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ABSTRACT

This study investigated the spatial and temporal distributions of toxigenic phytoplankton species
between October 2010 and April 2012 in Guaratuba Bay, Parana state, Brazil, where aquaculture has
been intensified in recent years. The highest abundances of Pseudo-nitzschia calliantha and P.
pungens (up to 7.3 x 104 cells L"), diatoms which cause amnesic shellfish poisoning (ASP), were
correlated with higher values of temperature (from December to April, salinity (>20) and silicate
concentrations (ranging from 6.0 to 90.0 um). The occurrence of these harmful diatoms in the bay
also appeared to depend upon the development of seeding mechanisms in the adjacent coastal water
and its subsequent advection by tidal currents to the interior of the estuary. During the study period,
Pseudo-nitzschia cell abundance remained low to moderate probably as a result of growth limitation
by phosphate shortage, especially in the outer area of the estuary. In addition, harmful species of
Dinophysis, dinoflagellates responsible for diarrhetic shellfish poisoning (DSP) events, were
recorded in every sampling campaign. The highest abundances of D. acuminata, D. caudata and D.
tripos were associated with the upper halocline layer in regions of the bay where water column
stratification was more frequent. On some occasions, cell abundances of D. acuminata (up to 3.2 x
103 cells L) exceeded levels considered harmful in areas used to cultivate bivalve mollusks for
human consumption. These novel results strongly indicate the necessity of implementing a
monitoring program for harmful microalgae in Guaratuba Bay.

Resumo

Este estudo investigou a distribuicdo espacial e temporal de espécies toxigénicas de fitoplancton entre
outubro de 2010 e abril de 2012 na Baia de Guaratuba, Estado do Paran4, Brasil, onde as atividades
de maricultura tém se intensificado nos ultimos anos. As maiores abundancias de Pseudo-nitzschia
calliantha e P. pungens (até 7,3 x 104 células L), diatoméceas causadoras do envenenamento
amnésico por consumo de molusco (ASP), foram correlacionadas com valores mais elevados de
temperatura (de dezembro a abril), salinidade (>20) e concentracdes de silicato (variando de 6,0 a
90,0 uM). A ocorréncia destas diatomaceas na baia aparentemente depende do desenvolvimento de
mecanismo de inoculagdo na 4gua costeira adjacente e de seu subsequente transporte pelas correntes
de maré para o interior do estuario. Durante o periodo de estudo, no entanto, a abundéancia celular de
Pseudo-nitzschia permaneceu baixa, provavelmente devido a limitagdo do crescimento por falta de
fosfato, especialmente na érea externa. Além disso, espécies nocivas de Dinophysis, um
dinoflagelado responsavel pela producéo de toxinas diarreicas (DSP), foram registradas em todas as
campanhas mensais de amostragem. As maiores abundancias de D. acuminata, D. caudata e D.
tripos foram associadas com a camada logo acima da haloclina, nas regides da baia onde a
estratificagdo da coluna de 4gua foi mais frequente. Em algumas ocasides, a abundancia de células de
D. acuminata (até 3,2 x 103 células L) em &reas utilizadas para cultivo de moluscos bivalves para
consumo humano, superou niveis considerados perigosos. Estes resultados indicam a necessidade de
implantacdo de um programa de monitoramento de microalgas nocivas na Baia de Guaratuba.

Descriptors: Harmful algal blooms, Phytoplankton ecology, Subtropical estuary, Diarrhetic toxins,
Amnesic toxins.

Descritores: Floragbes de algas nocivas, Ecologia do fitoplancton, Estuario subtropical, Toxinas
diarreicas, Toxinas amnésicas.
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INTRODUCTION

Guaratuba Bay is a relatively pristine
estuary, located in the subtropical region of Brazil,
where oyster farming (Crassostrea spp.) has grown
substantially  in  recent years (BALDAN;
BENDHACK, 2009). The dependence of traditional
communities on fishery products as well as an increase
in the consumption of bivalve mollusks from this bay
raises a concern about human poisoning due to the
consumption of products contaminated with algal
toxins (PERL et al., 1990; CARVALHO et al., 1998;
DARANAS et al., 2001; REIZOPOULOU et al., 2008;
ETHERIDGE, 2010). The fear that such events could
occur in Guaratuba Bay is reinforced by the presence
of toxin-producing microalgae in nearby locations,
including that of species that cause diarrhetic shellfish
poisoning (DSP) and amnesic shellfish poisoning
(ASP) (MAFRA Jr. et al., 2006; ODEBRECHT et al.,
2002; PROCOPIAK et al., 2006; PROENGA, 2006;
FERNANDES; BRANDINI, 2010; FERNANDES et

al., 2013).

The main toxins responsible for DSP —
okadaic acid (OA) and its analogs, the
dinophysistoxins (DTXs) — are produced by

dinoflagellates of the genera Dinophysis and
Prorocentrum (DARANAS et al., 2001,
TOYOFUKU, 2006; GERSSEN et al., 2010). These
toxins affect humans through the consumption of
bivalve mollusks, which accumulate the toxic
compounds in their tissues (REIZOPOULOU et al.,
2008). Importantly, even at low cell densities (i.e.,
1000 cells L"), Dinophysis spp. can produce toxin
concentrations  sufficient to cause intoxication
symptoms, such as nausea, abdominal cramps and
diarrhea, in people who consume the contaminated
bivalves (TOYOFUKU, 2006). In humans, DSP has
been documented since the 1960s, and currently, high
levels of OA are repeatedly found in coastal regions
worldwide (GERSSEN et al., 2010). This toxin has
already been found in the soft tissues of mollusks
collected along the southeastern coast of Brazil
(PROENCA; MAFRA Jr., 2005; MARINE et al.,
2009).

In addition to the DSP-causing toxins,
domoic acid (DA) — the main toxin which causes ASP
outbreaks, produced by several species of the diatom
Pseudo-nitzschia (JEFFERY et al., 2004; GRANT et
al., 2010) — has also been recorded in South Brazil
(PROENCA; MAFRA Jr., 2005). Domoic acid, which
is responsible for massive mortalities of birds and
marine  mammals following the ingestion of
contaminated fish (BELTRAN et al., 1997,
LEFEBVRE et al., 1999), can also intoxicate humans
through the consumption of bivalve mollusks that
accumulate the toxin in their tissues, mainly in the
hepatopancreas and viscera (PERL et al., 1990;

GRANT et al., 2010; MAFRA et al., 2010). Although,
only in special episodes, when a large number of
Pseudo-nitzschia spp. cells containing high DA
concentrations occur in coastal waters, are bivalve
mollusks capable of accumulating sufficient toxin to
affect humans, causing gastrointestinal  and
neurological symptoms (JEFFERY et al., 2004;
GRANT et al., 2010). During the major 1987 Pseudo-
nitzschia multiseries bloom on Prince Edward Island,
Canada, more than 100 people were hospitalized, and
four patients died (PERL et al., 1990).

In the coastal region and other estuaries
surrounding Guaratuba Bay, harmful Dinophysis spp.
and Pseudo-nitzschia species have already been
recorded in abundances considered dangerous by
monitoring programs (ODEBRECHT et al., 2002;
MAFRA Jr. et al., 2006; PROENCA et al., 2011;
CIDASC, 2012). This bay is surrounded by seaside
resorts and small- to medium-sized cities that can
become densely populated in summer. The local
economy is widely tied to small-scale fishing and
tourism activities, which causes the bay area to
become an ecosystem highly vulnerable to syndromes
caused by microalgal toxins. Despite this vulnerability
and the nearby occurrence of toxin-producing algal
species, this study is the first to investigate the spatio-

temporal variation of the potentially harmful
Dinophysis spp. and Pseudo-nitzschia spp. in
Guaratuba Bay.

MaTerIAL AND METHODS
Study Area

Guaratuba Bay is located on the coast of
Parana State, Brazil (25°52°S, 48°39°W). This region
has a subtropical, humid, mesothermic climate,
presenting a hot summer and lacking a dry season
(Cfa-type in the Koppen classification). The driest
period extends from May to August, witha mean
monthly rainfall of 250 to 350 mm and a mean
temperature of 16 to 17°C (IAPAR, 2012). Much of
the inner edge of the bay is unpopulated, being
surrounded by mangrove forests (SANTOS et al.,
2008). This semi-enclosed coastal system is mainly
influenced by the tide (up to 1.5 m), but is also
strongly affected by river discharge (MARONE et al.,
2006). The main rivers draining into the bay are the
Cubatdo and S&o Jodo, which together contribute a
runoff of about 80 m s-1 (MARONE et al., 2006).
There are over 20 other minor rivers, of which the
Parati, located on the north-south axis of the bay
where oyster farming is concentrated, is the most
important (Fig. 1). The shallow depths, the narrow but
deep connection to the ocean and the extensive
drainage basin (of approximately 1,700 km?)
contribute to the occurrence of water column
stratification, mainly in the periods subject to neap
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tides (MARONE et al., 2006). In fact, this bay is
considered a partially stratified estuary according to
the classification of DAY JR. et al. (1989).

Sampling

Sampling campaigns were undertaken
approximately monthly between October 2010 and
April 2012, covering two successive spring and
summer seasons, the most favorable for the
proliferation of harmful algae in southern Brazil
(RORIG et al., 1998; MAFRA Jr. et al., 2006). Seven
sampling stations were selected (Fig. 1) in Guaratuba
Bay covering areas with commercial oyster farms
and/or areas with the potential for the future expansion
of such facilities. At each georeferenced station, the
seawater was sampled with a Van Dorn bottle at the
surface, near the bottom and, depending on the depth
and the transparency of the water, in an intermediate
stratum located at the base of the euphotic zone.
Salinity, temperature, chlorophyll fluorescence and
turbidity were measured along a vertical depth profile
(at every 20 cm) using a CTD (conductivity,
temperature and depth meter) device (JFE ALEC Co.
Ltd.®, model COMPAC-CTD). Vertical and/or
oblique hauls were carried out using a phytoplankton
net with a 20-um mesh size.

Analysis of Physical and Chemical Parameters

Samples collected with the Van Dorn bottle
were filtered in 200-ml aliquots through a vacuum
filtration system and used to determine the
concentrations ~ of  dissolved nutrients by
spectrophotometry and of  chlorophyll-a by
fluorometry (HOLM-HANSEN et al., 1965). The
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latter analysis was only applied to selected samples
and was used to calibrate the measurements obtained
by a chlorophyll fluorescence sensor attached to the
CTD. Additionally, dissolved ammonium and
phosphate concentrations were determined according
to STRICKLAND and PARSONS' method (1972),
and the analysis of silicate, nitrite and nitrate
concentrations followed the recommendations of
APHA (1999). Concentrations of nitrite, nitrate and
ammonium were summed upand expressed as
dissolved inorganic nitrogen (DIN). Finally, silicate to
DIN (Si:N) and DIN to phosphate (N:P) ratios were
calculated.

Phytoplankton Composition and Abundance

Samples from the phytoplankton net were
preserved in a formaldehyde solution at a final
concentration of 4.0%, and observed under a BX-30
light microscope coupled to an Olympus® DP-71
digital camera. Whenever Pseudo-nitzschia spp. cells
were abundant, samples were prepared according to
HASLE and FRYXELL (1970) for examination in a
transmission electron microscope (TEM, model
JEOL® JM1200 EXII).

For quantitative analysis, samples collected
with the Van Dorn bottle were fixed with neutral
Lugol’s solution at a final concentration of
approximately 1%. Each sample was processed using
the sedimentation method of UTERMOHL (1958).
The cells were counted in accordance with Edler and
Elbrachter's methodology (2010), covering the whole
counting chamber to estimate the total abundance of
cells in a sample volume ranging from 10 to 25 mL.
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Fig. 1. Map of Guaratuba Bay, located in the state of Parand (PR), Brazil. The sampling
stations were designated E1 to E7. The following main rivers flowing into the bay are indicated
with dotted lines: S&o Jodo River (R-SJ), Cubatdo River (R-C) and Parati River (R-P). Image

source: USGS (http://www.usgs.gov/).
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Treatment of Data and Statistical Analysis

Descriptive analyses were used in the
interpretation of results, complemented by canonical
correspondence analysis (CCA). The CCA was
performed with all the microphytoplankton taxa, the
environmental variables of salinity, temperature,
turbidity, and the concentrations of chlorophyll-a and
dissolved nutrients. The abundance data were
transformed using the fourth root prior to the analysis.
Monte Carlo permutations were performed to test the
significance (p < 0.05) of each environmental factor,
with stepwise inclusion (forward selection) of only the
significant factors in the model generated. For this
analysis, the Canoco software for Windows 4.5
(Microcomputer Power, Inc., Ithaca, NY, USA) was
used (TER BRAAK; SMILAUER, 2002).

REesuLTs

Guaratuba Bay was characterized as a
partially stratified estuary, with moderate to high
concentrations of silicate (>30 pM) and dissolved
nitrogen (>10 puM), especially in its innermost regions
(salinity 0.0-15.0, E1 and E7) (Fig. 2). The highest
chlorophyll-a concentrations (>3.0 pg L% also
occurred in this area. Conversely, water transparency
was greater (>1.3 m) near the mouth of the estuary
(E3-E4) due to the stronger influence of marine waters
(Fig. 2). Phosphate concentration was lower (< 0.5

UM) in the sampling stations located along the east-
west axis of the bay (E1-E3), which received a greater
fluvial contribution than did those along the south-
north axis (E5-E7) (Fig. 2).

The water temperature in Guaratuba Bay
presented little spatial variability (data not shown) but
varied seasonally from 16 to 30°C throughout the
study period (Fig. 3). The increase in rainfall (Fig. 4)
in the summer months modified the patterns of
circulation and stratification in the bay and caused a
reduction in the salinity and phosphate values, as well
as an increase in the turbidity, silicate and chlorophyll-
a concentrations (Fig. 3), which ultimately imposed
significant changes on the phytoplankton composition
and abundance (Fig. 5).

The main  environmental  parameters
associated with the first canonical axis in the CCA
analysis were rain, transparency (Secchi), salinity and
nitrogen concentration on the positive side, and
temperature and silicate concentration on the negative
side (Fig. 5). On the second axis, the greatest salinity,
turbidity, and dissolved inorganic nitrogen (DIN)
values were placed on the negative side, while the
higher values of temperature, Si:N, and rain were
concentrated on the positive side. The Monte Carlo
test was performed and revealed that all canonical
axes proved significant (p < 0.01). The first two
ordination axes together explained 51.6% of the
variation in the species-environment relation.
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Fig. 2. Mean values and standard errors for salinity, water transparency (Secchi), and
concentrations of chlorophyll-a, dissolved inorganic nitrogen (DIN), phosphate and
silicate measured at seven sampling stations (X-axis) in Guaratuba Bay from October 2010
to April 2012. Sampling stations E1-E3 and E5-E7 fall on the east-west and north-south
axes of the bay, respectively, and station E4 lies at the intersection of the two axes (see

Fig. 1).
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Fig. 3. Minimum, mean and maximum values for temperature, salinity, concentration of
chlorophyll-a, dissolved inorganic nitrogen (DIN), phosphate, silicate and the ratio of nitrogen
to phosphate (N:P) based on the 15 sampling campaigns (X axis) performed in Guaratuba Bay.
The Y axis for N:P is on logarithmic scale.
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Fig. 4. Daily rainfall (left y-axis) recorded in Guaratuba Bay, PR, from September
2010 to April 2012. Markers on the bottom of the plot indicate the sampling dates,
and the shaded bars indicate the monthly rainfall (right y-axis). Data from INMET
(2012).
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Fig. 5. Biplot of the canonical correspondence analysis
(CCA) based on the cell abundance data of potentially toxic
microalgae, namely Dinophysis spp. and Pseudo-nitzschia
spp., and the following environmental variables: rainfall
(Rain), temperature, salinity, turbidity, chlorophyll-a, water
transparency (Secchi), dissolved inorganic nitrogen (DIN)
and the ratios of DIN to phosphate (N:P) and of silicate to
DIN (Si:N).
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The silicate concentration in Guaratuba
Bay was constantly high, with spatial or seasonal
mean values always above 10 pM (Fig. 2). The
mean concentration of DIN was similarly high (>9.0
uM), but the phosphate concentration was
consistently low (0.1-0.9 pM). As a result, on some
occasions, N:P values were higher than 100 (Fig.
3), suggesting a growth limitation of phytoplankton
due to a shortage of phosphorus, mainly under
conditions of greater rainfall and/or increased
chlorophyll-a concentration (Fig. 3). Chlorophyll-a
values were generally low (<4.0 pg L-1), indicating
that the estuary can be classified as oligomesotrophic
(Fig. 3).

Five potentially toxigenic species belonging
to the Pseudo-nitzschia and Dinophysis genera were
found in Guaratuba Bay during this study: Pseudo-
nitzschia calliantha Lundholm, Moestrup & Hasle, P.
pungens (Grunow ex Cleve) Hasle, Dinophysis
acuminata Claparéde & Lachmann, Dinophysis
caudata Saville-Kent and Dinophysis tripos Gourret

(Fig. 6).

Fig. 6. Potentially toxic microalgal species identified in samples from Guaratuba Bay, PR by light
microscopy (A, D-G) and transmission electron microscopy (B, C): (A, B) Pseudo-nitzschia
calliantha, (C, D) P. pungens, (E) Dinophysis tripos, (F) D. acuminata, (G) D. caudata.
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P. calliantha reached abundances up to 7.3 x
104 cells L™, and was associated with salinities
between 20 and 27 (Fig. 7). The maximum
abundances of this species were recorded in December
2010 and April 2011, with lower cell density values
recorded at other months (Fig. 8). P. pungens attained
up to 2.6 x 104 cells L™, associated with salinities
between 18 and 27 (Fig. 7). The highest cell densities
were recorded in December 2010 and April 2011,
along with secondary peaks in October 2011 and

23

February 2012 (Fig. 8). Vertically, both P. pungens
and P. calliantha were more abundant next to the
bottom, below the halocline (Fig. 9). In the CCA, P.
calliantha, P. pungens and some other taxa (mainly
Bacillaria sp., Cerataulina pelagica, Guinardia spp.
and Protoperidinium spp.) were grouped together
under conditions of warm temperature, heavy rainfall
and greater values of salinity, water transparency
(Secchi), and Si:N (Fig. 5).
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Fig. 7. Cell abundance of two potentially toxic Pseudo-nitzschia species
versus salinity in all samples where they occur (n = 67) in Guaratuba Bay, PR,

from October 2010 to April 2012.
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D. acuminata reached up to 3.2 x 103 cells
L-1, with the maximum abundance values coinciding
with salinities from 10 to 25 (Fig. 10) and occurring
between August and December (Fig. 11). Canonical
analysis grouped D. acuminata with certain nontoxic
species that were moderately frequent in the samples
(e.g. Asterionellopsis glacialis, Chaetoceros spp. and
Thalassionema nitzschioides), under conditions of
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greater salinity, turbidity and DIN concentration
(Fig. 5). However, greater cell densities of D.
acuminata were found near the surface and above
the haline stratification of the water column, unlike
the co-occurring diatoms that were observed at
higher abundances mainly below the haline
stratification (Fig. 12).
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Fig. 10. Cell abundance of three potentially toxic Dinophysis species versus salinity in
all samples where they occur (n = 73) in Guaratuba Bay, PR, from October 2010 to

April 2012.
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D. caudata reached up to 1.0 x 103 cells L™
at a salinity of 30, and occurred only in samples with a
salinity greater than 22 (Fig. 10), in September 2011
and April 2012, when total phytoplankton abundances
were higher (Fig. 11). Additionally, low abundances
of D. tripos (up to 200 cells L) were reported mainly
in samples with salinity between 20 and 28 (Fig. 10).
Similar to D. caudata, D. tripos occurred only in
September 2011 and April 2012 (Fig. 11). In the CCA,

25

D. caudata, D. tripos and two species of marine
diatoms (Helicotheca sp. and Thalassiothrix sp.) were
grouped together under conditions of low rainfall,
which were associated with samples collected in April
2012 (Fig. 5). In addition, greater cell densities of D.
caudata were found at the surface of the water
column, whereas D. tripos was dominant either at the
surface or associated with deeper high-chlorophyll-a
layers (Fig. 13).
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Fig. 11. Cell abundance of Dinophysis spp. in samples collected at each of the
15 sampling campaigns in Guaratuba Bay, PR.
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Discussion
Pseudo-nitzschia spp.

In Guaratuba Bay, the maximum abundances
of P. calliantha and P. pungens were detected from
October to April, and were typically associated with
an increase in temperature at locations with higher
salinity (between 18 and 27, predominantly above 22)
and a greater silicate availability. The higher rainfall
observed in Guaratuba Bay during that period most
likely increased the silicate input to the bay through
continental drainage. As shown in the CCA, the more
saline waters exhibited higher Pseudo-nitzschia spp.
cell densities, especially when considering the
absolute values measured near the bottom, where cells
accumulated. This genus also occurred in conditions
of lower salinity (16-25) during periods of high
rainfall, but always near the bottom and in the estuary
region with the greatest marine influence (the outer
sector).

In other places in the world, similar results
were found regarding the distribution of Pseudo-
nitzschia spp. as a function of temperature and
salinity. THESSEN et al. (2005), who investigated the
seasonal dynamics of Pseudo-nitzschia in different
environments (estuaries, bays and the outer shelf)

profiles of salinity,
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along the coast of Louisiana, USA, demonstrated the
affinity of P. calliantha for more saline waters. In that
study, P. calliantha  (identified as P.
pseudodelicatissima) and P. pungens were abundant in
samples with salinities ranging from 20 to 35,
although occurring in lower salinity areas as well. P.
pungens was particularly more abundant in waters
with salinities higher than 30. In general, when
isolated cells were tested in laboratory growth
experiments, the optimal range of salinity (15 to 30)
closely overlapped that observed in the field
(THESSEN et al., 2005). In the high-salinity (33-38)
waters of Lim Bay, in the Adriatic Sea, P. calliantha
blooms (up to 1.6 x 106 cells L™ are mainly
associated with a temperature increase during the
transition from spring to summer, aside from other
factors, such as phosphorus and ammonium inputs,
especially at the end of summer, when aquaculture
activities are more intense (LJUBESIC et al., 2011).

In the present study, Pseudo-nitzschia
calliantha and P. pungens occurred preferentially in
summer and at the beginning of the fall, between
December and April, a recurrent seasonal pattern in
southern Brazil (RORIG et al., 1998; MAFRA Jr. et
al., 2006; TAVARES et al., 2009). During that period,
temperatures varied from 22 to 32°C, with the greatest
cell densities observed in temperatures around 24°C.
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The species found in this study are regarded as
eurythermic  (THESSEN; STOECKER, 2008;
QUIJANO-SCHEGGIA et al., 2008; LIEFER et al.,
2009; ANDERSON et al., 2010; LJUBESIC et al.,
2011). The euryhaline and eurythermic features of
both species pose serious potential implications for
aquaculture. Our results, supported by the literature
data, suggest that Pseudo-nitzschia spp. are potential
threats to local shellfish farms, since they occur at
harmful cell abundances mainly at the end of summer,
coincidently with the peak of tourism and shellfish
sales in the region.

Simultaneously with  the  variations in
salinity and temperature during the rainy season,
increasing silicate concentrations (and slightly higher
nitrogen concentrations) were recorded during the
peaks of Pseudo-nitzschia spp. abundance in
Guaratuba Bay. The formation of a haline
stratification in this estuary is also more evident in
summer due to the increased freshwater input (our
results; MIZERKOWSKI et al., 2012), which indicates
the relevance of rainfall in the population dynamics of
the Pseudo-nitzschia spp. in  Guaratuba Bay.
SPATHARIS et al. (2007) also correlated P.
calliantha blooms in Kalloni Gulf, Greece, to periodic
freshwater inputs, which bring silicate and reduce the
salinity to a level closer to the optimum for the growth
of these algae. As such, blooms of Pseudo-nitzschia
spp. are common after large nutrient inputs, even if
these blooms occur occasionally during local
oscillations in salinity (MAFRA Jr. et al., 2006;
LIEFER et al., 2009; PIEDRAS; ODEBRECHT,
2012).

On some occasions, macronutrients can
become limiting for the growth of Pseudo-nitzschia
spp. For example, SPATHARIS et al. (2007) found a
marked increase in P. calliantha abundance
immediately after a period of intense rainfall in
Kalloni Gulf, Greece. The higher concentrations of
nutrients, particularly phosphorus, were attributed to
the intensification of agricultural activities and
resulted from the application of fertilizers to cultivated
lands before the most intense period of rainfall. In
other marine areas, an inverse relation between
macronutrient  concentration and  phytoplankton
abundance has also been found; however, this
apparently contradictory result can be explained by the
excessive consumption of phosphorus and nitrogen by
rapidly growing phytoplankton (FISHER et al., 1988).
In Chesapeake Bay, USA, FISHER et al. (1988)
observed that the silicate, nitrate and phosphate
concentrations depleted mainly by virtue of the
increase in phytoplankton biomass, whereas the nitrite
and ammonia concentrations were more affected by
regeneration and nitrification. For phosphate, a similar
pattern was observed in Guaratuba Bay, probably

leading to growth limitation as a result of a shortage of
this nutrient.

The highest cell densities of Pseudo-
nitzschia were found at the sampling stations located
in the outer sector of the bay, decreasing drastically
towards the inner sectors. Similar results were found
in other  environments with comparable
geomorphological characteristics, such as bays and
coastal inlets (THESSEN et al., 2005; SPATHARIS et
al., 2007). For example, in Chesapeake Bay, USA, the
most abundant toxin-producing species, P. calliantha,
P. pungens and P. multiseries, occurred in elevated
cell densities near the estuary mouth; but they were
absent in areas with salinity < 6.0 in the inner sectors
(THESSEN; STOECKER, 2008). This pattern
suggests that the abundance of Pseudo-nitzschia spp.
near Guaratuba Bay should increase mainly outside
the estuary, in the adjacent coastal zone (BRANDINI;
FERNANDES, 1996), and that the cells are advected
by coastal waters into the estuary at certain periods,
which explains the higher abundances found below the
halocline and in the outer sector of the estuary, where
coastal water prevails. Although Pseudo-nitzschia spp.
are usually observed close to the mouth of estuaries
(SPATHARIS et al., 2007; THESSEN; STOECKER,
2008), they can also occur at lower salinities, as was
the case in several areas of Chesapeake Bay with
salinities up to 6 (THESSEN; STOECKER, 2008) and
in the present study, where they were observed at
salinities as low as 14.

In Guaratuba Bay, two widely dominant
Pseudo-nitzschia species showed a typical annual
variation, with maximum abundances ranging from
2.6 t0 7.3 x 104 cells L™ between December 2010 and
April 2011. These densities are not sufficient to be
characterized as blooms, but are already considered
dangerous because of the potential risk for shellfish
contamination (MAFRA Jr. et al., 2006). Such cell
densities can indicate an “alert” situation in
monitoring programs during which the frequency and
number of samples collected for cell counts should be
intensified (CIDASC, 2012). When cell abundance
reaches 10 x 104 cells L, toxin analysis in bivalve
mollusks is also recommended because at such a level,
DA concentrations in mollusk tissues can already be
sufficient to poison humans, if the cells are producing
and retaining reasonable amounts of toxins (MAFRA
Jr. etal., 2006; PROENCA et al., 2011).

Despite  the low  Pseudo-nitzschia
concentrations usually measured in the bay, we cannot
rule out the risk of blooms' existing, since other
triggering environmental conditions such as adequate
temperature, salinity and silicate levels are
simultaneously present in the bay. Moreover, it is
likely that high cell abundances (> 106 cells L™ can
be achieved and transported from the adjacent coastal
waters into the outer portion of the estuary. Indeed,
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blooms of Pseudo-nitzschia have previously been
recorded in areas near Guaratuba Bay. In Paranagua
Bay, approximately 40 km north of Guaratuba Bay,
Pseudo-nitzschia comprises an important fraction of
the phytoplankton biomass, sometimes dominating the
community (BRANDINI; THAMM, 1994; MAFRA
Jr. et al., 2006). Additionally, blooms of P. multiseries
and P. calliantha, both toxin-producing species, were
recorded in the coastal areas in front of Guaratuba
Bay in early summer in 1997 and 1999, from
December to February in both years (FERNANDES;
BRANDINI, 2010). During those periods, the
intrusion of nutrient-rich waters resulting from the
upwelling of the South Atlantic Central Water was
regarded as responsible for the blooms (BRANDINI et
al., 2007). Farther south in the state of Santa Catarina,
the entire coastal region from S&o Francisco do Sul to
the south of Santa Catarina Island has been identified
as a hotspot for this genus (FERNANDES et al.,
2013). That is, the area presents high species diversity,
frequent blooms and previous reports of domoic acid
accumulation in cultivated mollusks (PROENCA et
al.,, 2011). Cell concentrations as high as 21 x 106
cells L?, associated with increased DA levels in
mollusk tissues (up to 98.5 pg g-1 in the mussel Perna
perna), were recorded in some areas in January and
February of 2009 (FERNANDES et al., 2013). The
entire coastal area around Guaratuba Bay thus
constitutes a potential seeding area for Pseudo-
nitzschia cells, which can be transported into the bay
by tides and coastal currents, the main exchange
mechanisms between the bay and the adjacent coastal
waters (MARONE et al., 2006).

Dinophysis spp.

In this study, three toxin-producing species
of Dinophysis (D. acuminata, D. caudata and D.
tripos) were recorded, with D. acuminata being the
dominant one, occurring frequently throughout the
study period at abundances of up to 3.2 x 103 cells L™.
Because of its high cellular diarrhetic toxin content
(i.e., cell quota), D. acuminata can be harmful to
humans in abundances as low as 1.0 x 103 cells L™
(reviewed in Reguera et al., 2014). Even lower
abundances can cause episodes of intoxication (e.g.,
100-200 cells L% YASUMOTO et al., 1985),
especially in situations that favor the retention of high
toxin quotas in the cells, such as growth limitation due
to the lack of prey or light (NIELSEN et al., 2012;
MAFRA et al., 2014). Thus, although D. acuminata
did not dominate the phytoplankton assemblage at any
particular point, on several occasions the abundance of
this species was greater than the alert threshold
established by monitoring programs such as Brazil's
(CIDASC, 2012). It is recommended, therefore, that
toxin analyses of bivalve mollusks should be carried

out systematically in Guaratuba Bay. The cell
densities recorded in the present study suggest that the
concentration of toxins in mollusk tissues from
Guaratuba Bay may occasionally be sufficient to
intoxicate humans (PROENCA et al., 2011).

D. acuminata showed an irregular pattern of
seasonal variation, occurring in different months
during winter, spring and summer. The CCA results
and the additional analyses indicated that none of the
parameters evaluated could alone adequately explain
the seasonal variation of D. acuminata in Guaratuba
Bay. This finding can possibly be explained by the
complex mode of energy uptake of this species. D.
acuminata is mixotrophic and captures its prey, the
ciliate Myrionecta rubra, by inserting a peduncle that
immobilizes it and, after a certain time, sucks the cell
content of the prey through that same structure (PARK
et al., 2006). Thus, the main factors affecting the
growth of this species appears to be the quality and
quantity of prey (TONG et al., 2010; REGUERA et
al., 2012), although pH (PARK et al., 2006),
temperature (TONG et al., 2010) and light may also be
factors of great relevance for the development of D.
acuminata (REGUERA et al., 2012). In the present
study, M. rubra was observed in 67% of the samples
collected (data not shown); however, the cell counts of
this ciliate would not be sufficiently accurate because
of the sampling preservation methodology employed
in this study. Because of its frequency of occurrence in
the samples, M. rubra is most likely an important food
source for Dinophysis spp. in Guaratuba Bay, and its
availability probably affects D. acuminata distribution
and abundance patterns.

Under suitable conditions, growth of D.
acuminata in the laboratory can be equated with that
of other mixotrophic dinoflagellates (KAMIYAMA,;
SUZUKI, 2009), although D. acuminata may normally
be characterized as a slow-growing species. However,
this species can further reduce its rate of cell division
and cell size to enable it to persist in the water column
in the absence of prey, demonstrating a high adaptive
capacity (REGUERA et al., 2012). Thus, Dinophysis
is a genus with highly persistent species that can easily
multiply in the presence of light and prey, but can also
slow their growth rate considerably when food is
lacking (REGUERA et al., 2012). These ecological
strategies could, therefore, explain the occurrence of
D. acuminata all year round in Guaratuba Bay.

Additionally, in the present study, no regular
pattern of spatial distribution was observed for D.
acuminata, since high cell abundances were recorded
across all sampling stations. The species was mainly
recorded in salinities between 10 and 25. Considering
the quite distinct environmental conditions of the
stations sampled and the strong dynamics of
Guaratuba Bay (MARONE et al., 2006), the use of
fixed sampling points (geographic coordinates) can
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hinder the interpretation of spatial data over time.
Even with the precaution of always sampling during
the same astronomical tide condition, as adopted in
this study (in this case at high tide), variations in the
rainfall, tidal amplitude, winds and meteorological
tides among the different sampling campaigns can
potentially result in different current patterns,
suggested by the variability in stratification throughout
the study (e.g., Figs. 12 and 13). The variation in
surface and subsurface currents is highly relevant
because the transport of blooms is one of the factors
determining the occurrence of harmful events
involving Dinophysis (TAVARES et al., 2009;
REGUERA et al., 2012). Any monitoring program in
this area that includes this important toxigenic species
should take these factors into account. The frequent
occurrence of D. acuminata above the halocline,
mainly at stations E1, E2 and E3, suggests that
stratification of the water column helps in the growth
of this species, as has been revealed in other studies.
D. acuminata has been studied in a fjord in Chile,
where its occurrence has mainly been associated with
stratification and stabilization of the water column
(DIAZ et al., 2011). In another study in Portugal, high
abundances of this species occurred whenever the
river runoff was low, associated with high salinities
and water column stability (VALE; SAMPAYO,
2003). Other investigations have also confirmed that
cell densities of Dinophysis spp. begin to increase as
the water column stabilizes (REGUERA et al., 2012).
The present study highlights the importance of water
column stratification in promoting the observed cell
peaks of D. acuminata, which has also been evidenced
by a study carried out in the nearby estuarine complex
of Paranagua (MAFRA Jr. et al., 2006). This finding is
important not only to understand the ecology of the
species but also to determine the best methodology for
its detection and enumeration, given that Dinophysis
cells can migrate through the water column and
concentrate in thin subsurface layers (ESCALERA et
al., 2012). Aside from the use of stratified samples for
better quantification, whole water column sampling,
net samples and the analysis of toxins in the tissues of
bivalves are recommended for a successful monitoring
program focused on Dinophysis spp.

In addition to D. acuminata, D. caudata and
D. tripos can also produce OA, DTXs and
pectenotoxins (PTXs) (TAYLOR et al., 2004;
FERNANDEZ et al., 2006; REGUERA et al., 2012).
Of the three species, only D. acuminata and D.
caudata have been associated with DSP events in
various coastal water areasaround the world
(REGUERA et al, 2012). D. caudata occurred
occasionally in Guaratuba Bay at up to 1.0 x 108 cells
L in the fall and spring. This species has already been
recorded between winter and summer in southern
Brazil, although never at high cell densities (RORIG et

al., 1998; SCHMITT; PROENGCA, 2000; TAVARES
et al., 2009; HARAGUCHI; ODEBRECHT, 2010).
The risk of a harmful event caused by this species is
low in Guaratuba Bay; however, the co-occurrence of
D. caudata can potentiate the bloom toxicity of other
toxic species, such as D. acuminata. The third species,
D. tripos, also occurred occasionally in the bay at a
maximum abundance of 0.2 x 103 cells L™ during the
fall and spring months. This species is present all year
round in southern Brazil, although harmful events
have not been recorded to date (TAVARES et al.,
2009; HARAGUCHI; ODEBRECHT, 2010). Thus,
similarly to D. caudata, D. tripos should be monitored
in Guaratuba Bay because of its potential to cause
DSP (TAYLOR et al., 2004), mainly in multi-species
blooms. In addition, D. tripos cells are capable of
retaining greater toxin quotas because they are much
larger (~130 pm in cell length) than D. acuminata
(~50 pm) and D. caudata (~90 pm).

CoNCLUSIONS

Based on the novel results obtained, we may
affirm that Dinophysis spp. can occur throughout the
year in Guaratuba Bay, with their growth most likely
depending on food quality, light and water column
stratification. Furthermore, the production of toxins by
D. acuminata depends on the environmental
conditions (LINDAHL et al., 2007; HACKETT et al.,
2009). Although relatively low, the D. acuminata cell
abundances reported herein can occasionally be
sufficient for the contamination of bivalve mollusks
cultivated in the bay, making the monitoring for
diarrhetic toxins highly recommendable in this area.

Increases in the temperature, salinity (>20)
and silicate concentration favor the growth of Pseudo-
nitzschia spp. in this estuary. However, phosphate
limitation likely prevented these species from attaining
cell densities high enough to threaten fishing and
aquaculture activities in the region. Higher cell
densities of Pseudo-nitzschia spp. within the estuary
depend on the existence of a cell seeding mechanism
in the adjacent coastal region and its advection into the
bay. The monitoring of these species in Guaratuba Bay
is desirable since blooms of these harmful diatoms
have previously been recorded in adjacent waters.
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