also collected and analyzed following the sarathod to evaluate its CDOM absorption
signal.

The relationship between chlorophgltoncentration an@€. polykrikoide<ell
abundance was determined based on linear regremsadysis. This also helped to develop an
equation from which estimations of cell abundanméla@ be obtained based on chloroplayll
measurements. With this purpose, a series ofdilaBons were prepared, starting with a highly
concentrated culture that was sequentially dilutgtd equal volumes of 0.2 um filtered seawater.
During each dilution step, the culture was homogethiusing a manual stirring device and then
water samples were collected for cell enumeratamschlorophylla determinations. Triplicate
samples for cell counts were fixed with a few dropacid Lugol’s solution, while duplicate

chlorophylla samples were stored in amber plastic bottles efijerated until processed.

2.2.2 Mesocosmexperiments for determinations of apparent and inheent optical
properties of C. polykrikoides

2.2.2.1 Remote sensing reflectance measurements
Data acquisition for determinations ofR) took place on November 6, 2006 from

10:30 to 12:00 local time, under clear sky condsicat the research facilities of the Marine
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Sciences Department, located at La Parguera, sestbm Puerto Rico (latitude 17° 57’ N and
longitude 067° 02’ W). The specific site selediedarry out the experiment was at the end of a
boat pier away from possible shadow effects.

Radiometric measurements were conducted in a fiesgylinder measuring 44.5 cm in
diameter, 61 cm in height and with a volume of ~LO®ith a flat-black painted interior and a
45° angle bottom (to reduce spurious bottom comtiob). To maintain homogeneous
conditions, water was kept circulating using a na@ital pump-driven set-up consisting of a
700 GPH (~2650 L/hour) submersible utility pump, tatack hose rings attached to the interior
of the cylinder at different depths and black carimg hoses (Figure 11). This system pulled
water into the pump through a suction hose posticat the bottom of the cylinder, and then
forced it out through a series of perforationsrthsited along the hose rings and through a hose
located on the top of the cylinder (just below teer surface). Precautions were taken, so that
no bubbles or turbulence were created at the sutfat could affect the measurements.

Optical data was recorded in the spectral ran@®8f1095 nm, with a spectral
resolution of 2.8 nm, using a portable spectronagi@r (model 1500, Geophysical
Environmental Research Corp., hereafter abbreviated 1500). Only the 400-700 nm (visible
spectrum) range was used for analysis.

At the beginning, the cylinder was filled with 8tets of seawater, previously filtered in
three steps: an initial filtration through 0.h membrane filters (the day before the experiment),
followed by two additional filtrations using 0.2n membrane filters (just before the experiment).
Subsequently, 2 liters of seawater were removedepldced with an equal volume of cultures
of C. polykrikoides This procedure was repeated five times. This-§tep sequence was used

to achieve a wide range of microalgal concentratimd corresponding R



Figure 11. Experimental set-up for,] ) measurements of pure culturesbfpolykrikoides
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Spectral measurements were performed for theddteseawater (baseline spectrum) and
for each of the five microalgal additions as folkv 0 replicate scans of the downwelling
irradiance [B(0", )] were recorded pointing directly upward usingefl@n cosine collector
diffuser fixed to the entrance optics of the GER@5 Thereafter, 5 replicate scans of both the
radiance from a Spectralon 50% reference panelsfilare, Inc.) above the water surfacg:[L
(0%, )], and the upwelling radiance just below the waterface [L, (0, )] were measured using
a nadir-viewing fiber optic cable attached to th&tiument. Each set of scans was averaged and
the mean was used foysBeterminations.

Concurrent with the scans, water samples wereatetlg(from the 2 liters of water
removed during each step of the additions sequdac&rther analyses: three 5 or 20 ml (10 mi
for the first two additions and 5 ml for the otHersplicate samples were fixed in acid Lugol’'s
solution for cell counts, and a 1 L sample was dsedeterminations of chlorophyai
concentration. Chlorophyd samples were placed in a dark, cold ice chestrandported to the
laboratory for processing. Water temperature wasitared throughout the experiment to avoid
drastic changes that may affect the physiologitzls of the cells.

Remote sensing reflectance calculations were baselde following equation:

Ris(0", ) =[Lw(0, J*(tn*)V[Lrer(07, )*2* ] 4

where:

t/n’ = 0.54

n= refractive index of seawater = 1.34

t = transmittance of the air-water interface = 0.97
In order to propagate, (O, ) values through the air-water interface to obthmwater-leaving

radiance just above the water surfacg(fl’, )], they were multiplied by 0.54 to account for
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refraction and loss of light as it passes throlghair-water interface. Additionally,d:(0°, )
data were transformed tq @, ), by multiplying them by 2, to get a 100% refleata from the
50% reference panel, and then hyvhich is the measured angular distribution factfogpectral
radiance, that can be used to relate upwelled gpeatliance to irradiance (Vertucci and Likens,
1989; Toole et al., 2000). Oncad(0*, ) measurements were converted {¢@E, ), they were
compared to the measureg(&’, ) with the cosine collector to evaluate their diffieces. As a
final step, R (0", ) spectra were corrected by subtracting the seaweftectance spectrum
(baseline) to remove any spurious signal providethb cylinder and the seawater itself.
2.2.2.2 Inherent optical properties measurements

Spectral backscattering) measurements &. polykrikoidesultures were made using
a submersible backscattering meter (model Hydre&cHOBI Labs, Inc., henceforth
abbreviated HS6). The HS6 measures the volumeesoagt function (which in simple terms,
characterizes the scattered radiant intensityfasaion of angle), , at a fixed angle of 141°in
six wavelengths (10 nm bandwidth) centered at 440, 510, 589, 620 and 675 nm, from which
thebackscattering coefficienbf( )] is determined (Maffione and Dana, 1997).

HS6 measurements were carried out in the same E1@6black painted fiberglass
cylinder used for the R( ) measurements. The HS6 was suspended abovelitidecyso that
its faceplate (where the optical windows are lodpteas always submerged below the air-water
interface. Precautions were taken, such as tor¢beeset-up with black fabric, to prevent
extraneous light from entering the cylinder. Toedine the backscattering contribution from
the container, it was filled with 60 liters of Qu2n twice-filtered seawater, and then the HS6 was
lowered such that its faceplate was about 2.5 om the bottom. The instrument was then

raised in steps and the backscattering measurdadaritirther changes in instrument readings
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were observed. Backscattering reached minimumegadind remained constant with the HS6
faceplate positioned 25 cm above the bottom. All subsequent readimgS.@olykrikoides
cultures were made with the faceplate of the HSpanded 30 cm above the cylinder’s bottom.
To measure the backscattering®fpolykrikoidescultures, the cylinder was filled with
80 liters of previously filtered seawater (firstabhgh a 0.45 um filter and then twice through 0.2
um filters, just before the experiment). Afterleam-seawater backscattering baseline was
obtained, 1 L culture volumes were added, the méxtuas stirred to distribute the cells
homogeneously, and then backscattering readings mesformed. A total volume of 10 liters of
culture were added incrementally in this fashiotemm independent additions. Small bubbles
that formed on the HS6 and cylinder sides were ydvearefully removed so that they did not
affect the readings. Also, water temperature wasitared before and after cell additions to
make sure it did not differ significantly from tigeowth temperature of the cultures. To
maintain a constant water volume, 1 L water sampke removed from the cylinder at each
addition, subsequent to the optical measurememndsused for chlorophyl determinations.
Backscattering readings were recorded in periodsv@iminutes to ensure representative values,
and the median of those values was computed. rédltseawater measurements were subtracted
from the additions data to remove the signal predilly the cylinder and the seawater itself.
Immediately after performing the backscattering soeements, absorption and
attenuation (an IOP that represents the sum ddltserption and scattering coefficients; a +
b) were measured using an absorption and attenuaigd@r (model ac-9, WET Labs, Inc.). The
ac-9 simultaneously determines the spectral absorf# ( )] and spectral attenuation ( )]
coefficients of water over nine wavelengths (4140),4488, 510, 532, 555, 650, 676 and 715 nm).

The instrument collected data for filtered seawétaseline) and for each of the ten culture
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additions during five minutes in a flow-thru modbg, means of a submersible pump attached to
the flow tubes of the instrument that kept the wateculating from the cylinder. Median values
were computed for each five-minute dataset. Aftat, temperature and salinity corrections
(Pegau et al., 1997), and spectral scattering ctiores (WET Labs Inc., 2008) were applied to
the resulting values. Spectral scatteribg )] coefficients (which is the sum of forwarkY and

backward k) scattering) were calculated by differenbd ) =c( ) —a( )].

2.2.3 Field Work

Field data were collected at six stations in B&dsforescente during monthly samplings
conducted between May 2002 and July 2003 as parthadnitoring study of the population
dynamics ofC. polykrikoidesn this bay (Figure 3). At each station, measuaetis for R
determinations were performed and surface watepkemvere collected using a portable water
pump system. Triplicate 1-5 L water samples (ddp®non the station and/or on microalgal
concentrations) were filtered through a 25 pum meshg¢entrated to about 50 ml and fixed with
acid Lugol’s solution for subsequet polykrikoidescell counts. In addition, a 4 L water
sample was stored in an amber plastic bottle anidjeeated for further chlorophyll
determinations.

Further samplings were carried out in May 16 Biay 18, 2007 concurrent with a bloom
episode ofC. polykrikoides During these dates three stations were assesgedf them located
within the extent of the bloom area and one awamfit (Figure 12). Data collection included
measurements for determinations of both apparegf [lRand inherent optical propertiels,[ ),
a(),b()andc( )], as well as water samples for cell counts (3/26% L), chlorophylla

concentration (1/1 L), CDOM (2/250 ml), and totaspended solids (TSS) (1/1 L)



BL-1
BL-2
Reference
Station Latitude Longitude
BL-1 17° 58.553N 067° 00.953W
BL-2 17° 58.523N 067° 00.918W
Reference 17° 58.332N 067° 00.884W

W

Figure 12. Map of Bahia Fosforescente indicating the locatbthe stations sampled during

May 16 and 18, 2007.
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determinations. Samples for chlorophgythnd CDOM analyses were stored in amber plastic
bottles and pre-combusted amber glass bottleseectsgply, and refrigerated until processed.
2.2.3.1 Remote sensing reflectancmeasurements

The Rs( ) measurements were carried out during daylightdhibatween 8:00 and 15:00
local time. Upwelling radiance {I{ )], downwelling sky radiance [i{ )] and the above surface
downwelling irradiance [0, )] were measured using the spectroradiometer GER.15 ( )
was measured at 45° from nadir to minimize surt,ghind Ls( ) at 45° from zenith, both
maintaining an azimuth of 90° from the solar plaig(0", ) was measured aiming directly
upward using a Teflon cosine collector diffuseadlited to the entrance optics of the GER 1500.
Three replicate scans for each measurement wevedext and averaged, and the mean used for
Ris( ) determinations, which was calculated as follows:

Rs( ) =Lo( ) —fLs( )/ Ea(0", ) 5)

where lp( ) —f Ls () represents the water-leaving radiancg( [, andf is the Fresnel number,
the percent of sky radiance reflected off the wateurface. For a 45° angle the Fresnel number
has a value of 0.028. A final correction to remawg residual reflected sky radiance still
contained in the R( ) spectra was performed by subtracting thg Rat 860 nm (for monthly
samplings data) or 890 nm (for bloom episode sargpldata). Traditionally, the R ) at 750
nm has been used for this correction based onsthagtion that the water-leaving radiance at
that wavelength is zero. However, the signal & M was not negligible in this study, because
of backscattering due to high suspended particldaigds typical of coastal environments
(referred to as Case 2 waters). A careful evaluatf all Rs( ) spectra indicated that the chosen

wavelengths were the most appropriate for eaclicpéat data set (Toole et al., 2000).
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2.2.3.2 Inherent optical properties measurements

Backscattering measuremenis( )] were performed by submerging the HS6 to about
10 cm below the air-water interface using a mamuaath positioned at one side of the boat.
The HS6 recorded data for five minutes, and theiamedf those readings (after removal of
noisy data) was computed.

Absorption f ( )] and attenuationc[( )] data were collected using the ac-9 in flow-thru
mode. Surface seawater was pumped into the instruffow tubes using a submersible water
pump system, while the instrument was on boarce adi9 collected readings in periods of five
minutes, from which median values were calculagdtb( removal of noisy data). Temperature,
salinity and flat scattering (by subtractiag715) froma ( )) corrections were subsequently
applied to the resulting absorption and scattevalges (Pegau et al., 1997; WET Labs Inc.,

2008). Spectral scattering ( )] was determined as the difference betweén anda ( ).

2.2.4 Chlorophyll a determinations

Samples for chlorophyll analyses were vigorousiyesd prior to processing in order to
assure homogeneity. From each sample, two sublsampre filtered onto GF/F filter pads and
frozen at -80 °C until extraction. Pigments weracted in ~4 ml of 90% acetone by grinding
the filters in an aluminum foil-covered glass homoigation tube, with a motor-driven Teflon
pestle rotating at about 500 rpm. During the griggrocess the tube was kept in an ice bath to
avoid pigment degradation by overheating. Theagxtwas then filtered to remove filter
remains, and analyzed by fluorometry, spectrophetojrand/or HPLC.

Throughout this study, chlorophylconcentrations were consistently determined by the

standard fluorometric method (Welschmeyer, 199dingia field fluorometer (model 10-AU,
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Turner Designs). In many occasions, however, oployll a measurements were also made
spectrophotometrically and/or by HPLC. This pr@ddhe opportunity to corroborate the
efficiency of these three methods. For the sppbwtometric analysis, absorbances were
measured using a double-beam spectrophotometer(rddd1601, Shimadzu, Inc.) equipped
with 1cm quartz cells. Chlorophydlconcentrations were estimated with the trichromati
equations reported by Jeffrey and Humphrey (19@5irfixed phytoplankton populations.
HPLC analyses of chlorophydlwere done using a Waters C18 column (symmetrx 3.9
150 mm) and an HPLC system consisting of a Shimad€za0 AT pump and a SPD-M10AU
diode array detector connected to a Waters WISHnj@&tor. The analysis was based on a
modified version of the methodology described byghret al. (1991). The HPLC was
calibrated with a solution of pure chlorophglin 90% acetone. Chlorophylwas identified by

comparing its retention time and absorption spectf400-700 nm) to published data.

2.2.5 Cell abundance determinations

Triplicatesamples were used for both quantitative deternanatofC. polykrikoide<ell
abundance and/or for the quantitative/qualitatsseasment of other phytoplankton species.
Prior to cell countssample volumes were adjusted depending on appeetmoncentrations.
Samples were gently mixed to give a homogeneousidison of cells and subsequently, two
1ml aliquot replicates were counted in a SedgevRekier counting chamber using an inverted
microscope (model CK40, Olympus, Inc.). Determora of cell abundance were based on

average cell counts calculated from the replicatepdes.



70

2.2.6 CDOM determinations

CDOM absorption measurements were performed baséteamethod described by Del
Castillo et al. (1999). Seawater/culture samplesewiltered onto pre-combusted (500 °C for 6h)
GF/F filters using a glass filtration unit that waeviously acid-washed, and rinsed with HPLC
grade distilled water and methanol. Filtered sasnplere drained into pre-combusted (500 °C
for 6h) 250 ml amber glass bottles and refrigeraiatil analysis.

CDOM absorption spectra were determined betweera280750 nm at 1 nm intervals
using a Perkin-Elmer Lambda 18 double-beam spdutrtopneter equipped with matching 10
cm quartz cells. Each sample was scanned two tirefessenced to HPLC grade distilled water.
The resulting absorbance spectrg (A] were corrected for scattering and baseline flatons
by subtracting the corresponding value at 700nfO®M absorption coefficients {& )] were
then obtained as follows:

ay( ) = (2.303* Ay( ) (6)

where 2.303 is the conversion factor to transfoomb to Log., Ag( ) represents Log (scan
reference/scan sample) and | is the pathlengtheiters. For each set of replicate samples

(seawater samples)/from all samples (culture seshp@ average,& ) was calculated.

2.2.7 Total suspended solids (TSS) determinations

Well-mixed replicate seawater samples were filtdhedugh pre-weighed dried (60 °C
overnight) 47 mm GF/F filters. These filters waansferred to aluminum weighing dishes (for
support) and placed in an oven to dry at 60 °Croght. After cooling to room temperature in a
desiccator, filters were weighed again. The ineeda weight, representing the TSS, was

calculated by difference. Subsequently, filterseweturned to the weighing dishes and ignited
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in a furnace at 500 °C for six hours to removevitiatile fraction (organic suspended solids).
Filters were let to partially cool inside the fuceauntil most of the heat was dissipated and then
the cycle of cooling, desiccating and weighing wegseated once again. The weight of the
remaining inorganic suspended solids (ISS) wasiddaby difference. To calculate the
concentration of TSS and/or ISS, their correspaneirights were divided by the volume of
filtered seawater. For each station, a mean cdratem value was calculated from the

replicates.

2.2.8 Spectral deconvolution

Derivative spectroscopy techniques were used sdtidy to deconvolve theR ) data
for the qualitative and quantitative assessmef.qfolykrikoidesabsorption and reflectance
features. The derivative of a spectrum is bagsictdIrate of change (spectral slope) with respect
to wavelength. It has been proven a powerful to@nhance minute fluctuations iR )
spectra, differentiating closely related pigmergabtion features, eliminate background signals,
and to reduce the effects of turbidity in coastplatic environment pigment investigations
(Demetriades-Shah et al., 1990).

Prior to derivative analysis,& ) spectra were smoothed by means of an adjacent-
averaging of 5 or 9 points (depending on the data)subsequently interpolated at 1 nm
intervals using the Origin 7 scientific graphinglaanalysis software (OriginLab Corp.). The
smoothing was intended to reduce noise in thermald®s ( ) spectra and the interpolation
changed the irregularly spaced spectroradiome#tia @ith evenly spaced data. In order to
enhance overlapping spectral features, secondhfand fifth derivatives of the smoothed

spectra were computed following the method of S&yieind Golay (1964), using the Grams Al
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8.0 spectroscopy software. A differentiation imtdrof 23 nm (at each derivative order) was
found to be optimal to maximize the signal to n@sgplification ratio in R ( ) derivative
spectra of cultures, while differentiation inteivalf 19 and 41 nm were chosen, respectively, to
calculate second and fourth/fifth derivatives efdiRs ( ) spectra.

Peaks in the derivative spectra were distinguidtad spectroradiometer noise
following the method described by Huguenin and 3dqa®86). Positive peaks in the second
derivative spectra were examined in the fourthf#tiuderivatives. If the magnitude of the peak
was negative in the fourth and equal or close to gethe fifth derivative, then the peak was
classified as an absorption feature and not neiseed. Conversely, a negative peak in the
second derivative, which was positive on the foarld close to zero in the fifth, indicated a
local reflectance feature.

Qualitative pigment information was obtained basedhe wavelength position of
absorption features in the derivative spectra. ofjitson features were compared to repoited
vivo absorption peaks for individual pigments, as \aslto pigment absorption features
identified in derivative spectra by several authd@gcond derivative peaks were also explored

for quantitative estimations of chlorophgliconcentration an@. polykrikoidesell abundance.
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2.3 Results

2.3.1 Bio-optical characterization of cultures

2.3.1.1 Pigment composition
Cochlodinium polykrikoidesxhibited the characteristic pigment profile gbital

dinoflagellates (Jeffrey and Vesk, 1997) includaidorophylla, chlorophyllc,, peridinin,
diadinoxanthin, diatoxanthin, dinoxanthin and-carotene (Figure 13). Predominant pigments
in C. polykrikoidescultures, other than chlorophgl(211.3 pg %), were peridinin (163.7 ug'L
1, chlorophylic, (47.14 pg ) and diadinoxanthin (26.6 pgl. Minor concentrations of the
photoprotective carotenoids diatoxanthin (16.7 ({yand , -carotene (7.02 pg1) were
observed. Dinoxanthin (a minor carotenoid in diagéllates) could not be quantified because
no standard for this pigment was available.

2.3.1.2 Spectral absorption properties ofCochlodinium polykrikoides

The absorption coefficient spectrum@f polykrikoidegevealed several distinct features
including major peaks at 435, 463 and 670 nm, mpeaks at 590 and 628 nm, and a shoulder
around 416 nm (Figure 14). The peak located at(dBSorption maximum) and the shoulder
observed near 416 nm both correspond to absorpteotima for chlorophyla (Jeffrey and Vesk,
1997). The peak at 463 nm mainly responds to dngbined absorptions of chlorophghand
peridinin. However, given that all carotenoid pems absorb light between ~ 450 and 550 nm,
diadinoxanthin, diatoxanthin, dinoxanthin and-carotene may also have contributed to this
feature. After ~500 nm, pigment absorption deadaharply and reached minimum values
around 600 nm. The two subtle features observédmithis region of minimal absorption,
positioned at 590 and 628 nm, most likely resulteth the mutual contributions of chlorophylls

a andc,. The peak observed at 670 nm denotes anotherpgiosomaximum for chlorophyh.
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Figure 13. Representative HPLC chromatogram of pigment exdralbstained from

C. polykrikoidesultures. The pigments detected were: chlorogh{@hl a), chlorophyllic,

(Chl cy), peridinin (Perid), diadinoxanthin (Diad), dinashin (Dino), diatoxanthin (Diato) and
, -carotene (, -Caro).
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Figure 14. Mean absorption spectrurapf ( )] of C. polykrikoidesultures obtained from
six culture samples collected during different date
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2.3.1.3 Color dissolved organic matter (CDOM) absorption cefficients

Absorption measurements demonstrated the presé@ie@M in bothC. polykrikoides
cultures and the L1 medium. Both spectra revetlleadtharacteristic shape of CDOM
absorption, which strongly absorbs blue light arklil@ts an exponentially decreasing trend with
increasing wavelength (Figure 15). CDOM absorptoefficients were higher overall fQr.
polykrikoidescultures (values ranging from 0.85 to 0.00% ncorresponding to an average cell
abundance of 7.8 x 16ells L) than for the L1 medium (values ranging from 0t@®.005 ni),
clearly indicating CDOM production in the cultures.

2.3.1.4 Relationship between cell abundance and chlorophyd concentration

A broad range of chlorophydl concentrations (1.7- 87.8 pg-Land cell abundances
(8.02 x 10- 2.65 x 16 cells L") were attained throughout the nine-step dilutiequence of a
cultureof C. polykrikoidegTable 3). Chlorophyla concentration revealed a strong positive
correlation (f = 0.98, p< 0.0001) with cell abundance. The tesmlinear regression equation
for cell abundance estimations was as follows:

C. polykrikoidesell abundance = 29.38* [Ch] + 37.97 (7)

The reported chlorophyd concentration values represent averaged fluoroonal
spectrophotometric data to cancel out possible@isncies associated with instrumental
calibrations. The fluorometer used was calibrétealigotrophic waters with very low pigment
concentrations, and it tended to underestimate@plyll a values over 3 ug't. On the other

hand, the spectrophotometer was less sensitivergtiaw chlorophylla concentrations.
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Figure 15. CDOM absorption spectrad ( )] corresponding t&. polykrikoidescultures
(red line) and to the L1 culture medium (black Jindhe curves represent an average value
of six and two samples, respectively.
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Table 3. Summary of cell abundances and chlorophydbncentrations obtained during the
nine-step dilution sequence of a pure cultur€ opolykrikoidesused to determine a linear
regression equation for estimations of cell abunddrased on chlorophylmeasurements.
Chlorophylla concentrations represent mean values for fluoroon@bd spectrophotometric
measurements.

Dilution step Cell abundance (cells [) [Chl a] (ug L™
original culture 2.65 x 10 87.8

1% dilution 2.20 x 16 68.2

2" dilution 1.40 x 16 55.7

3 dilution 1.37x 18 44.8

4™ dilution 9.92 x 18 32.0

5™ dilution 7.50 x 18 22.3

6™ dilution 5.77 x 16 19.2

7™ dilution 2.76 x 16 6.8

8™ dilution 8.02 x 16 1.7
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2.3.2 Mesocosm experiments for determinations of the appant and inherent
optical properties of C. polykrikoides

2.3.2.1 Determinations of remote sensing reflectance (g
2.3.2.1.1Cell abundance and chlorophylla concentration

During this experiment, a wide range of chloroplaytoncentrations and cell abundances
were obtained, which were used to interpret chamgtse spectral Rfeatures ofC.
polykrikoidesassociated with variations in microalgal densiti€hlorophylla concentrations
ranged from 3.04 to 18.99 pg'Lwhile cell abundances varied from 183 X 1927 x 18 cells
L™ (Table 4). A strong positive correlatiori & 0.97, p = 0.002) was found between cell
abundance and chlorophyiconcentration.
2.3.2.1.2Temperature

Temperature fluctuated from 26 to 31 °C throughbetdata collection period (Table 4).
The increase of temperature during the experimastinevitable and responded to the
combined effects of ever-increasing irradiancesa(asiction of an increasing solar elevation
angle from 10:30 till noon) and the black-paintgtinder, which strongly absorbs solar radiation.
Therefore, potential physiological damages relabe@mperature were not taken into
consideration in this experiment.
2.3.2.1.3Comparison of measured and estimated downwellingiadiances (E)

Measured (0", ) values were spectrally very similar to thosereated from ke (0%, )
(Figure 16). However, in terms of magnitude theyrevconsistently lower, with differences
ranging from ~0 to 10.6%. This might be attributeghoor cosine response (Toole et al., 2000)
and/or to fluctuations in the reference panel catibn. Given that §.(0*, ) measurements
were collected using the fiber optic cable, esteddg (0°, ) values (also collected with the

fiber optic cable) were chosen to calculatg(®, ).



Table 4. Summary of parameters measured during the fiveGigplykrikoidesculture
addition sequence for determinations @f(R).

Cell abundance

Addition number [Chl a] (ug L™ (cells L) Temperature (°C)
1 3.04 183 x 10 26
2 6.15 3745 x 10 27
3 10.69 642 x 10 28
4 15.67 897 x 10 29.5
5 18.99 927 x 10 31
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Figure 16. Comparison between measured and estimated downgéttadiances, 0", ),
during theC. polykrikoidesculture experiment for determinations qof R).
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2.3.2.1.4Baseline Rs ( ) spectrum

The filtered-seawater R ) spectrum showed maximum values in the blue regiah
minimal values in the red region, with a decreasiegd inversely related to wavelength (Figure
17). This is due to the increasing absorption erogs of water molecules from shorter to longer
visible wavelengths (Pope and Fry, 1997). In theeace of particles or any other absorbing
substances, more blue light remained availabl®é#&ckscattering by the water molecules (Morel,
1974). The shape of this baseline spectrum suggéisat any signal coming from the cylinder
was negligible.
2.3.2.1.5C. polykrikoidesR,s ( ) spectra

Spectral Rcurves showed an overall increment in magnitude fasiction of increasing
cell abundance and chlorophglconcentration (Figure 18a). The following spddieatures
were observed: a strong depression in the rang@®fo 500 nm; a prominent peak at 570 nm; a
shoulder around 650 nm; a distinct trough at ~663amd a peak in the red/near-infrared (NIR)
region at ~690 nm. Variations in the magnitudehee spectral features as a function of cell
density and chlorophy#l concentration were clear (Figure 18b).

The low Rs ( ) observed in the blue/blue-green range of thetsppmowere the outcome
of the interacting absorption characteristics dhlxhlorophyll and carotenoid pigments. The
strengthening of this Rdepression feature with an increment in pigmenteatration (and cell
abundance) was evident. Subtle absorption feaas®sciated witin vivo absorption maxima
for chlorophylla, chlorophylic, and carotenoids were identified at 436, 465, @@lahd ~530

nm, respectively (Jgrgensen and Des Marais, 1988pffher and Sathyendranath, 1991).
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Figure 17. Remote sensing reflectancedR)] spectrum of filtered seawater (baseline)
obtained during th€. polykrikoidesulture experiment for determinations qf R).
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reflectance magnitude associated with increasifigleasities; b) Spectra normalized to
570 nm illustrating variations in the magnitudetué spectral features associated with
increasing cell densities.
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Within the spectral range of 530-600 nm, absorphig chlorophylls and carotenoids was
minimal. In consequence, backscattering by celtsained the main factor governing R)
(Gitelson et al., 1999; Gitelson et al., 2000).isTlesulted in a noticeable increment ig R)

(that peaked at 570 nm) with an increase in celbdg. The position of this green peak near 570
nm is considered a distinctive feature of chlordpbycontaining algae and is regarded as an
indicator of their presence in natural waters (ISde et al., 1999). The shift of this peak in
relation to the red/NIR peak (690 nm) toward higRegr( ) values, in response to an increase in
chlorophylla and/or cell abundance, was apparent.

The shoulder appearing around 650 nm represeer@@nrof moderate pigment
absorption located between important absorptiotufea for chlorophylls andc, around 620-
640 nm, and a well-defined absorption maximum éctéince trough) of chlorophwl
positioned at 663 nm (Hoepffner and Sathyendrari®®]; Johnsen et al., 1994a). These
pigment absorption features (at both sides of tioailsler) were strengthened with an increase in
cell density and chlorophy#l concentration.

The Rs () peak occurring at 690 nm is situated amid twaorpnent absorption features:
the chlorophylla absorption maximum at 663 nm (above mentioned)tia@degion around 700
nm, characterized by a sharp increase in waterptiso (Pope and Fry, 1997). The precise
nature of this peak remains uncertain. It has lagtebuted to natural chlorophyll fluorescence,
anomalous scattering caused by absorption minimanar675-680 nm, or a minimum in the
combined absorption curves of algae and water (Moré Prieur, 1977; Gordon, 1979;
Vasilkov and Kopelevich, 1982). Gitelson (1992jmbmstrated, however, that fluorescence is
an insignificant component of this feature. Mogeantly, Rundquist et al. (1995) and Gitelson

et al. (1999) agreed that this peak results frognrkeraction between cell scattering (which is
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relatively independent of wavelength in this sp@ategion) and a minimum combined effect of
pigment and water absorption. The magnitude afpleak (quantified as the difference between
R:s at the wavelength where the maximum value is ofeskand a baseline interpolated from
663 to 750 nm) showed a positive correlation whtomphylla (> = 0.97) and cell abundance

(r* = 0.98).

2.3.2.2 Derivative analysis ofC. polykrikoidesR,s ( ) spectra
2.3.2.2.1Qualitative pigment analysis of second-derivatives

Second-derivative plots revealed eight sharp patikibutable tan vivo absorption
features of different chlorophyll and carotenoigrmpents. They were located at 409-415, 435,
466-467, 497-498, 533-540, 614-621, 630-633 and6®&bnm (Figure 19; Table 5). A
comparison of these values with publishedivo pigment absorption maxima presented in
Table 6 showed that the peaks located at 409-BEandd 614-621 nm, (peaks 1, 2 and 6,
respectively), as well as the prominent peak oaugirat 665-666 (peak 8), approximately
coincide with the expected absorption maxima obaphylla. The positions of these peaks
were also in agreement with the (chloroplaylberivative peaks reported by many authors,
which are summarized in Table 7.

The peak appearing at 466-467 nm (peak 3) madiylileflects the combined absorptions
of chlorophyllc, and carotenoids (i.e. peridinin, diadinoxanthimosanthin, diatoxanthin,-
carotene), where the overlap of multiple absorpteatures prevented further separation of
pigments (see Tables 6 and 7). Although no infeionaegarding thén vivo absorption
properties of dinoxanthin and diatoxanthin was fhunis well known that theiin vitro

absorption spectra strongly resemble that of d@dinthin (Jeffrey et al., 1997). Therefore,
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Figure 19. Second-derivative plots (black line) correspogdmthe R ( ) spectra (blue line)
measured during the five-step addition sequenc pblykrikoidescultures. Numbers on
derivative spectra indicate pigment peak identifazs as follows: 1, 2, 6 and 8 = Ghl3 =

Chl ¢, diadinoxanthin, diatoxanthin, dinoxanthin, pemidiand -carotene; 4 = diadinoxanthin,
diatoxanthin, dinoxanthin, peridinin anecarotene; 5 = peridinin; 7 = Cbj.
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Table 5. Wavelength positions (nm) of pigment absorptioridess identified in the second-
derivative plots of R( ) spectra measured during the five-step additioueece ofC.
polykrikoidescultures. Pigment abbreviations: @Ght chlorophylla; Chl c, = chlorophylicy;
Per = peridinin; Diad = diadinoxanthin; Diato =thganthin; Dino = dinoxanthin;-Car = -
carotene.

Addition number

Peak Pigment 1 5 3 4 5
1 Chla 415 409 415 415 415
2 Chla 435 435 435 435 435
3 Chl c,/Diad/Diato/ Dino/ 466 466 467 467 466

Per/ -Car
4 Diad/Diato/Dino/Per/-Car 497 498 498 498 498
5 Per 540 538 533 533 533
6 Chla 619 614 619 620 621
7 Chlc, 633 630 633 633
8 Chla 665 666 665 665 666
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Table 6. In vivoabsorption maxima of phytoplankton pigments asntejl in the literature.

Pigment Absorption maxima (nm)

Reference

Chlorophyll a 418, 437, 618, 673
419, 437, 618, 675
418, 440, 670-678
430, 670
440, 674
412, 435, 623, 675

415-420, 440, 625, 675
(small features at 590 and 635 nm)

415, 437, 676
Chlorophyll ¢ 460, 640
585 (small feature)
467, 630
460, 636
461, 583, 644
460-470, 586, 635
Chlorophyllc, 460, 590, 625, 635
Carotenoids 495-530
(general)
450-500
490, 532
450-550
Carotenes
-carotene 425-500
490
462
Xanthophylls
Diadinoxanthin 440, 460, 490
481
Peridinin 440, 460, 490, 540
481, 535

Goedheer, 1970
Prézelin, 1980
Owens and Wold, 1986
Jargensen and Des Marais, 1988
Bidigare et al., 1990
Hoepffner and Sathyendran@®i 1

Johnsen et al., 1994a
Johnsen et al., 1994b

Mann and Myers, 1968
Goedheer, 1970
Bidigare, 1989
Bidigare et al., 1990
Hoepffner and Sathyendranath, 1991
Johnsen et al., 1994b and refesetherein

Johnsen et al., 1994a

Mann and Myers, 1968

Jargensen and Des Marais, 1988
Hoepffner and Sathyendranath, 1991
Johnsen et al., 1994b and references therei

Mann and Myers, 1868
Owens and Wold, 1986
Bidigare et al., 1990

Johnsen et al., 1994a
Johnsen et al., 1994b

Johnsen et al., 1994a
Johnsen et al., 1994b

! Reference obtained from Hoepffner and Sathyendngi@91). “ Reference obtained from

Aguirre-Gomez et al. (2001).
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Table 7. Summary of wavelength positions (nm) of pigmentoapson features identified in
derivative plots by several authors. Pigment aldbt®ns: Chla = chlorophylla; Chlc,=
chlorophyllc,; Per = peridinin; Fuc = Fucoxanthin; Diad = diawkanthin; -Car = -carotene.
Fucoxanthin (although not present in the majoritdinoflagellates) is included since its
absorption spectrum is very similar to that of gerin and consequently, their absorption

features tend to coincide.

Pigment Reference Derivative peak position (nm)
Chla Bidigare et al., 1988 675
Millie et al., 1995 412, 438, 677
Aguirre-Gémez et al., 2001
pure cultures 415-425, 440-455, 620, 675
natural populations 428, 674
Louchard et al., 2002 420-430, 445-460, 680
Stephens et al., 2003 422,444, 676
Chlc Bidigare et al., 1988 467
Millie et al., 1995 466, 589, 639
Aguirre-Gémez et al., 2001
pure cultures 470, 640
natural populations 454, 588, 630
Stephens et al., 2003 468
Chlc/Chla Aguirre-Gémez et al., 2001
pure cultures 590-600
Louchard et al., 2002 575, 585
Stephens et al., 2003 643

Carotenoids (general)

Aguirre-Gémez et al., 2001
pure cultures
natural populations

505, 530, 545, 590
482, 494, 514, 530, 556

Louchard et al., 2002 495
Per/Fuc Millie et al., 1995 495
Aguirre-Gémez et al., 2001
pure cultures 545-555
natural populations 514, 530, 556
Louchard et al., 2002 510-520, 530-540

Stephens et al., 2003 538

Diad Millie et al., 1995 438, 466, 495
Stephens et al., 2003 492
-Car Louchard et al., 2002 495
Stephens et al., 2003 492
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theirin vivo absorption features are also expected to consnother absorption feature
presumably entirely caused by chloropltylivas noticed at 630-633 nm (peak 7) (see Tables 6
and 7).

Absorption features related to carotenoids weratitled at 497-498 nm (peak 4) and
533-540 nm (peak 5). Peak 4 resulted from a coatioin of peridinin, diadinoxanthin,
dinoxanthin, diatoxanthin andcarotene, given their spectral features tend tolap in this
region. In contrast, peak 5 may be most likelgitaited to absorption by peridinin (see Tables 6
and 7).
2.3.2.2.2Quantitative derivative analysis

Further evaluations of the second-derivative spaelvealed an enhancement in the
magnitude of most major spectral features, dirqutbportional to the microalgal additions
(Figure 20). Based on these observations, promahenivative peaks associated with
chlorophylla absorption, as well as with natural chlorophylioilescence and/or cell scattering
processes (i.e. reflectance features) were usexipiore the feasibility of derivative techniques
for accurate estimations of chlorophgltoncentratiorandC. polykrikoidesell abundance. The
concentration of chlorophyd showed significant correlations with the secondvagive values
at 435, 665-666 and 688-689 nm (Table 8). Likewseolykrikoidesell abundance exhibited

a strong correlation with the second derivativeigalat 435, 665-666 and 688-689 nm.
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Figure 20. Second-derivative plots of thgsR ) spectra measured during the five-step
addition sequence @&. polykrikoidesultures, illustrating the enhancement in magrmtud
of the most prominent spectral features in diresponse to increasing cell abundances.
Identified peaks correspond to the spectral featused for quantitative estimations of
chlorophylla concentrations an@. polykrikoidescell abundance.
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Table 8. Summary of linear regression analyse€opolykrikoidesell abundance/
chlorophylla concentration versus second-derivative peak madgét of R ( ) spectra
based on pure cultures.

Derivative . . .
p . Linear regression analysis
arameter position _ 0.
y=a+bx;rp
(nm)
Chlorophylla
435 y =-1.69 + 2.1E8x*F 0.97; p = 0.002
665-666 y =-3.62 + 5.03E7¢X * 0.97; p = 0.002
688-699 y =-5.2 - 5.02E7» ¥ 0.97; p = 0.002
Cell abundance
435 y =-22.1 + 1.05E10%° £ 0.98; p = 0.001
665-666 y =-113.4 + 2.5E9¢ ¥ 0.97; p = 0.002

688-699 y =-192.7 — 2.5E9%¥ 0.98; p = 0.001
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2.3.2.3 Determinations of inherent optical properties
2.3.2.3.1Chlorophyll a concentration and cell abundance

Chlorophylla concentrations incremented progressively from 10967.62 pg X
(Table 9) throughout the ten-step culture additiseguence. These concentrations represent
the average of fluorometric and spectrophotometeasurements. Since no samples for cell
counts were collected during this experiment, apipnations of cell abundance were
obtained from the chlorophydl concentrations using equation 7. Estimated vadfi€s
polykrikoidescell abundance ranged from 9.56 X 1®5.56 x 18 cells L* (Table 9).
2.3.2.3.2Spectral absorption coefficients

Absorption coefficients for all ten culture additg(Figure 21) showed higher values
in the blue spectral region (absorption maximal& d@nd 440 nm), and followed a
decreasing tendency towards longer wavelengthsex&eption to this trend was the
presence of a secondary absorption maximum at Bif&ssociated with the red absorption
maximum of chlorophyld. Minimum absorption values within the visible sfpam
occurred at 650 nm, although the lowest absorptacsirred in the near-infrared region, at
715 nm. An overall increment in absorption withrasing cell abundance and chlorophyll
a concentration was evident. In addition, it waseslved a progressive enhancement in the
magnitude of the absorption maxima (relative todtreer wavelengths) with an increase in

cell abundance and chlorophglconcentration.
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Table 9. Summary of cell abundances and chlorophydbncentrations obtained
during the ten-step addition sequenc€opolykrikoidesultures for determinations of
inherent optical properties| ), b, ( ), b ( ) andc( )]. Chlorophylla concentrations
represent mean values of fluorometric and spectimphetric measurements. Cell
abundances were estimated using the following emuat. polykrikoide<ell
abundance £29.38*[Chla]) + 37.97.

Estimated cell abundance

Addition step [Chla] (ug L™ (cells L)
1% addition 1.96 9.56 x 10
2" addition 2.89 1.23 x fo
3 addition 3.90 1.53 x fo
4™ addition 6.37 2.25 x fo
5™ addition 7.71 2.65 x fo
6™ addition 9.65 3.21 x fO
7™ addition 10.69 3.52 x 0
8" addition 10.45 3.45 x %0
9™ addition 14.50 4.64 x P0

10" addition 17.62 5.56 x 0




96

0.30

y ) —m— gddition 1

h —eo— gddition 2
addition 3

0254 * * —v— addition 4
® ® . addition 5

i —4— addition 6
\ addition 7

0204 <« * —e— addition 8

DN N ==+
0.15 - \\\\\<§Q§Q§q\\\\\

a(m™)

v \\\\
W I A

0.00 ! ! ! ! ! ! ! !
412 440 488 510 532 555 650 676 715

Wavelength (nm)

Absorption coefficient -

Figure 21. Spectral absorption coefficients ( )] for the ten-step addition sequence
of C. polykrikoidescultures measured with the ac-9. Values reprdbeninedian of
the measurements recorded during periods of fiveitas after the baseline
correction.
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2.3.2.3.3Spectral attenuation coefficients

Spectral attenuation coefficients measured foteheculture additions are shown in
Figure 22. Light attenuation was always highethim shorter wavelengths and decreased
with increasing wavelength in a near-monotonoubifas No prominent spectral features
were observed. Attenuation coefficient values stubwa progressive increment (at all
wavelengths) with increasing chlorophgltoncentration and cell abundance.
2.3.2.3.4Spectral scattering coefficients

Spectral scattering coefficients consistently shbwaximum values at 412 nm and
minimum values at 676 nm (Figure 23). Scatterixigldted an increasing tendency towards
the shorter wavelengths of the visible region.7A%5 nm (near-infrared region), however,
scattering values were slightly higher than theimum. An overall increment in the
magnitude of the scattering coefficients with irasiag chlorophylh concentration and cell
abundance was observed. The intensification o$pieetral scattering features (in relation to
the other wavelengths) with an increment in cellratance and chlorophydlconcentration

was also evident.
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Figure 22. Spectral attenuation coefficients([ )] for the ten-step addition sequence
of C. polykrikoidescultures measured with the ac-9. Values reprdbennedian of

the measurements recorded during periods of fiveites after the baseline correction.
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Figure 23. Spectral scattering coefficients ( )] for the ten-step addition sequence of
C. polykrikoidesultures measured with the ac-9. Values reprabennhedian of the
measurements recorded during periods of five mgateer the baseline correction.
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2.3.2.3.5Spectral backscattering coefficients

Backscattering coefficients for filtered seawatenich was considered the baseline,
showed higher values in the shorter wavelengthis avilecreasing trend towards longer
wavelengths (Figure 24). This spectral pattetin sccordance with the theoretical values
for pure seawater (Figure 24) reported in thediiere (Morel, 1974; Vaillancourt et al.,
2004). However, backscatteribyg filtered seawater was enhanced at all wavelengphto
twice the theoretical values. Since it was notsgae to remove all particles in the filtered
seawater, due to a nominal filter cut-off equad® um, the baseline backscattering values
represent the combined effects of pure seawatex] particles, and the possible
contributions from the cylinder’s walls and bottoifihese factors may thus explain the
enhanced backscattering.

The backscattering curves corresponding to alCtepolykrikoidesulture additions
(after baseline subtraction) are presented in Ei@%: Backscattering showed a progressive
increment at all wavelengths with an increase iorcphyll a concentration and cell
abundance. The backscattering values were alwggerhin the blue and yellow-orange
spectral regions, with maxima occurring at 442 888 nm, except for addition 1 where the
maxima occurred at 589 and 620 nm. The strengthesfithese spectrabckscattering
features (compared with the other wavelengths) aitlincrease in chlorophyl
concentration and cell abundance was apparentindm backscattering values were
consistently located at 470 and 675 nm excludirditieh 1, where minima were found at

470 and 510 nm.
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Figure 24. Backscatteringli,) spectra of 0.2 um filtered seawater measured tivéh
HS6. Values represent the median of a five-midate set collected prior to the
addition of theC. polykrikoidesultures. The black line indicatbgfor pure seawater
calculated as one-half the published values fotdted scattering coefficient by Morel
(1974). The blue line shows the polynomial fitloé filtered seawatds,
measurements.
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Figure 25. Spectrabackscattering coefficientg{( )] for the ten-step addition sequence
of C. polykrikoideultures measured with the HS6. Values reprabentnedian of
measurements recorded during periods of five mgateer the baseline correction.
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2.3.3 Apparent and inherent optical properties of natural communities
2.3.3.1 Monthly Samplings

2.3.3.1.1Spatial and temporal variations of remote sensingeaflectance [Rs( )]
spectra

Average R () spectra measured at the six stations studie@imaBFosforescente
from May 2002 to July 2003 (Figure 26) showed gssailarity in their spectral shape, with
variability being mostly related to the magnitudehe curves and of the spectral features.
The following spectral pattern was common to atishs: Rs( ) increased monotonously
from 400 to approximately 570 nm, and then it sthdecreasing down to 750 nm, except for
the occurrence of a shoulder at ~646 nm, and a dacppeak (or shoulder, depending on
the station) at ~690 nm. This spectral patterndgcative of typical coastal waters with high
concentrations of chlorophyll, detritus and CDOWhese seawater constituents strongly
absorb blue light (~400-500 nm) (detritus, like CDQOMhibits exponentially decreasing
absorption with increasing wavelength), causing Rw( ) in this spectral region. In
contrast, pigment, detritus and CDOM absorptiothatgreen wavelengths (~500-600 nm) is
minimal; therefore, the relative contribution ofrfpeulate backscattering to & ) is much
higher in this spectral range, resulting in high(R) (with a maximum around 570 nm).
Beyond 600 nm (and up to 700 nm - red spectrabrggaside from the red/NIR peak at
~690 nm due to chlorophydl fluorescence and/or cell scatterings (R) remain low because
of the absorption of chlorophyll and water.

Spatial variability among the, & ) spectra was primarily due to the complex and
variable water composition, and physical charasties of the study area. LowefR)
values were observed for stations 1, 2 and 5 throuwigmost visible wavelengths. These

three stations were located within the western-eaxiern-most inlets (arms) of the bay,
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in relatively secluded areas that together withpevailing wind and circulation patterns
promote the accumulation of phytoplankton cellgriles and CDOM, mainly contributed by
the surrounding mangroves. Besides, because iofstilow depths (1-1.5 m) these stations
are highly influenced by sediment resuspensionns€quently, these waters look darker (i.e.
have lower R ( ) values) than the other stations. In the paricabase of station 1, it also
exhibited the most distinct red/NIR peak on accairthe phytoplankton blooms frequently
observed in this area (see Chapter 1).

Highest Rs ( ) values were observed for station 6 from 400 to0~&®, although
values along the red spectral region were interatedietween those of the other stations
(and more important, were proportionally lower tekato the blue and green spectral
regions compared to the other spectra). Givelodation near the center of the main bay
area, this station is the deepest (~4 m), the exqsised to wind mixing and the less-
proximate to the surrounding mangroves. Therefbrgnot usually as affected as the other
stations by the accumulation of detritus and CDQNMysediment resuspension. This
results in waters of higher transparency (i.e. \witther Rs ( ) values along the blue and
green wavelengths and comparatively lower red Rvalues) that often appear blue-green
or greenish in color as a function of phytoplanktet density.

Stations 3 and 4, on the other hand, showed inthiateRs ( ) values between those
of the other stations, except at the red wavelengtiere R ( ) values were the highest.

This presumably responds to the fact that, evenghohese stations were located within the
western and middle inlets of the bay, their locaignot as isolated as that of stations 1, 2
and 5, so there is not as much accumulation ofgutghkton cells, CDOM, detritus and
sediments. It is important to mention that statlomas located in a very shallow area (~0.6

m), where the bottom could be seen from the boahgumost samplings. Therefore, the
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relatively high Rs () values observed for this station along the reztspl region might
have been produced by bottom reflectance, giverbibitom sediments strongly reflect red
light.

The complete set of R ) spectra collected at the six sampling statioosmfMay
2002 to July 2003 (excluding those spectra coltbateder overcast conditions) is presented
in Figure 27. All stations exhibited variabilityn@ng their respective & ) spectra,
primarily associated with magnitude. Neverthelsight variations in spectral shape were
also evident for some stations. This temporalalality is directly related to the numerous
and largely uncorrelated constituents suspendedssolved in the seawater, whose relative
concentration change according to different biata(e.g. bloom formation, degradation)
and physical processes (e.g. resuspension, dijution

The stations that showed greater temporal varighilere stations 1, 2 and 5.
Stations 1 and 2 were characterized by the epismmtiorrence of phytoplankton blooms
predominantly constituted . polykrikoideqand occasionally by the dinoflagellate
Akashiwo sanguineaformerly Gymnodinium sanguinegnwhich imparted a striking
brownish-red water discoloration (see Chapterltl)s these extreme fluctuations in cell
density (i.e. bloom versus no bloom conditionsheathan variations in species composition,
the dominant species within the phytoplankton comityuor in the relative concentrations
of the other seawater constituents, that seemdymasponsible for the observed variability
in these two stations. Similarly, variability itaion 5 appears to be mostly linked to
fluctuations in phytoplankton cell density, althbugp outstanding blooms were observed
there during the samplings.

Stations 3, 4 and 6 demonstrated much less temyaniability among their

individual Rs ( ) spectra. Each of these stations showed Rspectra with rather similar
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spectral shapes; hence, variability was almostaptielated to magnitudelhis suggests a
certain level of stability regarding the relativancentrations of the different seawater

constituents in these stations compared to thesthe

2.3.3.1.2Comparison among Rs ( ) spectra ofC. polykrikoides A. sanguineaand
Ceratium furcavar. hircus-Pyrodinium bahamensélooms

As an initial effort to evaluate wheth€r polykrikoidesnay be differentiated from
other bloom-forming dinoflagellate species in Bakisforescente based op R) data,
spectra representative of bloomd®fpolykrikoidesA. sanguinegandCeratium furcavar.
hircus-Pyrodinium bahamenseorresponding to similar chlorophylconcentrations (11.81,
8.5 and 11.5 pg 'L, respectively), were compared. Even thoAgkanguineas not a
regularly occurring dinoflagellate species withimstbay, bloom episodes dominated by this
species were observed along the western-mostahtee bay (in the exact same location
whereC. polykrikoidesblooms occur) during December 2002 and April 200Bese blooms
were extremely similar visually to those©f polykrikoideqalso giving the water a
remarkable brownish-red color), thus likely to beeeously qualified a€. polykrikoides
blooms. Ceratium furcavar. hircusandP. bahamensen the other hand, are both widely
distributed species throughout the bay that wetendbund co-occurring in high
concentrations or bloom conditions, particularlgttion 6.

The Rs () spectra ofC. polykrikoidesandA. sanguineaxhibited a great similarity,
with no potential discriminating features being amgmt (Figure 28). The small differences
observed between them (including lower reflectarataes in the blue spectral region and
higher reflectance values along the green and eealengths foCC. polykrikoidesas well as
a more prominent red/NIR reflectance peak thatslightly shifted towards longer

wavelengths) appear to be mostly related to tight)i higher chlorophyll concentration
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Figure 28. Ris( ) spectra representative of bloomdofpolykrikoidesA. sanguinea
andC. furcavar.hircus-P. bahamenseorresponding to similar chlorophyl
concentrations, collected in Bahia Fosforescentmglthe monthly samplings period.
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(and almost certainly, higher phytoplankton celliattance) associated with the bloonCof
polykrikoides rather than to species-specific features. Aladations in the detritus,
CDOM and sediment content of the seawater duriagehtwo blooms may have contributed
to these differences.

Conversely, the spectrum 6t furcavar.hircusandP. bahamensshowed
noticeable differences with the former spectrae R3 ( ) values for this bloom were not
only higher throughout the blue and green speodgibns, but were also proportionately
much higher along the blue and green wavelengtsiththe red, compared with tle
polykrikoidesandA. sanguineapectra. This was probably due to a lower comagah of
sediments, detritus and CDOM in the bloom areailtieg in waters of higher transparency

despite their high chlorophyll content, but alsggested species-specific optical features.

2.3.3.1.3Derivative analysis of the R ( ) spectra ofC. polykrikoidesA.
sanguineaand C. furcavar. hircus-P. bahamensélooms

Analysis of the second-derivatives of the R) spectra of the blooms &f.
polykrikoides A. sanguineaandC. furcavar. hircusP. bahamenseevealed no significant
differences among them such as to make possil@éfective discrimination between these
species (Figure 29). Absorption features resobsethe second-derivatives were basically
the same for the three spectra and correspondée tgpical dinoflagellate pigments
including chlorophylla, chlorophyll ¢ (or its combination with carotenoid pigments) and a
mixture of carotenoids (consisting of peridininadinoxanthin, diatoxanthin, dinoxanthin
and , carotene).This implied that pigment absorption do not explkhia differences
observed among thed ) spectra and, most certainly, do not represemid@qguate optical

property to differentiat€. polykrikoidedrom other dinoflagellate species within this bay.
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2.3.3.2 Special samplings during a bloom episode @&. polykrikoides
Based on the results of the previews two sectibmgs evident that a comprehensive

knowledge about the IOP&and the different seawater constituents (CDOM, TSS, Chla
and cell abundance) associated with the dinoflagelblooms observed in Bahia
Fosforescente would be imperative to better undedsvariations among theirR ) spectra,
and to be able to elucidate if it is feasible tecdiminateC. polykrikoidesrom the other
bloom-forming species. With that in mind, two spésamplings during a bloom @f.
polykrikoidesincluded measurements of all the above-mentioaednpeters. Apart from the
two stations sampled within the extent of the blcanemn, a reference station located near the
center of the bay (corresponding to station 6 erttonthly samplings) was also sampled.
The location of this reference station was selebteskd of the fact th&t. polykrikoidesvas
rarely found in this area during the monthly samgsi (and when present, it was only found
in background concentrations- as previously show@hapter 1). Instead, high
concentrations and occasionally blooms of sevanalflhgellate species widely distributed
throughout the bay (predominan®y bahamensandC. furcavar. hircus, but also including
otherCeratium Prorocentrum DinophysisandProtoperidiniumspecies) prevailed in that
station. A summary of the seawater constituen@smed as part of these samplings is
presented in Table 10. Note that this was the imtstse bloom of. polykrikoidesever
observed in Bahia Fosforescente during the studggigepresenting fundamentally a
monoculture of this species. The reference statinrthe other hand, represented a mixed
assemblage mainly conformed by dinoflagellate gsediut also including a minor

component of diatoms.



Table 10. Summaryof bio-geochemical parameters measured at Bahfaréssente during the samplings of May 16 and208,7.

CDOM
Date Station [Chl ‘1] Cell abundance (cells L) (acpom (412)) ISS_l
(Mg L) (m) (mg L™)
May 16, 2007 polyk(r:ilkoides Ceratium  P. bahamense ProtoperidiniumDLr;%%gﬁis
BL-1 65.74 4,309,667 1.15 74
BL-2 45.13 3,413,600 0.95 88
Reference 5.62 1,354 26,116 7,733 969 107 0.48 6 3
May 18, 2007
BL-1 34.14 609,911 0.92 62
BL-2 48.72 3,880,267 0.75 66
Reference 2.93 1,850 4,340 7,793 470 62 0.56 29

TT
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2.3.3.2.1Remote sensing reflectance [R( )] spectra

The Rs () spectra collected during these two samplingsuffeig0) showed the same
overall tendency, with the two stations locatechimittheC. polykrikoidesloom area exhibiting
curves with nearly identical spectral shapes amy sl@sely related magnitudes. On the other
hand, they were considerably different from thosthe reference station. ThesR ) values
inside the bloom area were, in general, much Idhan in the reference station, except for the
longer visible and NIR wavelengths where bloomeethnces were higher due to a prominent
peak. These differences iR ) magnitude corresponded to a substantial disparitlye
concentration of optically active constituents,egivthat the bloom stations exhibited extremely
high chlorophylla values and dinoflagellate cell abundances (348.246pg L and 609,911-
4,309,667 cells £, respectively) compared to the reference staic®3(and 5.62 pgt, and
14,515 and 36,279 cells'|_respectively), as well as a greater content oOGDTSS and ISS
(up to ~3 times higher).

Noticeable differences in spectral shape were @bserved.The C. polykrikoidesloom
spectra were characterized by a strong depressiBg ( ) between 400 and 500 nm, because of
the strong influence of absorption by phytoplankpaygments, detritus and CDOM, and by a
well-defined red/NIR peak due to the exceedingbhraccumulation of phytoplankton cells in
this area. They also showed a green maximum paostti at ~573 nm, followed by a gradual
decrease down to a pronounced trough around 66&smresult of the high chlorophsll
content. On the contrary, the reference stati@ctsp revealed a less flattened spectral shape
from 400 to 500 nm, clearly indicating a smalleniridoution by CDOM, detritus and pigment
absorption, as well as an inconspicuous and sjigiiifted towards shorter wavelengths red/NIR

peak (that seemed more like a shoulder) due todhgaratively much lower concentrations
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of phytoplankton cells and chlorophwllin this area. The upward spectral shift of th&deak
with increased chlorophyd has been widely observed and is explained by ammugpshift in the
position of the minimum combined absorption by pemnts and water with increased chlorophyll
a concentrations (Gitelson, 1992; Gitelson et &99). The green maximum appeared also
shifted to ~568 nm and was followed by an abruptekese in R ( ) probably related to a lower
backscattering and/or stronger water absorptiongaibis spectral region. It could also be due to
the much lower concentration of dinoflagellate pegts in this station. The dinoflagellate
carotenoid pigment peridinin has significant a¢yivin the mid-500 nm region and suppresses
the green peak magnitude when present in high otrat®ns (Schalles, 2008). A much less
pronounced chlorophyl trough at ~668 nm was also apparent.
2.3.3.2.2Derivative analysis of Rs ( ) spectra

Even though certain differences were detected lmtwlee R ( ) spectra of the bloom of
C. polykrikoidesand those of the reference station, no speciéitufes or patterns that could be
considered diagnostic of the presenc€ opolykrikoidesor of the dominant dinoflagellates in
the reference station (i.B. bahamensandCeratiun) were evident.Consequently, second-
derivatives of the average spectra for@Gheolykrikoidedbloom and reference stations were
computed (Figure 31) to explore potential discriating features that could have been masked
in the Rs () spectra. The analysis resolved effectively ghisam features attributable to
chlorophylla, chlorophyll ¢, peridinin and the combination of carotenoid pigtseand
revealed differences between the two spectra arthenthnge of 505-550 nm. In this spectral
region, the second-derivatives showed a broad peatered at ~540 nm primarily associated
with peridinin for theC. polykrikoidesdbloom spectrum, but instead resolved two smakakp

located at 513 and 550 nm for the spectrum ofeéference station. These differences may be
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explained by the extreme variation in phytoplankbagments concentration between the two
areas, rather than by unique optical features. akgagly, the high concentration of pigments
associated with the bloom 6f polykrikoidesallowed a robust separation of the peridinin
absorption signal, whereas for the reference statioe to its much lower pigment content (and
correspondingly weaker signals), the separationm@® inefficient resulting in two separate
peaks. Note that these two peaks were also adxbervvery similar positions, in the second-
derivatives of the R( ) spectra corresponding to the bloom£opolykrikoidesandC. furca
var. hircusP. bahamenspresented in section 2.3.3.1.3 and have also fegemted by several
authors (see Table 7).
2.3.3.2.3Spectral absorption coefficients

The absorption coefficients measured atGh@olykrikoidedbloom stations were overall
higher than those of the reference station (Fi§)e agreeing with the distribution of the
strongly absorbing constituents between these teasa Absorption coefficient values for the
reference station incremented at all wavelengtltls an increase in cell abundance (and
corresponding pigment concentrations), whereath®bloom area such a direct relationship
was not observed, particularly for the three higliegolykrikoidesabundances and pigment
concentrations. These inconsistencies may beecktatthe difficulties imposed by the patchy
nature ofC. polykrikoidedlooms, as this species tends to form clumpsriqussof cells
embedded in a mucilaginous secretion, inevitabiypducing great variability into the sampling
data. For all stations, maximum absorption vahesurred at 412 nm due to the strong
influence of CDOM absorption, with a secondary objpdyll a maximum at 676 nm. An
inverse relationship with wavelength was obserwedviavelengths shorter than 650 nm. Also,

an increment in the magnitude of the absorptiorificients for wavelengths lower than
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555 nm and at 676 nm (regions of strong pigmentaar@DOM and detritus absorption),
relative to 555 and 650 nm (regions of lower absonp, was apparent for the bloom stations
compared to the reference station in responseetotifgher content of pigments, TSS and
CDOM.
2.3.3.2.4Spectral attenuation coefficients

Cochlodinium polykrikoideBloom stations showed much higher spectral atteorua
coefficients than the reference station (Figured8) to a higher absorption and/or scattering by
phytoplankton cells, pigments, CDOM and ISS (sedits)le The attenuation coefficient values
for the bloom area followed the same trend of theogption coefficients, where an increment in
the total content of optically active constitueintshe seawater increased light attenuation at all
wavelengths, except for the areas with the higbestentrations of these constituents.
Absorption and attenuation measurements were tsikaunitaneously with the ac-9 and therefore
both corresponded to the same water sample. H#res®e noticeable discrepancies are directly
related to that observed for the absorption caefiits and presumably respond to the sampling
difficulties explained in the previous sectiolRor all stations, attenuation values were higher in
the blue wavelengths and decreased with increasaivglength in a near-monotonous fashion,
with no prominent spectral features being apparent.
2.3.3.2.5Spectral scattering coefficients

Spectral scattering coefficients (Figure 34) showeasiderably higher values (2-75
times higher, depending on the spectral regionséaiibn) compared to that of absorption,
contributing substantially more to light attenuatia these watersScattering coefficient values
for theC. polykrikoidesbloom stations were, in general, much higher thase of the reference

station as a result of their higher particle loattsaddition, they varied with increasing
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concentrations of particulate suspended mattef §8) in the exact same fashion as the
absorption and attenuation values, since they wiet@&ned as the difference between these two
optical properties (scattering = attenuation — gitsan). The reference station presented higher
scattering values in the shorter blue wavelengtiasexhibited a decreasing tendency towards
longer wavelengths. The. polykrikoidesbloom stations revealed an opposite spectral ppatte
with decreasing scattering values towards shoréetelengths. This pattern responds to their
higher absorption by phytoplankton pigments and @)@hich strongly reduce the blue light
available for scattering, and to their higher cahte ISS, which strongly scatter red light. Two
scattering minima associated with the chlorophybsorption maxima were observed at 443
and 676 nm.
2.3.3.2.6Spectral backscattering coefficients

Backscattering coefficients measured at the thagepling stations (Figure 35) were
considerably low compared to the scattering coeffits, representing roughly 3% or less of the
total scattering values (based on the values ofehing wavelengths between the HS6 and
ac-9, i.e. 442/443, 510 and 675/676 nm). Backscag coefficients corresponding to the first
sampling (May 16) showed higher values for therefee station than for the bloom@©f
polykrikoides whereas for the second sampling (May 18) thdiresawere very much closer.
This was probably due to the lower abundance ofqgtgnkton cells and concentration of ISS at
the reference station during the second samplmgg, tesulting in proportionately lower
backscattering values. Although an increment itkbaattering magnitude with an increas€in
polykrikoidesabundance at wavelengths longer than 470 nm waswaasfor the bloom stations
during the first sampling, this pattern was notaued when the data of both samplings were

considered together. This was primarily relatethtofact that the backscattering coefficients
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measured at the bloom stations during the secanglsay were, in general, lower than those of
the first sampling, independently Gf polykrikoidesabundance, most likely because of the great
variability encountered within the blooms of thpesies(due to its clumping tendency).
Maximum values for the reference station were alexbat 442 and 675 nm, and minimum
values at 470 and 589 nm. T@epolykrikoidesbloom stations exhibited higher backscattering
values in the shorter blue and from yellow to rea@lengths, with maxima at 442, 589 and 675
nm and a pronounced minimum at 470 nithe main difference in the spectral shape of
backscattering between these two areas consistbd occurrence of proportionately higher
values in the yellow and yellow-orange spectraiaeg (relative to the other wavelengths) for
the bloom ofC. polykrikoideswhich seem to explain the bright brownish-reddisration

typically associated with the blooms of this specie

2.3.3.3 Quantitative analysis of Rs( ) data

In order to explore whether it is possible to gifsiritlooms ofC. polykrikoidesrom in
situ hyperspectral Rdata, different techniques and/or algorithms (tisteTable 11) were tested
on a set of ten bloom spectra, and on their cooredipg second-derivatives, collected in Bahia
Fosforescente during the study period. Criterialie selection of the bloom spectra included
thatC. polykrikoidesvas the absolute dominant species and that tletrapeere measured
under clear sky conditions. A significant relasbip (* = 0.71; p = 0.002) betwedh
polykrikoidescell abundance and chlorophglboncentration was obtained for the bloom
episodes chosen (Figure 36), thus suggesting tleafta of remote sensing chlorophyll-based
algorithms for estimations &. polykrikoidesell abundance (both Casel and Case 2 waters

algorithms were tested).
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Traditional Rs () blue to green ratios showed no relationship 448/555) or relatively
weak relationships (i.e. 490/555 and 510/555) Witlpolykrikoidescell abundance (Table 11).
In contrast, other two-band ratios involving thegr and red/NIR spectral regions such as
Ris~700/Rs~670, Rs709/ R510, R670/ RH55 and R~670/ R«~570 were strongly related @.
polykrikoidescell abundance (Figure 37, Table 11). Secondrpram-linear equations
(polynomial fit) best described these relationshipsother algorithm that revealed a strong
relationship with cell abundance involved the chdtian of the depth of the red trough feature at
~670 nm, below a reference line between ~650 and ri#tGormalized as a ratio with the
average of R ( ) values for 440 and 550 nm (Figure 37, Table Q)ce again, a second-order,
non-linear equation best described this relatignsiaterestingly, the NIR peak magnitude
(calculated as the height at ~700 nm, above a Inaseétween ~670 and ~750 nm) exhibited no
relationship with cell abundance, despite beingdlly attributed to cell scattering processes.
Likewise, none of the algorithms applied to theosekderivatives data showed significant

relationships witrC. polykrikoidesell abundance.



Table 11. A comparison of the relationships between varsemi-empirical algorithms ar@. polykrikoidescell abundance for the
Ris( ) data set (n = 10) collected in Bahia Fosforescduating blooms of. polykrikoidesrom July 2002 to May 2007. Algorithms
in bold showed best relationshipSAlgorithm taken from Schalles (2008) Algorithm taken from Lubac et al. (2005).

Algorithm Equation r? significant (s)/not significant (ns):;
p value
R/s spectra data
NIR peak magnitudé Y = 6E+08x + 20326 r=0.32; ns

y = 889848x — 463082
y = 679477% - 2E+06x + 2E+06

y = 1E+08x + 746763

y = 2E+06x — 617462
y = 6E+06X - 1E+07x + 6E+06

y = 2E+06x — 359995
y = 5E+06X - 7E+06x + 3E+06

y = 821308x + 219127
y = 546431% - 919333x + 1E+06

y = -3E+06x + 2E+06
y = -4E+06x + 3E+06
y = -5E+06x + 4E+06

y = -1E+07x + 6E+06
y = 1E+08% - 9E+07x + 2E+07

y = -1E+07x + 5E+06
y = 8E+07%X - 7TE+07x + 1E+07

y = 4E+06x - 859128

Ris~700/Rs~670 (Rs NIR max/R;s red min) *
(ave R$650+Rrs 700)-R675*
((ave RH650+ Rs700)- Rs675)/550"

((ave R 650+ R 700)- R, 675)/(ave R 550+ Rs 440)*

R, 709/ R 5107

Ris 443/ Rs 555
Ris 490/ Rs 555
Rs 510/ Rs 555

R 670/ Rs 555 2

R/s~670/ Rs~570 (Rs red min/R,s green max)

Ris~700/ Rs~570 (Rs NIR max/Rs green max)
Second-derivatives of R spectra data

NIR peak magnitudé

NIR peak values (~700)

~700/~670 (NIR max/red mir)

~670/~570 (red min/green max)

y = -3E+10x + 777534
y = -6E+10x + 497727
y = -3E+06x - 2E+06

y = 123003x + 1E+06

r* = 0.66; s; p = 0.004
r*=0.87;s; p = 0.001
2= 0.02; ns
0.48;s; p =0.03
0.80; s; p = 0.004
0.53;s; p=0.02
0.86; s; p =0.001
r*=0.67;s; p = 0.004
r*=0.88;s; p = 0.001
2= 0.20; ns
%= 0.46; s; p = 0.03
’=0.48; s; p = 0.02
r*=0.64;s; p=0.005
r*=0.88;s; p = 0.001
r’=0.61;s;p=0.01
0.86; s; p =0.001
’r=0.28; ns

r.2

r.2
r.2
I,.2

I,.2

2= 0.04; ns
2=0.10; ns
’r=0.19; ns
>=0.08; ns

3¢T
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Figure 37. Comparison of algorithms that showed the besticglghips for estimations @.
polykrikoidescell abundance based onsitu hyperspectral Rdata. The red lineepresents the
linear fit of the data and the blue line represéiméssecond-order polynomial fit of the data.
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2.4 Discussion

Optical properties of C. polykrikoides

The AOP’s (R;) and IOP’s &, c, b andby) of the dinoflagellat€. polykrikoidesvere
characterized based on pure cultures measuremeéngse experiments were intended to
provide essential information to interpret accuyatiee variations in ocean color associated with
the blooms of this species in natural waters. Tif@mation was also fundamental to
understand the extent of our capabilities to dimstrate and quantify the blooms of this species
in Bahia Fosforescente froim situ hyperspectral Rdata.

The Rs( ) spectra ofC. polykrikoidesxhibited the characteristic spectral shape of
chlorophyllc-containing microalgae, with reduced reflectances@lspectral regions of strong
pigment absorption, and well-defined green (570 ang) red/NIR peaks centered in areas of
minimum pigment absorption, where backscatterimgg@sses prevail. The apparent
intensification of these spectral features as atfan of increasing cell abundance and
chlorophylla clearly demonstrated the influential role of pigrmhabsorption and cell scattering
processes in controlling the shape and magnituds@f) spectra. Another important
observation was the increment ip B all wavelengths with an increase in cell abmeeéaand
chlorophylla. This trend differs from the conceptual modehuéroalgae reflectance, based on
which it would be expected that an increment ih @ehsity accompanied by increased pigment
absorption would result in strongly reduced bluteotances, whereas scattering would
outcompete absorption in the green peak region tfaded/NIR peak region), resulting in
increasing R () values (Gitelson et al., 1995 and referencesthgBchalles, 2008). The

observed trend coincides with the findings of Givel et al. (1995) for the cyanobacterium
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Spirulina platensisand of Gitelson et al. (1999) for the cyanobaaterAnabaenasp. and the
diatomNavicula minimavar.atomoidesand was presumably related to the remarkablygtro
scattering caused by the microalgal cells at sugih tlensities, which seemed to be much more
effective than absorption in governing thg mRagnitude overall.

An interesting finding was the shift of the greezak towards higher reflectance values
relative to the red/NIR peak with increasing célladance (and corresponding chloroplayll
concentrations). Since both peaks are locatepantgal regions of weak or minimum pigment
absorption that are limited on both sides eithepigynent or water absorption features, they
were likely to respond in a similar fashion to aarease in cell density (and chloropla)ll
Alternatively, the red/NIR peak would have beeneotpd to reach higher values compared to
the green peak (the opposite of what was obsergean the strong absorption of peridinin
(whosein vivo absorption maximum is centered at ~520 nm) whichideeen reported to
suppress significantly the green reflectance p&atelson et al., 1999). These results suggest
that the influence of cell backscattering agwas increasingly stronger at 570 nm compared to
the red/NIR peak, as cell densities incremented.

In order to assess the viability of hypersped®abata for quantitative estimations ©f
polykrikoidescell abundance, different techniques were testdgk positive correlation found
between the magnitude of the red/NIR peak anddegiity/chlorophyll strongly implied its
potential use as an indicator of cell abundancéaarthlorophylla concentration, as proposed
by Gitelson (1992). Likewise, second-derivativalgsis of the R ( ) spectra proved feasible
for quantitative approximations of cell abundancd ehlorophylla, based on the values of the
derivative features associated with chlorophydlbsorption and/or to the red/NIR peak

deconvolved by the analysis. The second-derivatnadysis also proved effective to resolve
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absorption features related to chloroplaylthlorophyllc, and peridinin, but it was unable to
separate the highly overlapped absorption sigrfatsost carotenoid pigments.

The light absorption characteristics of phytoplamkare fundamentally determined by
their pigment composition. Hence, the spectrapsha thein vivo absorption measured fax.
polykrikoides(which fitted almost perfectly with the extractedment absorption spectrumy,a
measured for this species) mostly obeyed to walilknpigment absorption features. For
instance, the absorption maxima observed at 44@aéechm correspond to the blue and red
absorption maxima of chlorophyl whereas the intermediate absorption values aocuat 488,
510 and 532 nm are indicative of absorption by s&aey pigments, particularly carotenoids,
whose absorption range is centered in the blueagspectral region. In contrast, the lower
absorption values found at 555 and 650 nm, and%&nv coincide with spectral regions
characterized by weak or undetectable pigment abear The maximum observed at 412 nm,
on the other hand, is primarily explained by thghhCDOM content in the cultures (mainly
resulting from the metabolism and decompositio@ opolykrikoidescells), although it may also
indicate the presence of phaeopigments (chlorophgdigradation products) which exhibit
maximum absorption around 410 nm (Jeffrey et &97] Astoreca et al., 2005). An increase in
cell abundance (and pigment content) producedx@ecéed, a noticeable increment in pigment
absorption at all visible wavelengths that was iast with the trend observed in the R)
curves (i.e. the intensification of the spectraltfees directly related to pigment absorption, as
cell density increased).

Because light attenuation results from the combowedributions of absorption and
scattering processes, the observed trend of inagehght attenuation towards the shorter

wavelengths was the outcome of the interaction eetwthe strong pigment and CDOM
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absorption in the blue wavelengths and the padicsdattering properties @f. polykrikoides
which were also found to be inversely proporticiwalvavelength within the visible spectral
region. (Scattering values at 715 nm were highan the minimum values at the visible
wavelengths, because chloroptg/thbsorption decreases sharply beyond 700 nm ahd cel
scattering prevails in this spectral region.) Heere by comparing the magnitude of the
absorption, attenuation and scattering coeffickahies, it was evident that cell scattering
contributed significantly more (from ~5 to 25 timesre depending on wavelength) to the
attenuation of light than pigment absorption. Spectral shape of scattering was in partial
conformity with the anomalous dispersion theoryjchitpredicts that variations in scattering will
occur within spectral regions with sharp variatiamgabsorption like, for example, on the limits
of absorption peaks (Vaillancourt et al., 2004 eafdrences therein). These theoretical
predictions (i.e. the occurrence of scattering dsgions within the strong blue and red pigment
absorption peaks) have been previously shown ittesoay spectra measured for culture samples
of various harmful algal species (Mc-Leroy Etheadmmd Roesler, 1998) and in spectral
scattering simulations of different phytoplanktgesies based on reverse IOP modeling
methods (Stramski et al., 2001). In the particaise ofC. polykrikoideshowever, even though
the blue and red (440 and 676 nm, respectivelyjestag depressions were apparent, scattering
values along the blue-green and green spectrained#88, 510, 532 and 555 nm) were much
lower than at 440 nm, thus diverging from the expe@ctheoretical spectral pattern. Although
there is no precise explanation for this scattepatgern, it could be related to the copious
secretions of mucopolysaccharides substances atswevith high concentrations Gf
polykrikoidescells, which may influence the scattering progsrof this species. The

enhancement in light attenuation and scatteringrésalted from an increase in cell abundance
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was predictable, on account of their strong absmm@nd scattering properties. More
importantly, the substantially higher scatteringuea consistently observed at all wavelengths
relative to the absorption values (independentlgedif abundance) were in full agreement with
the observed increment in magnitude of the( R spectra with an increase in cell abundance.
Backscattering coefficient values represented dl $raation (~2%, based on the
matching wavelengths between the HS6 and the ae-940/442, 510 and 675/676 nm) of the
total scattering, as expected from theory (Bosd.e2004). Cochlodinium polykrikoides an
ineffective backscatterer because it is large coatpto the wavelengths of light and has a low
refractive index relative to water. Even thougé tafraction index o€. polykrikoidesvas not
determined during this study, it is well known tpat/toplankton species lacking a hard mineral
exoskeleton normally have refraction indices aroinfd-1.05 (Stramski et al., 2004). In
spectral terms, the effect of absorption on badksigag was evident (as predicted from the
theory of anomalous scattering), with minima ocicigyiat 470 and 670 nm, regions of strong
pigment absorption. Nevertheless, similar to tetering curves, the blue backscattering
minimum did not take place at 440 nm where the pigenent absorption maximum typically
occurs. Backscattering is strongly related tosize, shape, refraction index, growth phase and
internal structure of the cells (Mc-Leroy Etherided Roesler, 1998; Boss et al., 2004; Stramski
et al., 2004). Therefore, the spectral patternaakscattering of. polykrikoidess a complex
function of the intricate influences of pigment alggion, the specific properties thfis species
cells and the mucopolysaccharide secretions intwthiese cells are usually embedded. These
results are supported by Ahn et al. (1992) andh&kaet al. (2001), which demonstrated that
phytoplankton species with different cellular prapes exhibit dissimilar backscattering spectral

shapes, with more or less pronounced featuresmiitie major absorbing bands of pigments.
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The strong backscattering signals exhibitedbyolykrikoidesat 589 and 620 nm are
mostly responsible for the brownish-red discolanagi typically associated with the blooms of
this species. A€. polykrikoidescell concentrations increase, more blue/green iggabsorbed
and more yellow/red light is backscattered outhefwater. Therefore, red color receptors in the
human eye are preferentially stimulated over thuie laind green receptors, thus resulting in
perceivably brownish-red waters (Dierssen et &l062. The noticeable increment in
backscattering observed at all wavelengths witheiasing cell abundance, clearly explains the
overall increment in reflectance magnitude thatiltes from an increase in cell abundance.

This study makes an important contribution togbarce available information regarding
the optical properties @. polykrikoides However, it is most certainly not without limitzns.
During these experiments, a limited range of clpbgdl a concentrations and cell abundances
were attained, due to difficulties associated witliuringC. polykrikoides This species was
extremely difficult to grow in the laboratory togh cell densities. It would be necessary to
evaluate a much wider range of cell abundancesamdsponding chlorophyd concentrations,
in order to gain a better idea on how the opticapprties presented here vary at such extremely
high cell abundances and chloroptg/toncentrations typically found during natural biwoof
C. polykrikoides Additionally, potential changes in the opticabjperties associated with
variations in the physiological status of the celisst be evaluated. Previous research has
demonstrated substantial variations in the absmr@nd scattering properties of harmful algae,
at different light regimes and growth phases (Jehramd Sakshaug, 1993; Mc-Leroy Etheridge

and Roesler, 1998).



136

The use of a small container in mesocosm experimentio measure the optical
properties of C. polykrikoides

This study demonstrates the use of a ~100 L mesotangnto characterize the optical
properties of monospecific microalgal culturesha taboratory and outdoors. Previous studies
with similar aims (e.g. Gitelson et al., 1995; Rquit et al., 1995; Gitelson et al., 1999) have
used, preferentially, tanks or containers of cogrgilly larger dimensions in order to reduce as
much as possible spurious sidewall and bottom f&ghat may contaminate the optical
measurements (i.e. to achieve optically deep-watrditions). Black-colored tank interiors
have been also commonly used for these purposexi(fRist et al., 1995; Gitelson et al., 1999;
Vaillancourt et al., 2004), since the reflectantblack surfaces is minimal, particularly if they
are flat-black. In this study, however, the usa abntainer of large dimensions was not a viable
option because of the limited culture volumes add. The densest and brightest cultureS.of
polykrikoides as needed for the optical measurements, welieedtavhen grown to 1 L volumes
in Fernbach flasks. Higher volume cultures wenepdy unattainable, as this species was
extremely sensitive to aeration.

The obtained results indicate that, despite itdissize, the contribution of the tank’s
sidewalls and bottom to the optical measuremenssmiaimal. Several characteristics of the
set-up used to perform the optical measurementpensated for the reduced dimensions of the
tank, making it appropriate for this study. Thegre: the flat-black painted interior, the 45°
angle bottom used for thgsR ) measurements (which helped reduce spurious bottom
contribution by deflecting any bottom signals ghtiangles, or away, from the look angle of the
spectroradiometer sensor) and the mechanical pumgnadsystem that kept the cells

homogenously distributed in the water column. ©firtecautions taken specifically during the
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backscattering measurements, such as to coveethgp svith black fabric (to prevent
extraneous light from entering the cylinder) andiétermine the depth where the backscattering
contribution from the bottom was minimal prior &king the measurements, contributed
enormously to minimize potential contaminationtod pptical data from external and internal

sources.

Feasibility of hyperspectral Rs data for the discrimination and quantification of C.
polykrikoidesblooms in Bahia Fosforescente

The Rs () spectra measured in Bahia Fosforescente betwegr20D2 and July 2003,
and during May 2007, revealed the same generatrapeattern indicative of coastal waters
with a high content of pigments, CDOM, detritus aediments. Differences among the spectra
mainly consisted of variations in the magnitudéhef curves and of the spectral features and
were very much less related to spectral shapeseltidgferences responded primarily to
variations in the relative concentrations of theaas optically active seawater constituents. In
fact, the most dramatic deviations were observespattra corresponding to high concentrations
or blooms of dinoflagellates, which were charaetediby strongly suppressed reflectances along
the blue spectral region and a conspicuous redfiéikk near 700 nm. This clearly indicates that
the occurrence of microalgal blooms in Bahia Fasfoente can be detected from hyperspectral
Rrs measurements.

A comparison among,R( ) spectra representative of bloomsofpolykrikoidesA.
sanguineaandC. furcavar. hircus-P. bahamenswith similar chlorophylla concentrations,
demonstrated strong similarities between themjqaarly between those &. polykrikoides

andA. sanguinea Indeed, the blooms of these two species weremely difficult to discern
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visually, as they imparted the seawater the sammerbsh-red discoloration (plus occurred in the
same area). This suggested similar optical pragseietween these species. Unfortunately, it
could not be confirmed because the IOP’&o$anguineavere not measured during this study.
Nevertheless, certain assumptions can be made bagéeory and previous research. Given
that dinoflagellates have, in general, the sammpig composition, their spectral absorption
signatures are practically identical, even in & species with unique pigments (Millie et al.,
1997). Therefore, it is safe to assume that tiserbion properties df. polykrikoidesandA.
sanguineashould vary little. This was, to some extent, dasirated in the second-derivatives
of the Rs () spectra, seeing as the analysis resolved bastballsame absorption features for
the two species. Their backscattering propertiesakso likely to be similar, since they are both
unarmored (athecate) species, with oval-like shapdscomparable effective sizes. Even
though the cells 0A. sanguineamay be about two times larger (40-80 pum) thandha€.
polykrikoides(30-40 um) individually (Steidinger and Tangen91Q C. polykrikoidesvas
mostly observed forming chains of 2 or 4 cells, keheells were usually much smaller or
compressed than the individual ones (proportiontallyhe number of cells in the chain), making
its effective size closer to that Af sanguinea Based on these assumptions and on their
measured R( ) spectra, it is hypothesized that it would be wemjikely to differentiate
optically the blooms of. polykrikoidesrom the ones oA. sanguineaor of any other
dinoflagellate species with such similar cellulaaacteristics.

Differences between theR ) spectra ofC. furcavar. hircus-P. bahamensandC.
polykrikoidesblooms were, on the other hand, more defined andistent with the seawater
colors perceived during their occurrence, whichtfa former bloom was somewhat greenish-

brown. These differences were partly due to theparatively lower CDOM and sediment
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content typically associated with the area wheegthfurcavar. hircus-P. bahamensbloom
occurred. But, because of the exceedingly highcogicentrations of both species observed
(which should have dominated the optical signal®y were probably mainly attributable to
species-specific optical properties. Since noiiant differences in the absorption properties
of C. polykrikoidesand these two species are expected, nor were sieggeom the derivative
analysis, differences in their backscattering dgneay be invokedCeratium furcavar. hircus
andP. bahamensare both armored (thecate) species with diffesbapes and sizes compared
to C. polykrikoides Ceratium furcavar. hircushas an elongated body that varies from 128 to
149 um in length, whil®. bahamenses round in shape with a prominent antapical spime
ranges from 40 to 50 um in size (Hernandez-Becandl Navarro, 1996; Badylak et al., 2004).
Thus, differences in their backscattering propsréiee likely, especially fa€. furcavar. hircus
given its much larger size and rather differenfpghaAlthough the abundance©f furcavar.
hircusandP. bahamenseells during this bloom was not determined, qagire analyses of
water samples collected concurrently with the @bticeasurements indicated ti@atfurcavar.
hircuswas, by far, the most abundant species. This wagasted by the work of Soler (2006),
who reportedC. furcavar. hircusandP. bahamenseell abundances of 830,199 and 303,053
cells L', respectively, for that same station and weeker@tore, these two blooms must have
had, in all probability, different scattering anackscattering properties such as to explain the
observed differences between theiy(R spectra.

Certainly, noticeable differences were apparenvbenh the scattering and backscattering
properties measured within the extent of a densemlofC. polykrikoidesand in the center of
the bay (the same area where @durcavar. hircusP. bahamensbloom occurred) during the

two special samplings of May 2007. Although nodohs ofC. furcavar. hircusandP.
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bahamensevere found there in this occasion, a f@eratiumspecies (mainlg. furcavar.

hircus) andP. bahamensdominated the dinoflagellate community, especidilying the first
sampling when significant concentrationgG#ratiumcells were observed. Consequently, these
optical measurements are representative, to a &xtgat, of a phytoplankton community
predominantly conformed b®. furcavar. hircusandP. bahamenseomparable to that
observed during the blooms of these two speciexk&attering coefficients exhibited
substantial differences within the spectral ranigé7®-620 nm, where the bloom ©f
polykrikoidespresented a positive spectral slope (i.e. high&res towards the yellow-orange
wavelengths), whereas the center of the bay shawadre flattened slope with slightly higher
values in the green region. These dissimilaritidsackscattering properties are in agreement
and may, in fact, explain (that is, assuming aturcavar. hircusandP. bahamensbkad truly
influenced significantly the backscattering measwests) the observed differences between the
Ris () spectra of the blooms &f. polykrikoidesandC. furcavar. hircus-P. bahamensend the
discolorations they impart to the seawater. Appiyejust like the backscattering properties of
C. polykrikoidesblooms induce a preferential stimulation of retbcoeceptors in the human eye
that makes us perceive the seawater brownish-redlan, the backscattering propertiesof
furcavar.hircus-P. bahamensblooms tend to stimulate equally the green andigéd

receptors (because of their flat backscatteringadggalong those wavelengths), and are thus
perceived greenish-brown (Dierssen et al., 200®)e higher backscattering coefficient values
observed at 675 nm for both areas, primarily dufédhigh concentration of suspended
sediments (ISS) in these waters, had little impathe perceived seawater color, as the human
eye red color receptors are only slightly sensitoveravelengths greater than 650 nm (Dierssen

et al., 2006). Likewise, the strong backscattesiggals at 442 nm, most likely due to seawater
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and species-specific backscattering propertiesahathor impact in the seawater color because
of the predominant influence of pigment (and CDCi¥orption in that spectral region during
high cell accumulations. Therefore, the differatitin of the blooms of. polykrikoidedrom

the ones o€C. furcavar. hircusandP. bahamens¢or any other bloom-forming dinoflagellate
species exhibiting substantially different celluttiaracteristics compared @ polykrikoide¥in
Bahia Fosforescente, basedimsitu hyperspectral Rmeasurements, seems plausible.

In situ hyperspectral Rdata also proved suitable for quantitative estiomatofC.
polykrikoidescell abundance under bloom conditions, throughagh@ication of chlorophyll-
based semi-empirical algorithms. An inherent aggion in using these algorithms is that
chlorophylla varies in direct proportion wit@. polykrikoidescell abundance during these
blooms, which according to the limited data setlabée is, for the most part, correct. The
algorithms that demonstrated to be more reliabuentifyC. polykrikoidesn these Case 2
waters were those based on the chloropdogdid absorption feature, the green peak and/or the
red/NIR peak, given their location in spectral o of low sensitivity to CDOM and detritus
absorption and strong sensitivity to cell scatigiim the case of the green and red/NIR peaks).
A remarkable exception was the magnitude of théNdpeak which showed a poor
relationship withC. polykrikoidescell abundance, contrary to the tendency observédte
culture additions experiment and despite the faat it is strongly influenced by cell scattering
processes. This was presumably related to a catamof factors associated with the complex
and variable optical nature of these waters inclgdihe great variability that characterizes the
blooms of this species as imposed by their higlaltglpy nature, the contribution of other
phytoplankton cells to cell scattering in the reldi$pectral region, variations in the

concentration of ISS which have also been repddgalay an important role in the magnitude of
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this peak (Schalles, 2008 and references theana)the variable illumination conditions
encountered throughout the samplings. The poamnpial exhibited by the second-derivatives of
the Rs ( ) spectra to quantify these blooms (as opposedtd tine pure cultures data suggested)
may have also been related to these same fasiocg, the magnitude of the derivative peaks and
troughs corresponding to the spectral featureshiclwthese algorithms are based, did not
necessarily correspond to chlorophgyltoncentration o€. polykrikoidescell density. Instead,
they were more related to the rate of change intsleslope of these features in the original R

( ) curves, which was affected by these factors éitist place.

More studies are still needed before it can be looled with certainty ifC. polykrikoides
blooms can or cannot be optically differentiatemirirthose of other bloom-forming
dinoflagellate species in Bahia Fosforescente amigtermine the most appropriate algorithm
for their quantification. Future research mustude an extensive data set consisting of
simultaneous measurements of AOP’s and IOP’s, hegetith a quantitative assessment of the
different optically active seawater constituentsmyithe occurrence of blooms 6f
polykrikoidesand of the other few bloom-forming species withiistoay. If significant
differences are detected between thg R spectra ofC. polykrikoidesblooms and those of other
species that can be irrefutably attributed to sgmespecific IOP’s, then the development of an
algorithm to discriminat€. polykrikoidesblooms from R ( ) data should be relatively
straightforward. If, on the contrary, the AOP’sld@P’s of a particular bloom-forming species
and those o€. polykrikoidesare so similar that their blooms are impossiblielioapart (as is
probably the case fak. sanguinep then a discrimination method based on optical
measurements would be very unlikely. Neverthelegsn in those cases the use of

hyperspectral Rdata could be very useful. For instance, giveh@haolykrikoidess known to
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be the most common bloom-forming species in thdemesmost inlet of the bay, the observation
of a reddish water discoloration in this particidaea, accompanied by &R ) spectrum
revealing typical high-chlorophyll spectral featsyrehould be sufficient to suspect a bloom of
this dinoflagellate. Then, if microscopic cell exiaations confirmC. polykrikoidesas the
responsible species;sR ) data could be used to follow the progress ofllbem by means of a

guantitative algorithm.
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2.5 Conclusions

This study provides the first comprehensive charazation of the optical properties of
the dinoflagellat&Cochlodinium polykrikoidesThe apparent and inherent optical

properties of this organism were determined baseguoe culture measurements.

The intensification of R spectral features, as a function of increasingolykrikoides
abundance and pigment concentration, clearly detraied the influential role of
pigment absorption and cell scattering processesritrolling the shape and magnitude

of Ris () spectra.

Cochlodinium polykrikoidesxhibited the typical pigment profile and absapti
characteristics of the majority of dinoflagellatéhis confirms, as expected, that the
exclusive use of spectral absorption propertiesdcoat be used to discriminate this

organism.

The strong backscattering signals exhibitedCbyolykrikoidesat 589 and 620 nm
accounts for the striking brownish-red discolomatassociated with the blooms of this

species.

The results of the optical experiments for deteations of the inherent and apparent
optical properties proved that the mesocosm tatkseised was adequate for these

purposes.
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Second-derivatives of thed ) spectra proved feasible for quantitative appr@ations
of C. polykrikoidesabundance under pure culture conditions, but ndeunatural bloom

conditions.

The Rs () spectra collected at Bahia Fosforescente thraughe study period shared
the same general spectral pattern characteristptifally complex coastal waters.
However, substantial deviations in the spectrassponding to dense accumulations or
blooms of dinoflagellates clearly indicated tha ticcurrence of these blooms in Bahia

Fosforescente can be detected from hyperspectrdbia.

Based on the measureg R) spectra, it would be unlikely to differentiateticplly the
blooms ofC. polykrikoidedrom those ofA. sanguinear of any other dinoflagellate

species with such similar cellular characteristics.

The differentiation of the blooms &f. polykrikoidedrom those ofC. furca var. hircusP.
bahamenséor any other bloom-forming dinoflagellate spe@ahibiting substantially
different cellular characteristics) in Bahia Fosfmente, based amsitu hyperspectral

Rrs measurements, seems plausible.

In situ hyperspectral Rdata also proved suitable for quantitative estiomatofC.
polykrikoidesabundance under bloom conditions, through thei@dmn of chlorophyll-

based semi-empirical algorithms.
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Appendix 1. Chlorophylla concentrations measured at Bahia Fosforescemegout
the study period by spectrophotometric, fluoroneedind HPLC methods. Data for
October, November and December 2002 was accidgiaat



Appendix 2. SIMPER analysis of dissimilarities among samplitagisns based on physical-chemical propertiesarRaters
contributing to at least 90 % of the dissimilatigtween two particular stations (cumulative %)leted with their corresponding
contribution %. The average squared distance legtwtations is indicative of their similarity; theeater the distance the greater
their dissimilarity and viceversa. The last rowigates the contribution of each parameter to tegadl dissimilarity.

Stations Avera:jgigg rs]ggared Contribution % Cuml;;)ative
PO, NOj; NO, NH,” SiO, Dissolved oxygen Salinity
St1&St2 12.20 35.49 20.00 11.78 10.31 15.55 93.13
St1&St3 18.80 31.39 484 17.42 10.99 9.88 17.87 92.39
St1&St4 13.48 36.88 1558 7.02 11.01 10.22 9.86 90.57
St1&St5 13.65 28.19 1153 17.19 10.73 11.44 11.64 90.72
St1&St6 20.07 18.27 1329 1991 10.72 12.39 12.13 9.89 96.60
St2&St3 5.29 31.04 17.18 1694 7.88 5.85 15.28 94.17
St2 & St4 4.24 32.42 18.83 1199 881 11.13 9.40 92.58
St2&St5 6.81 27.60 2449 1349 6.70 9.86 9.08 91.22
St2&St6 10.45 1498 2561 11.88 11.48 17.53 9.96 91.44
St3&St4 2.69 10.33 9.04 854 6.24 23.19 38.61 95.95
St3&St5 9.53 11.82 26.44 23.73 9.58 10.44 13.96 95.97
St3&St6 5.37 19.85 859 584 31.86 24.67 90.81
St4&St5 6.57 9.90 34.02 2314 7.01 12.25 5.80 92.12
St4&St6 4.02 27.73 1260 15.00 5.44 22.47 9.31 92.55
St5&St6 11.85 8.66 21.00 22.14 7.56 23.56 7.70 90.62

Overall average

contribution % 22.84 2040 16.79 9.42 8.79 15.88 13.91
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Appendix 3. SIMPER analysis of dissimilarities among sampliated based on physical-chemical properties. Paeasne
contributing to at least 90 % of the dissimilatigtween two particular sampling dates (cumulgtyere listed with their
corresponding contribution %. The average squdigdnce between dates is indicative of theirlginty; the greater the
distance the greater their dissimilarity and wieesa. The last row indicates the contributioeath parameter to the overall
dissimilarity. Physical-chemical data correspoigdio the period from May to July 2003 were notuded in the analysis since
nutrient data were not available for those dates.

Dates Averggttaasnc::iared Contribution % Cumléi)ative
PO NOs NO, NH4" SiO, Dissolved oxygen Salinity Temperature
Aug 02 & Sep 02 17.79 22.32 12.82 21.34 10.72 9.59 19.67 96.46
Aug 02 & Oct 02 16.43 22.97 6.35 27.85 9.12 24.14 90.43
Aug 02 & Nov 02 21.60 16.29 2447 2371 11.98 7.02 10.15 93.62
Aug 02 & Dec 02 12.71 34.3 22.04 5.92 29.56 91.82
Aug 02 & Jan 03 29.96 6.12 16.61 10.03 30.35 28.56 91.67
Aug 02 & Feb 03 22.09 20.23 16.31 5.88 5.37 16.42 30.40 94.61
Aug 02 & Mar 03 13.53 9.27 4.50 12.69 23.69 43.27 93.42
Aug 02 & Apr 03 7.78 22.63 10.39 40.44 11.50 12.51 97.47
Aug 02 & May 03 7.81 28.59 6.19 38.98 7.14 14.66 95.56
Aug 02 & Jun 03 6.67 47.56 5.48 9.06 6.43 24.66 93.19
Aug 02 & Jul 03 7.57 56.90 5.60 17.47 9.05 5.73 94.75
Sep 02 & Oct 02 10.11 25.94 5.27 27.43 18.80 16.01 93.45
Sep 02 & Nov 02 13.64 16.62 29.55 9.88 11.67 11.06 11.67 90.45
Sep 02 & Dec 02 13.09 15.06 2516 13.17 22.67 18.76 94.82
Sep 02 & Jan 03 19.36 9.10 15.24 33.67 10.24 13.02 10.88 92.15
Sep 02 & Feb 03 15.38 10.85 18.09 9.67 17.51 26.07 9.32 91.51
Sep 02 & Mar 03 15.13 13.34 7.14 7.27 20.34 36.80 11.52 96.41
Sep 02 & Apr 03 23.43 8.67 41.70 24.73 4.41 12.84 92.35
Sep 02 & May 03 9.69 11.47 8.21 26.92 35.61 8.36 90.57
Sep 02 & Jun 03 15.94 14.36 5.87 36.41 12.83 9.26 16.30 95.03
Sep 02 & Jul 03 19.64 12.28 7.29 16.3 27.73 22.51 10.96 97.07

29T



Appendix 3. Continued.

Dates Averggttaasnc::iared Contribution % Cumléi)ative
POs NO3 NO2 NH4" SiO, Dissolved oxygen Salinity Temperature

Oct 02 & Nov 02 8.88 5.81 41.41 2229 10.68 10.95 91.14
Oct 02 & Dec 02 6.91 21.45 6.35 43.53 6.93 12.68 90.94
Oct 02 & Jan 03 10.96 7.38 30.54 6.29 21.88 5.77 13.49 9.72 95.07
Oct 02 & Feb 03 9.72 1292 2739 12.84 12.68 15.14 8.07 6.76 95.8
Oct 02 & Mar 03 12.82 10.58 14.52 25.71 33.79 7.87 92.47
Oct 02 & Apr 03 14.30 26.45 23.76 16.8 3.84 21.58 92.43
Oct 02 & May 03 12.08 14.84 30.78  14.03 24.43 7.03 91.11
Oct 02 & Jun 03 9.10 9.73 32.06 14.39 6.50 30.36 93.04
Oct 02 & Jul 03 13.90 6.77 21.03 19.55 27.82 15.19 90.36
Nov 02 & Dec 02 10.60 11.66 42.35 18.57 3.72 14.67 90.97
Nov 02 & Jan 03 9.37 20.87 5.57 33.75 6.44 24.33 90.96
Nov 02 & Feb 03 10.36 1289 16.47 13.61 17.03 18.05 14.35 92.40
Nov 02 & Mar 03 18.42 6.08 28.45 1251 8.97 28.50 7.75 92.26
Nov 02 & Apr 03 19.24 22.06 9.96 1042 25.40 17.00 9.38 94.22
Nov 02 & May 03 14.27 8.94 28.09 2418 13.72 8.50 9.15 92.58
Nov 02 & Jun 03 11.03 26.72 2357 12.60 13.70 6.12 12.08 94.79
Nov 02 & Jul 03 15.90 21.15 24.01 8.88 21.88 13.46 6.06 95.44
Dec 02 & Jan 03 11.39 26.19 17.73  21.09 11.06 7.53 8.95 92.55
Dec 02 & Feb 03 10.97 29.08 36.10 5.95 7.67 12.34 91.14
Dec 02 & Mar 03 8.12 8.63 24.35 24.2 19.31 16.42 92.91
Dec 02 & Apr 03 12.45 6.20 1140 18.83 23.40 7.20 26.40 93.43
Dec 02 & May 03 13.97 5.49 31.69 16.37 20.00 12.03 5.53 91.11
Dec 02 & Jun 03 10.39 10.56 7.71 2438 16.03 6.12 25.33 90.13
Dec 02 & Jul 03 14.1 12.17 28.20 12.15 7.04 17.19 15.49 92.24
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Appendix 3. Continued.

Dates Averggttaasnc::léared Contribution % Cumt;i)ative
PO NOs NO, NH4" SiO, Dissolved oxygen Salinity Temperature
Jan 03 & Feb 03 10.34 6.74 9.82 45.00 10.44 19.53 91.53
Jan 03 & Mar 03 16.19 12.24 6.20 44.84 21.54 7.83 92.65
Jan 03 & Apr 03 30.31 15.23 28.47 1761 7.48 24.88 93.67
Jan 03 & May 03 21.14 18.09 8.99 39.60 7.23 16.60 90.51
Jan 03 & Jun 03 21.43 16.27 5.36 34.67 7.23 31.50 95.03
Jan 03 & Jul 03 23.51 1551 8.78 31.33 7.44 8.24 24.64 95.94
Feb 03 & Mar 03 9.53 33,58 17.13 9.64 19.44 14.85 94.64
Feb 03 & Apr 03 19.80 18.47 10.98 17.95 5.18 10.26 30.40 93.24
Feb 03 & May 03 17.29 16.59 13.80 5.92 12.42 30.16 14.53 93.42
Feb 03 & Jun 03 14.46 9.07 17.84 14.33 7.45 5.89 35.95 90.53
Feb 03 & Jul 03 19.57 9.4 1439 14.13 32.65 22.05 92.62
Mar 03 & Apr 03 13.72 20.19 22.63 10.63 5.35 35.35 94.15
Mar 03 & May 03 14.69 5.88 15.85 19.81 16.18 23.47 12.78 93.97
Mar 03 & Jun 03 12.15 8.35 21.34 23.27 4.48 35.36 92.8
Mar 03 & Jul 03 13.80 11.25 17.68 5.30 34.07 24.42 92.72
Apr 03 & May 03 14.85 6.20 60.32 9.40 10.59 6.76 93.27
Apr 03 & Jun 03 5.48 10.44 39.16 27.05 9.98 6.14 92.77
Apr 03 & Jul 03 9.07 9.80 7.53 41.78 7.23 27.52 93.86
May 03 & Jun 03 9.75 12.01 51.6 23.02 6.06 92.69
May 03 & Jul 03 6.05 23.73 44.71 16.22 8.36 93.02
Jun 03 & Jul 03 6.35 16.87 23.02 50.56 90.45
Overall average 1460 1963 1500 2089 21.50 15.20 15.21 18.34

contribution %
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Appendix 4. Summary of two-way ANOVA foC. polykikoidesabundance data. Data

was log (sqff) +1 transformed.

SS Degrees of freedom MS F p
Intercept 25.33 1 25.33 1618.89 0.000
Dates 6.40 14 0.46 29.24 0.000
Stations 2.77 5 0.55 35.39 0.000
Dates*Stations 1.79 70 0.03 1.64 0.005
Error 2.78 178 0.02




Appendix 5. Comparison of physical-chemical parameters measorBdhia
Fosforescente in previous studies and during thecustudy.

Parameter

Range measured

Temperature

Salinity

Phosphates

Ammonia
(Ammonium)

Nitrites

Nitrates

Silicates

26.5-31.1C (Gonzélez, 1965)
27.8-31.1C (Cintron, 1969)
27-31C (Seixas, 1983)
27-30C (Seixas, 1988)
25.7-31.2C (Walker, 1997)
26.3-30C (Soler, 2006)
25.9-33.5C (this study)

34.1-36.7 ps (Coker and Gonzalez, 1960)
32.96-36.88 ps (Cintron, 1969)
34.5-37.0 ps (Smayda, 1970)
34-38 ps (Seixas, 1983)

37-39 ps (Seixas, 1988)

33-37 ps (Walker, 1996)
33.3-37.8 ps (Soler, 2006)
33.5-39.5 ps (this study)

0.32 umol L™ (Gonzélez, 1965)
0.06-0.56 umol L™ (Smayda, 1970)
0.31-0.53 pmol L™ (Seixas, 1983)
0.01-0.04 pmol L* (Soler, 2006)
0.12-1.08 umol L™ (this study)

1.65-6.81 pumol L* (Soler, 2006)
0.06-4.97 umol L™ (this study)

0.25 pmol L™ (Gonzalez, 1965)
0.05-0.29 umol L™ (Soler, 2006)
0.05-0.63 pmol L* (this study)

0.12 umol L™ (Gonzéalez, 1965)
0.01-0.70 pmol L* (Smayda, 1970)
0.14-1.18 pmol L™ (Soler, 2006)
undetectable -0.91 pmol L* (this study)

4.37 pmol L™ (Gonzélez, 1965)
0.34-0.70 pmol L* (Smayda, 1970)
0.43-4.19 pmol L™ (Soler, 2006)
0.37-8.63 pmol L* (this study)
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