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Abstract
A winter bloom dominated by Pseudo-nitzschia calliantha Lundholm, Moestrup et Hasle (Bacillariophyceae), a potential
domoic acid producer, is reported for the first time in the Aegean Sea, Greece, in a semi-enclosed embayment (Kalloni Gulf)
surrounded by agricultural land and drained by intermittent rivers. Abundances of this species in the inner part of the Gulf during
February were extremely high (max 1.1  107 cells l1). The species Alexandrium insuetum Balech (Dinophyceae) was also found
in considerable cell numbers (max 1.4  105 cells l1) during the bloom and reached up to 40% of the total biovolume. This study
demonstrates an evident cause and effect relationship between nutrient inflows originating from agricultural activities in the
watershed and the development of a potential HAB. The massive bloom formation was observed soon after an episodic rainfall
event during the fertilizer application period (December to February). A bloom was also observed the following year, but it was less
pronounced due to the fact that rainfalls were more evenly spaced in time and were of moderate intensity.
# 2007 Elsevier B.V. All rights reserved.
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1. Introduction
Species of Pseudo-nitzschia spp. have attracted a lot
of attention during the last decade as a result of their
affirmed capability to produce domoic acid (Lundholm
et al., 1994; Rhodes, 1998; Parsons et al., 1999; Stehr
et al., 2002). This neurotoxic amino acid, causing
Amnesic Shellfish Poisoning (ASP) in humans, is also
responsible for massive deaths of other organisms
(Todd, 1993; Work et al., 1993; Bates, 1998; Scholin
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et al., 2000), thus affecting the food chain, the public
health, and the economy. Therefore, there is a consensus
among scientists and public authorities on the need for
meticulous monitoring of Pseudo-nitzschia spp. growth
in order to understand the environmental conditions
(chemical and physical) supporting the bloom proliferation.
The species P. calliantha Lundholm, Moestrup et
Hasle was recently established and separated from the
species of the P. pseudodellicatissima/cuspidata complex based on valve dimensions, fine structure of the
hymen poroids, cingulum morphology, and molecular
data (Lundholm et al., 2003). This species seems to
have a cosmopolitan distribution with confirmed
records from around the globe (Lundholm et al.,
2003) but only on two occasions with an affirmed

812

S. Spatharis et al. / Harmful Algae 6 (2007) 811–822

production of domoic acid, both under the name P.
pseudodellicatissima (Martin et al., 1990; Lundholm
et al., 1997). More recently, Kaczmarska et al. (2005)
re-examined the material of Martin et al. (1990) from
the Bay of Fundy and showed that it demonstrates
morphological variability, especially in the number of
hymen sectors, that does not conform to the circumscription of P. calliantha; thus the transfer of these
specimens from the Bay of Fundy to P. calliantha
made by Lundholm et al. (2003) was rejected. This
observation somewhat weakens the induction of P.
calliantha to the domoic acid producers group since the
only other reference on toxicity is by Lundholm et al.
(1997), where only a part of the cultures produced
domoic acid. Recent reports confirmed the presence of
Pseudo-nitzschia species and especially of P. calliantha
in the Mediterranean Sea (Caroppo et al., 2005;
Quiroga, 2006), but there is no study until now
verifying the existence of the species in the Aegean
Sea. The latter reports do not directly connect the
presence of domoic acid through measured concentrations to P. calliantha, although Quiroga (2006) suggests
that the toxicity event of 2004 should be attributed to the
spring bloom of this species.
The species Alexandrium insuetum Balech belongs
to a dinoflagellate genus of about 20 species most of
which can cause Paralytic Shellfish Poisoning (PSP) in
humans. Different strains of this species have been
reported both as toxic (Sako et al., 2004) and non-toxic
(Adachi et al., 1994; Kim et al., 2002), while other
strains of the species have not been analyzed for toxins
(Guillou et al., 2002). However, it has been suggested
that all Alexandrium species should be regarded as toxic
until proven otherwise (Ranston et al., 2006). The
species has been reported from the coastal areas of
Japan (Kim, 2003; Kim et al., 2005; Lilly et al., 2005),
and Korea (Kim et al., 2002), and in the Mediterranean
from the Island of Corsica, France (Guillou et al., 2002),
and Amvrakikos Gulf, Western Greece (Nikolaidis
et al., 2005); this is the first record of the species in the
Aegean Sea. The fact that only a few records of this
species exist may be due to the remarkable morphological and genetic similarity of this species to A.
minutum (Lilly et al., 2005) which makes the two
species particularly difficult to distinguish. Evidently,
more information is needed on the toxicity of both P.
calliantha and A. insuetum together with rigid
taxonomic observations for the distinction from related
species.
In the present work, the formation and dispersion of a
bloom of the potentially toxic species P. calliantha and
A. insuetum is studied in a shallow semi-enclosed

marine ecosystem in the Aegean Sea, Eastern Mediterranean, influenced by the surrounding watershed.
The studied bloom occurred during winter 2004–2005,
shortly after a strong rainfall event. The spatial and
temporal variability of the bloom species and of
environmental factors as well as their relationships
were analyzed in order to investigate the mechanisms
leading to the bloom formation. Potential differences in
the expansion and distribution of the two species were
also examined.
2. Materials and methods
2.1. Study area
The Gulf of Kalloni (Fig. 1) is a shallow semienclosed water body, located at the South-western part
of Lesvos Island, Greece, in North-eastern Aegean. It is
connected to the open sea through a narrow (2 km
wide), shallow (25 m deep), and long channel (length of

Fig. 1. Map of the Kalloni Gulf indicating the location of sampling
stations in the sea (K1–K2 and K5–K8) and in the Tsiknias river
mouth (K9–K12).
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4 km). The mean depth of the Gulf is about 11 m and the
surface area 110 km2 (Panayotidis et al., 1999; Millet
and Lamy, 2002). The climate of the island is typical
Mediterranean, i.e. hot-dry summer from May to
September and mild-rainy winter for the rest of the
year. The biological resources of the Gulf of Kalloni are
remarkable, including fish and shellfish (mussels,
scallops, and clams), exported both internationally
(60%) and nationally (40%) (Paspatis and Maragoudaki, 2005). According to the EU legislation water and
shellfish quality are monitored on a regular basis from
2001 to date in the framework of the Kalloni toxic
species monitoring program (initial results in Tsirtsis
et al., 2004). This includes identification and enumeration of phytoplankton and measurement of toxins
accumulated in bivalves. In the framework of this
program PSP and ASP have been reported in low
concentrations during the years preceding this study.
The surrounding watershed has an area of 413 km2
and is used for horticulture (18.4%) and agriculture
(16.6%), mainly of olive trees. Application of fertilizers
(based on nitrogen and phosphorus) is usually carried
out from December to February, coinciding with the
period of high precipitation. Therefore, a considerable
amount of nutrients ends up into the Gulf during the
winter period. It has been estimated that agricultural
runoff is the main source of nitrogen for the Gulf (59%)
followed by untreated domestic sewage (37.5%)
(Panayotidis and Klaudatos, 1997). For inorganic
phosphorus, the main source is domestic sewage
(59%), fertilizers (19%), and the by-products of olive
oil refineries (19%).
2.2. Analytical methodology
Information was collected from four stations on a
monthly basis from August 2004 to July 2005 (Fig. 1).
Stations K1 and K2 in the open sea and in the channel
respectively were used as controls, whereas stations K5
and K7 were positioned in the northern part of the Gulf
close to the main freshwater inflows. Moreover, during
winter, a gradient of stations (including stations K5, K6,
K7, and K8) in front of the mouth of Tsiknias river, the
main freshwater inflow of the area, was sampled
monthly or bimonthly during the wet period, especially
after episodic rainfall events. Water samples (2 l) were
collected from 1 and 5 m depths and vertical profiles of
temperature and salinity (measured in psu) were
recorded with a CTD profiler (Seabird SBE19). Water
samples (2 l) from the river were also taken during
winter from four points (stations K9–K12). Stations K9
and K10 were positioned near the interface between the
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river mouth and the sea, while stations K11 and K12
were placed further upstream in the river mouth. These
stations had a maximum 1 m depth.
Water samples were analyzed for chlorophyll a (chl
a) and nutrients (NO3, NO2, NH3, PO4, SiO2) according
to Parsons et al. (1984). A part of each sample (300 ml)
was immediately preserved in a 2% Lugol’s iodine
solution and analyzed with a Zeiss inverted microscope
following the Utermöhl method (Utermöhl, 1958).
Cultures of P. calliantha were established by isolation
of few cells under the microscope and inoculation in
Walne’s cultivation medium (Walne, 1966) as modified
by Laing (1991). The cultures were grown at 20 8C and
16-h light/8-h dark cycle. Samples from this material
were prepared for bright field (BF) and transmission
electron microscopy (TEM). Cells of A. insuetum were
stained with CalcoFlour White (Fritz and Triemer,
1985) and examined under a fluorescence microscope.
Phytoplankton biovolume was calculated by approximation to simple geometrical shapes (Hillebrand et al.,
1999) based on linear measurements made microscopically.
2.3. Statistical analysis
Analysis of variance (ANOVA) was applied to test the
effects of sampling time, location of stations, and depth,
on the distribution of environmental variables on the cell
numbers of P. calliantha and A. insuetum. Possible
correlations between P. calliantha cell numbers and
environmental variables were tested with Spearman’s
rank coefficient, whereas for A. insuetum the test was not
applied due to the lack of data. Multidimensional scaling
ordination (MDS) and Simper analysis were performed
using the Bray–Curtis similarity index in order to
investigate the potential grouping of samples with respect
to time (time of sampling cruise) or location (stations)
based on non-transformed species abundance (cell
number) data (Field et al., 1982). This analysis was
performed using the PRIMER v 6.1.4 software package
(PRIMER-E Ltd.).
3. Results
3.1. Taxonomy
3.1.1. P. calliantha Lundholm, Moestrup et Hasle
(Fig. 2)
The individuals form linear chains of overlapping
cells. The valve overlap is evident a short distance from
the apex, ca. 10% of the total length. The valves are linear,
tapering near the apex, 1.5–2 mm wide and 62–100 mm
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Fig. 2. Pseudo-nitzschia calliantha Lundholm, Moestrup et Hasle (BF, bright field; TEM, transmission electron microscopy). (a) Chain formation of
overlapping living cells in girdle view (BF, scale 10 mm). (b) Detail of the valve pole (TEM), showing the ‘petal’ perforations of the areolae hymen
(scale 1 mm). (c) Detail of the central portion of the valve (TEM, scale 1 mm) showing the central nodule and the first cingulum band (arrows). (d)
Areolae hymen perforations (TEM) with the minute pores in hexagonal arrangement (scale 0.2 mm).

long. The raphe is eccentric with an evident central
nodule and 16–20 regularly spaced fibulae in 10 mm. The
transapical striae count 37–39 in 10 mm, visible only
under TEM, and have a single row of round, ovate or
rarely square areolae. The areolae hymen, for most of the
cell length, is perforated by 6–10 poroid sectors in an
arrangement that resembles a ‘beautiful’ flower thus
giving the name to the species (Lundholm et al., 2003).
Towards the apices, it is not unusual to find areolae with
4–5 irregularly arranged sectors. Each of these sectors is
composed of minute pores arranged in a hexagonal
pattern. The valve mantel is structured as the valve and is
one areola high. The cingulum is composed of three open

bands that have 43–46 striae in 10 mm, each with three
rows of hymen perforations. The morphology is in
agreement with Lundholm et al. (2003).
3.1.2. A. insuetum Balech (Fig. 3)
The cells are more or less spherical with slightly
conical epitheca, 25–30 mm in diameter. The theca
plates are evidently reticulated. The po plate possesses
the typical comma foramen, surrounded by what
appears to be smaller pores, and is connected to the
10 plate by a thin line. The 10 plate is rhomboid–
trapezoid in outline with a usually visible ventral pore
(vp) located at the middle or the lower half of the right

Fig. 3. Alexandrium insuetum Balech, stained with CalcoFlour. (a) Various views of the cell wall (scale 10 mm). (b) Morphology of the sa, ssa, sdp,
and ssp plates. (c) The po plate with the characteristic comma-like central foramen and surrounding openings.
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anterior side. Plate sa is slightly longer then wide, with a
shallow posterior indentation. Plate ssa is rhomboidal,
anteriorly pointed and longer in this direction. The 600
plate is higher than wide with concave left margin. The
sp plate is wider than long with irregular anterior
margin.
The resemblance of this species to Alexandrium
minutum Halim is striking and indeed our initial
determination placed the Kalloni species in the later.
Detailed examination of specimens though revealed that
the 600 plate was consistently considerably wider (height
to width ratio 1.6–1.8) than that of A. minutum.
Furthermore, the shape of the 10 plate was trapezoid in
the majority of cases and with relatively small size, thus
better fitting the description of A. insuetum. These
observations were additionally supported by the shape
of the cell and the evident reticulation that is typical for
A. insuetum. Although reticulation is not uncommon in
A. minutum according to some authors (Hansen et al.,
2003; Lilly et al., 2005), the typical species is
established with no or only faint reticulation on the
plates (Balech, 1989). Recent studies support the close
relation of these two species both morphologically and
genetically (Hansen et al., 2003; Lilly et al., 2005).
3.2. Bloom formation
The species P. calliantha was always present
throughout the studied period 2004–2005 in the inner
part of the Kalloni Gulf whereas the species was rarely
observed at the control stations (K1 and K2). During the
dry months (from May to August), its contribution to the
total phytoplankton cell number never exceeded 10%;
from September to January it gradually increased to
23%, and eventually reached 84% in mid February soon
after the episodic rainfall events, and 96% during the
peak of the bloom 1 week later. In 20 days time after the
bloom, its contribution rapidly decreased to 16%. In
terms of cell number, the abundance of P. calliantha
never exceeded 104 cells l1 before and after the bloom,
whereas in mid February cell number increased by one
order of magnitude, indicating the beginning of the
bloom. A week later its abundance increased by two
orders of magnitude reaching an average of about
7  106 cells l1 (Fig. 4a). Pseudo-nitzschia pungens
(Grunow ex P. T. Cleve) Hasle, another potential domoic
acid producer (Trainer et al., 1998), was also present
during the 2005 winter bloom, but only in a few samples
and with negligible cell numbers (710 cells l1).
The species A. insuetum was not present in the Gulf
and at the control stations until the beginning of the
bloom of P. calliantha in February, when it appeared
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Fig. 4. Temporal variability of rainfall and cell number of (a) P.
calliantha and (b) A. insuetum from August ‘04 to July ’05 averaged
for stations K5–K8, and (c) P. calliantha from November ‘05 to April
‘06 (Tsirtsis et al. unpublished data). Time is represented in weeks and
bars indicate the standard error.

only at station K6 at a low density (3.6  103 cells l1).
However, by the end of February, the abundance of A.
insuetum increased and ranged from 9  102 to 1.4 
105 cells l1 (Fig. 4b). The species was observed again
in March at station K8 near the river mouth whereas
it was scarce in November, May, and June (3 
102 cells l1).
The recurrent nature of the P. calliantha bloom is
supported from data collected in the framework of the
Kalloni toxic species monitoring program. Data from
the years preceding this study (2001–04) reported high
cell numbers of an unidentified Pseudo-nitzschia
species during the wet period (Tsirtsis et al., 2004).
Due to the lack of identification this data are only
indicative and cannot be directly compared with the
present study. For the wet period from November ‘05 to
April ‘06 (Tsirtsis et al., unpublished data) following
this study (Fig. 4c) P. calliantha bloomed in March with
abundances lower (max 6  105 cells l1) than in 2005,
whereas A. insuetum reappeared at the same time also in
lower abundance (max 9  102 cells l1). During this
period, rainfall events were more evenly spaced in time
and were not as intense (max 10 cm per week) than the
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Fig. 6. Multidimensional scaling ordination (MDS) showing the
relative position of samples based on the Bray–Curtis similarity index
using non-transformed species abundance data. Samples from stations
K5–K8 were coded according to sampling time: numbers indicate the
sampling month and letters the rank of the cruise within the month.
Contours represent the 30% similarity level among samples.

Fig. 5. Spatial variability of: (a) biovolume, (b) P. calliantha cell
number, and (c) A. insuetum cell number, along the gradient of stations
K5–K12 during the peak of the bloom at the end of February.

previous year when an episodic rainfall event (max
16 cm per week) occurred in February (Fig. 4a).
The percentage contribution of A. insuetum to the
total cell number during the bloom at the end of
February was negligible (less than 0.3%) due to the high
P. calliantha cell numbers. However, its biovolume was
comparable to that of P. calliantha reaching about 10%
of the total at the inner stations (K5–K8) and up to 40%
of the total at stations K9 and K10 located near the
interface of the river mouth with the sea. The biovolume
of these two species accounted nearly for the total
biovolume observed (Fig. 5a). The cell numbers of P.
calliantha were higher at 1 m depth than at 5 m only at
stations K5–K6, at the end of February (Fig. 5b),
whereas significant differences between depths or
stations were not observed ( p > 0.05). On the other
hand, A. insuetum cell numbers were much higher at
stations K9 and K10 and were significantly higher at
1 m than 5 m depth at stations K5–K8 ( p < 0.05)
(Fig. 5c). Both species were almost absent from stations
K11 and K12 located at the innermost part of the river
mouth where salinity was almost zero.
Multivariate analysis of species abundance data from
the four stations inside the Gulf (stations K5 and K7,

and K6 and K8 when available) at two depths, showed
that important differences among stations were temporal rather than spatial (Fig. 6). The community
composition in February was clearly distinguished from
the rest of the winter period and the spring and summer
blooms which were dominated by Chaetoceros and
Rhizosolenia species. According to the performed
Simper analysis, P. calliantha contributed with 91%
to the average similarity among stations in mid
February (group 2a) and with 98% at the end of the
same month (group 2b). The percentage contribution of
this species to the average similarity among the
February samples was much higher than the contribution of any other species in other sampling cruises.
The temporal and spatial variability observed for the
abiotic variables in the Gulf of Kalloni supports the role
of freshwater inflows to the marine ecosystem. Most
nutrient concentrations inside the Gulf showed a
remarkable increase in mid February coinciding with
the rainfall peak (Fig. 7), a trend that was not observed
for the control stations. Ammonium was an exception to
this, since it presented a totally random temporal and
spatial variation. The nutrient concentrations averaged
for the four stations inside the river Tsiknias mouth
(stations K9–K12) in mid February were much higher
(NO3: 68 mM l1, PO4: 4 mM l1, SiO2: 226 mM l1)
than those measured at the inner part of the Gulf (K5–
K8). Similar concentrations were observed during the
peak of the bloom at the end of February. This supports
the view that this loading was mainly of terrestrial
origin. Therefore, a gradient of increasing nutrient
concentrations was formed at the surface layer (1 m
depth) from the inner part of the Gulf to the open sea,
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Fig. 7. Temporal variability of salinity, temperature, chl a, and nutrient concentrations averaged for stations K5–K8 in the Kalloni Gulf. Time is
represented in weeks and bars indicate the standard error.

Fig. 8. Surface distribution (1 m depth) of nitrate (mM l1), silicate (mM l1), salinity (psu), and P. calliantha cell number (103 cells l1) using
extrapolated data from the gradient of stations K1–K2 and K5–K8 at the beginning of the bloom in mid February.
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Table 1
Mean values of nutrient concentrations (in mM l1), salinity (psu), and temperature (8C) at 1 and 5 m depths for the inner stations (K5–K8)
Parameter

February a
1m

NO2
NO3
PO4
SiO2
NH3
Salinity
Temperature

0.28
31.03
1.29
79.14
1.74
34.50
9.85

Significance level
5m
**

0.06
8.35
0.05
19.17
0.18
37.32
9.63

**
**
**

–
*

–

February b

Significance level

1m

5m

0.21
5.68
0.05
13.6
0.14
35.91
11.33

0.07
3.76
0.06
8.3
0.32
37.39
10.82

*

–
–
*

–
**
**

(–) No significance.
*
p < 0.05.
**
p < 0.01.

whereas the opposite trend was recorded for temperature and salinity (Fig. 8). These differences between the
inner part and the open sea were statistically significant
( p < 0.05). Apart from the horizontal gradient, a
vertical stratification of abiotic parameters was
observed at the inner part of the Gulf in February.
Nutrient concentrations and temperature were higher at
the surface layer (1 m depth) than near the bottom (5 m
depth) ( p < 0.05), whereas the opposite trend was
observed for salinity (Table 1). This indicates the
presence of two separate water layers at the inner part of
the Gulf.
Possible interdependencies between the bloom
formation and abiotic variables in the study area were
identified. The trend of decreasing nutrient values
measured at 1 m depth from inside the Gulf to the open
sea was also observed for the abundance of P. calliantha
and statistically significant differences were observed
between the inner (K5–K8) and outer (K1–K2) stations
Table 2
Spearman rank correlation coefficient between P. calliantha abundances and physicochemical parameters measured in Kalloni Gulf
(140 samples used for the analysis)
Parameter

Spearman, R

Significance level

Temperature
Salinity
Secchi depth
Rainfall
Chl a
NO3
NO2
PO4
SiO2
NH3

0.731
0.205
0.520
0.602
0.540
0.273
0.330
0.248
0.436
0.041

**

(–) No significance.
*
p < 0.05.
**
p < 0.01.

*
**
**
**
**
**
**
**

–

( p < 0.05). Spearman’s rank correlation (Table 2)
showed that abundances of P. calliantha were strongly
negatively correlated with temperature but weaker so
with salinity. They were however positively correlated
with all nutrients apart from ammonium. The increased
nutrient concentrations measured in mid February
showed a rapid decrease after the P. calliantha bloom,
except for nitrite which remained high during February
and March. Finally, it is worth noticing that the P.
calliantha and A. insuetum bloom formation coincides
with the temperature and salinity minima, also
occurring in February (Fig. 7).
4. Discussion
The periodicity of the P. calliantha bloom in the
Kalloni Gulf was consistent with previously reported
high densities in the Adriatic Sea during winter, with
peak values occurring in February (Caroppo et al.,
2005). However, the peak average densities in the
Adriatic did not exceed 9.5  104 cells l1, whereas in
the Kalloni Gulf they reached up to 1.1  107 cells l1.
On the contrary, P. calliantha blooms in Southern
France appear mainly during spring and sometimes in
summer, with densities up to 5  105 cells l1 (Quiroga, 2006). Referring to the influence of environmental
factors, the development of the bloom of P. calliantha
during February, at water temperature in the range of 9–
11 8C, is in absolute agreement with previous observations in the Adriatic Sea (Caroppo et al., 2005).
However, these observations are inconsistent with
reports from the Danish waters (July to November,
16–19 8C) (Lundholm et al., 1997) and southern France
(March to May and August, 15–20 8C) (Quiroga, 2006).
It is interesting to note that the experimentally
established optimum growth temperature for the species
is at least 25 8C in various salinities (Lundholm et al.,
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1997). However, the same study showed that the lower
temperature limit depends on salinity and it was
between 5 and 10 8C for salinity values in the range 15–
35 psu. Moreover, the lower salinity limit for growth
was between 10 and 15 psu and the optimum growth
was observed at 25 psu. Salinity values in the inner part
of the Kalloni Gulf are normally high (above 38 psu),
but during February the massive inflow of freshwater
from the rivers after heavy rains considerably reduces
these values to about 34 psu, thus favouring the growth
of P. calliantha. Although the optimum conditions for
the growth of P. calliantha in the field differ from the
laboratory defined optima, it is essential to take into
account that those results were based on only one isolate
and that growth requirements could differ locally in
natural populations (Lundholm et al., 1997). Furthermore, these observations support the views of Lundholm et al. (1997) that P. calliantha is a relatively
eurythermal and euryhaline species thriving in nature
approximately at temperatures 10–20 8C. No specific
relation was found to relate domoic acid production to
environmental conditions or growth pattern (Lundholm
et al., 1997).
Analysis of nutrient concentrations, temperature and
salinity between 1 and 5 m depths at the inner part of
Kalloni Gulf in February indicated the existence of two
distinct water layers: a dilute surface layer affected by
freshwater inflows and a deeper layer with similar
characteristics as the water of the control stations. This
fact supports the view that increased nutrient concentrations observed in the upper layer are due to
freshwater inflows. The peak of the bloom of P.
calliantha and A. insuetum occurred in the last week of
February as a response to the massive increase of
nutrients a week before, after the heavy rainfall event.
This trend is in agreement with the empirically based
principle that diatoms respond rapidly to episodic high
nutrient conditions (Cloern and Dufford, 2005).
Cell numbers of P. calliantha correlated with all
nutrients apart from ammonium (see Table 2). The rapid
decrease in concentrations of most nutrients observed at
the peak of the bloom was probably due to consumption
by phytoplankton. Although silicates and phosphates
were still imported by the river during March, nitrate
concentrations decreased significantly, probably due
to the higher leaching rate of this compound, resulting
in faster wash out from the watershed, following
cataclysmic episodes (Kuusemets and Mander, 2001;
Saarijarvi et al., 2004). The decline of P. calliantha and
A. insuetum cell densities at the end of February could
have resulted from the observed decrease in nutrient
concentrations. However, another potential cause for
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the decline could be the development of high pH values
due to the P. calliantha bloom (Hansen, 2002;
Lundholm et al., 2004).
The abruptly developed high abundance of A.
insuetum in the Gulf of Kalloni during February most
likely originated from the germination of cysts that
remained dormant in the sediments until conditions
were favourable (Anderson, 1997). The possibility of
cells entering the Gulf from the oligotrophic Aegean
Sea at this time of the year appears less possible
especially since the species was never recorded at
the control stations. The surface (1 m depth) water
temperatures during the A. insuetum bloom ranged from
11.2 to 12.1 8C and salinities from 33 to 37 psu, which
are almost identical to those observed during this
species outbreak in Arenys de Mar and Syracuse bay
(Vila et al., 2005). The bloom of A. insuetum in
February coincided with an increase observed in the
abundance of dinoflagellates during the winter period.
Although dinoflagellates are known to predominate
under high irradiance conditions (Smayda, 1997), their
growth in Kalloni seems to be favoured during winter
when the Gulf is subjected to less continuous winds and
therefore turbulence is lower. Turbulence has been
recognized as a factor inhibiting dinoflagellate growth
rate, leading to mortality (Pollingher and Zemel, 1981;
Havskum et al., 2005).
According to our observations, the peak of A.
insuetum densities in February and its aggregation near
the river mouth, indicates that nutrient availability and
probably reduced salinity constitute potentially important factors for population growth affecting the distribution of the species. The distribution of A. insuetum in
Kalloni Gulf is in agreement with previous observations
on dinoflagellates (Tyler et al., 1982) and in particular
other Alexandrium species (Anderson, 1997) that tend to
aggregate in the low-salinity, nutrient-rich water layer
along a river plume in front of estuaries. The absence of
the species in the two stations further up the river mouth
may be the result of the reduced salinity posing a barrier
to its ecological niche. However, the effect of other
factors such as differential zooplankton grazing in the
distribution of small phytoplankton such as A. insuetum
cannot be excluded (e.g. Liu and Dagg, 2003).
Dinoflagellate vertical migrations are a well-documented mechanism mostly related to phototaxis and
geotaxis (Kamykowski et al., 1998). However, accumulating experimental evidence show that active vertical
and small-scale horizontal migrations also occur as a
result of a nutrient retrieval strategy (Cullen and
Horrigan, 1981; Smayda, 1997). The increased abundance of A. insuetum in the surface layer (1 m depth) and
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at the opening of the river mouth, where nutrients were
more abundant, is possibly the result of such active
nutrient harvesting. This competitive advantage for
resource exploitation is supposed to compensate for
the generally known lower affinity for nutrient uptake of
dinoflagellates compared to diatoms (Smayda, 1997).
This nutrient retrieval strategy is lacking or it is only
partially developed in planktonic diatoms, since they are
not equipped with flagella for active movement, so this
may explain the observed relatively more homogeneous
vertical and horizontal distribution of P. calliantha.
According to the results presented above, it seems
that the bloom formation of the potentially toxic species
P. calliantha and A. insuetum in February ‘05 was
related to the high nutrient loading from the surrounding
watershed during the episodic rainfall event. The fact
that the two species reappeared in March ‘06 support the
recurrent potential of this bloom. However, it seems that
when rainfall events in winter are more evenly spaced
during the fertilizer application period – as in 2006 –
then nutrient leaching occurs progressively and in lower
quantities leading to a less pronounced bloom formation. However, when fertilizer application is followed
by an episodic rainfall event – as in February 2005 –
strong surface soil leaching occurs and nutrients are
concentrated in the Gulf’s surface layer (1 m depth),
resulting to the development of massive algal blooms.
Although these blooms have not been associated
to the presence of any toxins due to the lack of
measurements during this period, previous records on
ASP and PSP toxins are available from the Kalloni toxic
species monitoring program. Specifically, ASP toxin in
bivalves (Modiolus barbatus L., Arca noae L., and
Venus verrucosa L.) was affirmed in early March 2003
and early April 2002 and 2003, whereas PSP toxin was
detected in late April 2002 (Tsirtsis et al., 2004). The
measured concentrations of both toxins never exceeded
1.5 mg kg1.
On a global basis, strong correlations have been
demonstrated between total nitrogen inflows and
phytoplankton production in estuarine and marine
waters (Hecky and Kilham, 1988; Nixon, 1995). There
are also examples of geographic regions such as the
largest U.S. estuaries and the Chinese coastal waters,
where nutrient loadings have been linked to the
development of large biomass blooms, often with toxic
or harmful impacts on fisheries, ecosystems, and human
health (Anderson et al., 2002). Particular attention has
recently been given to the importance of agricultural
runoff as a nutrient source stimulating large phytoplankton blooms (Beman et al., 2005). The investigation of the spatial and temporal distribution of P.

calliantha and A. insuetum in the present study has
confirmed previous observations on the preference of
Pseudo-nitzschia and Alexandrium species for enclosed
water bodies with low turbulence, high residence time
and nutrient loading from runoff (Hansen et al., 2003;
Phlips et al., 2004; Vila et al., 2005). Considering the
variant morphology of northern Mediterranean coasts as
well as their heavy nutrient loading principally from
agricultural land, a risk of increasing blooms of these
species can be easily foreseen. Potential HABs of this
type can have direct negative effects on aquaculture
production, fisheries, and public health, therefore
further research is essential in order to identify the
mechanisms leading to the development of such
blooms. This knowledge can be particularly useful in
the establishment of accurately designed monitoring
programs and protection measures such as early
warning systems for HAB formations.
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