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ABSTRACT: Over the last half of the 20th century Pyrodinium bahamense var. bahamense has
been observed in a variety of locations in the western North Atlantic. Recent evidence of the toxin-
producing capacity of this variety of P. bahamense has heightened interest in its habitat requirements
and preferences. The objective of this study was to examine the environmental factors that relate to
the spatial and temporal patterns of the distribution and abundance of P. bahamense var. bahamense.
Based on the results of this study we view the factors as operating in one or more ways: (1) eco-
physiological limitations for survival and successful reproductive cycle, (2) environmental regulation
of growth and standing crop, and (3) competitive advantages in relation to other species. The focus of
the study was the Florida peninsula, but information from other environments in the tropical Atlantic
and Gulf of Mexico was included in the interpretation of the results. In terms of physiological
limitations, 20°C appears to be the lower temperature limit for a significant presence of P. bahamense
var. bahamense, and the salinity tolerance ranged from 10 to 45. The bloom potential of P. bahamense
var. bahamense was most closely associated with shallow ecosystems with long water residence
times, and peak biomass levels were correlated to nutrient concentrations in regions of high
abundance. The ability of P. bahamense var. bahamense to compete effectively for habitat with
other euryhaline warm-water phytoplankton is viewed in terms of existing theories on succession
and competition, including Margalef's Mandala, Reynolds' Intaglio and C-S-R life-form strategies
proposed by Smayda & Reynolds.
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INTRODUCTION

The prominence of the toxic bioluminescent dino-
flagellate Pyrodinium bahamense var. compressum in
the tropical Indo-Pacific region has been extensively
described (Maclean 1989, Shumway 1990, Hallegraeff
1993, Smayda 1997, Anton et al. 2000, Azanza & Tay-
lor 2001); however, the distribution of its Atlantic
Ocean counterpart, P. bahamense var. bahamense, is
less well defined. One of the earliest reports of P.
bahamense in the North Atlantic came from the
Bahamas by Plate (1906). Later, Margalef (1961)
reported blooms of P. bahamense in Phosphorescent
Bay, an aquatic habitat in Puerto Rico named for the
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light emissions attributable to the dinoflagellate. In
the early accounts of P. bahamense var. bahamense,
no distinct varietal status was assigned to the Atlantic
form, but subsequent morphological studies suggest
that such a distinction is warranted (Steidinger et al.
1980, Badylak et al. 2004), although not universally
accepted (Balech 1985). Over the last half of the 20th
century P. bahamense var. bahamense has been
observed in a variety of additional locations in the
western North Atlantic, including Oyster Bay in
Jamaica (Seliger et al. 1970), and Florida Bay (Phlips
& Badylak 1996), Indian River Lagoon (Badylak &
Phlips 2004), and Tampa Bay (Steidinger et al. 1980,
Badylak et al. 2006) in Florida.
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One of the most noteworthy features of Pyrodinium
bahamense is the ability of the Indo-Pacific form,
P. bahamense var. compressum, to produce saxitoxin, a
powerful neurotoxin responsible for widespread
human mortalities in the Indo-Pacific region (Maclean
1989, Azanza & Taylor 2001). Until recently, it had been
assumed that the Atlantic form of P. bahamense did not
produce the neurotoxins associated with P. bahamense
var. compressum (Steidinger et al. 1980, Azanza &
Taylor 2001). However, recent studies of saxitoxin
bioaccumulation in pufferfish from the Indian River La-
goon in Florida led to the discovery that local strains of
P. bahamense (var. bahamense) can produce the toxin
(Landsberg et al. 2002). This discovery has heightened
interest in the factors that regulate the presence and
abundance of P. bahamense var. bahamense.

Another recent observation about the Atlantic form
of Pyrodinium bahamense var. bahamense is its ability
to form blooms under low-salinity conditions (i.e. salin-
ities <25) (Phlips et al. 2004a). Such conditions are
found in many lagoons and estuaries in Florida. It had
been previously hypothesized that blooms of P. baha-
mense var. bahamense were restricted to regions of
higher salinities (i.e. salinities >30) (Wall & Dale 1969),
much like the prominent toxic dinoflagellates Karenia
breve and Gamberodiscus toxicus. This observation
expands the potential realm of influence for P. baha-
mense var. bahamense.

The objective of the present study was to examine
the environmental factors that relate to the spatial and
temporal patterns of the distribution and

are discussed within the context of current hypotheses
regarding the factors that favor blooms of dino-
flagellates (Margalef et al. 1979, Reynolds & Smayda
1998, Smayda & Reynolds 2001), including nutrient
status, hydrologic conditions, and biological inter-
actions. As suggested by Reynolds and Smayda (Rey-
nolds & Smayda 1998, Smayda & Reynolds 2001), ‘life
form properties, habitat preferences and stochastic
selective processes' are more important in defining the
character of succession and the magnitude of blooms
than broad phylogenetic associations.

MATERIALS AND METHODS

Study site descriptions. In an effort to describe the
distribution and prominence of Pyrodinium bahamen-
se var. bahamense within Florida, phytoplankton com-
position data gathered by the authors since 1993 and
information from existing literature were both used in
this study. In the former category, data were available
for 20 sampling sites along the east coast of Florida,
18 sites in Florida Bay at the southern tip of Florida,
and 34 sites along the western coast of the Florida
peninsula, focusing on Tampa Bay and the Suwannee
River estuary (Fig. 1).

The northernmost sampling sites along the east coast
of Florida were located in the mesohaline portion of the
St. Johns River. The lower reach of the St. Johns River
extends 175 km, from Lake George to the Atlantic

abundance of Pyrodinium bahamense 7
var. bahamense. Based on the results of
this study we view the factors as operat-
ing in one or more ways: (1) ecophy-
siological limitations for survival and
successful reproductive cycle, such as
temperature and salinity tolerances; (2)
environmental regulation of growth and
standing crop, such as nutrient availabil-
ity; and (3) competitive advantages in
relation to other species, such as growth
rate potential. The focus of the study was
the Florida peninsula, but information
from other environments in the tropical
Atlantic and Gulf of Mexico was in-
cluded in the interpretation of the
results. The study was aided by the large
variety of environmentally distinct coas-
tal habitats encountered in Florida.
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Florida is also known as a biogeographi-
cal transition zone from the tropical
habitats of the Florida Keys to the warm
temperate regions of the Georgia and
Carolina coasts. The results of this study

Fig. 1. Locations of sampling sites on the peninsula of Florida. In addition to
sites examined in the current study, literature accounts of phytoplankton stud-
ies were also considered from 3 locations in the panhandle of Florida. Regions
where Pyrodinium var. bahamense was not observed or reported by other

researchers are shown in italics
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Ocean. Due to the very shallow slope of the river basin,
the influence of oceanic water can extend up to 75 km
upstream of the outflow. Much of the river is shallow,
i.e. <4 m in depth, with the exception of the dredged
navigational channels. Phytoplankton composition
data were available for 3 sampling sites within the
mesohaline portion of the river on a monthly basis for a
12 yr period from 1993 through 2005. The 5 sites were
located from 4 to 70 km from the outflow.

South of the St. Johns River, the sampling sites along
the east coast of Florida were mostly located in the
lagoonal habitats between the barrier islands and
mainland of Florida. The Intra-Coastal Waterway
extends for almost the entire length of the east coast of
Florida connecting the various lagoons. All of the la-
goons are characterized by shallow mean depth, i.e.
generally <3 m, except in dredged navigational chan-
nels. Inlets to the Atlantic Ocean are located along the
entire reach of the waterway and represent the major
points of water exchange with the Atlantic Ocean.
Distance from the inlets is a major factor determining
water residence time, along with the size of freshwater
inflows from local watersheds. Sampling sites were
located in 5 major lagoons. One sampling site located
in the Guana-Tolomato River Lagoon, just north of St.
Augustine, was sampled approximately monthly from
2000 through 2005. Five sampling sites located in the
Matanzas River Lagoon, from St. Augustine to Palm
Coast, were sampled approximately monthly from
2000 through 2005. Three sampling sites located in the
Halifax River Lagoon, from Flagler Beach to New
Smyrna, were sampled approximately monthly from
2000 through 2002. The largest block of data was from
the Indian River Lagoon, which extends 252 km from
the warm temperate environment near Titusville to the
subtropical region of Jupiter inlet near Ft. Pierce. The
width of the lagoon varies from 0.1 to 3 km, and depths
in the lagoon are generally <3 m. A number of ecologi-
cally distinct regions exist within the lagoon, which
differ considerably in water quality and hydrologic
properties (Sheng et al. 1990, Smith 1993, Phlips et al.
2002, 2004b). Hydrodynamic considerations are a
large component in the subdivision of the lagoon into
different regions. Eight study sites, representative of
the different regions, were sampled on approximately
a monthly basis from 1997 to 2005. Due to the restric-
tion of water exchange in many regions of the lagoon,
changes in rainfall patterns can lead to large shifts in
salinity (Phlips et al. 2002, 2004).

At the southern tip of Florida, 18 sites were sampled
in Florida Bay, a restricted 1600 km? inner-shelf lagoon
located south of the Everglades and west of the Florida
Keys. Depths within the bay are generally <3 m. A net-
work of very shallow mud banks, located throughout
the bay, restrict water exchange between the inner

regions of the bay and the Atlantic Ocean and Gulf of
Mexico. The locations of the 18 sites were selected to
be representative of the major sub-basins within the
lagoon (Phlips et al. 1996, 1999). Water was collected
monthly from 1993 to 1997.

Along the west coast of Florida 2 major regions were
included in the sampling effort, Tampa Bay and the
Suwannee River estuary. Tampa Bay is Florida's lar-
gest estuary, with a surface area of 1031 km?. The estu-
ary has a mean depth of 3.7 m (Schmidt & Luther 2002).
Water samples were collected from 3 sampling sites in
the bay, 1 near the mouth of the bay, 1 in the center of
the bay, and 1 in the northern basin of the bay, known
as Old Tampa Bay. The latter sampling site is charac-
terized by long residence times caused by the rela-
tively small freshwater inflows to the northern basin
and the physical restriction to tidal water exchange
due to causeway constrictions and shoals (Schmidt &
Luther 2002). Samples were collected approximately
3 times per month from April 2002 through April 2003.

The Suwannee River is a blackwater river that origi-
nates in the Okefenokee Swamp in southeastern Geor-
gia and winds southward 394 km to the Gulf of Mexico.
The Suwannee River, with its tributaries the Alapaha,
Withlacoochee, and Santa Fe Rivers, drains approxi-
mately 28500 km? of southern Georgia and north-
central Florida. Freshwater discharge is augmented by
substantial groundwater contributions from numerous
springs along the river. The Suwannee River has the
second highest mean annual discharge of any river in
Florida, i.e. 301 m® s™!. A network of 34 fixed sampling
sites, in coastal waters adjacent to the Suwannee River
outflow, was sampled monthly from 1998 to 2003. The
locations of the sampling sites were designed to in-
corporate ecologically distinct regions of the estuary,
based on several key physical, chemical, and biolo-
gical features (Bledsoe & Phlips 2000, Bledsoe et al.
2004). The Suwannee River coastal area includes a
delta region near the river mouth, which is character-
ized by a network of oyster reefs. The coastal area is
characterized by a shallow mean depth, i.e. generally
<3 m, except in dredged navigational channels and
seaward of the oyster reef. Beyond the oyster reef is a
broad continental shelf habitat.

Field procedures. Water was collected at the samp-
ling sites using a vertical, integrating sampling tube
that captures water from the surface to within 0.1 m of
the bottom. Salinity and temperature were measured
with a YSI Model 85 and with Hydrolab Quanta en-
vironmental multi-probes. Split phytoplankton sam-
ples were preserved with Lugol's and gluteraldehyde
in 0.1 M sodium cacodylate buffer. Aliquots of water
were filtered for chlorophyll a determination. Additio-
nal aliquots of water were frozen for subsequent water
chemistry analysis.
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Laboratory procedures. Total nitrogen and total
phosphorus were determined colorimetrically using
the persulfate digestion method (APHA 1989, Parsons
et al. 1984).

Chlorophyll a was determined with a Hitachi U2000
dual beam spectrophotometer from water samples fil-
tered onto Gelman A/E glass-fiber and extracted with
95% ethanol (Sartory & Grobbelaar 1984).

Phytoplankton analysis. General phytoplankton
composition was determined using the Utermohl me-
thod (Utermohl 1958). Samples preserved in Lugol's
were settled in 19 mm internal diameter cylindrical
chambers. Phytoplankton cells were identified and
counted at 400x and 100x with a Leica phase contrast
inverted microscope. At 400x, a minimum of 100 cells
of a single taxon and 30 grids were counted. If 100 cells
were not counted by 30 grids, up to a maximum of 100
grids were counted until 100 cells of a single taxon was
reached. At 100X, a total bottom count was completed
for taxa >30 pm. Light microscopy was aided by other
techniques for proper identification, such as the squash
technique (Steidinger 1979) and scanning electron
microscopy (Badylak et al. 2004).

Fluorescence microscopy was used to enumerate
picoplanktonic cyanobacteria (Fahnenstiel & Carrick
1991). Subsamples of seawater were filtered onto
0.2 pm pore Nuclepore filters and mounted between a
microscope slide and cover slip with immersion oil.
These were stored in the freezer and counted within
72 h using a Nikon research microscope equipped with
autofluorescence (green light 530 to 560 nm excitation
and >580 nm emission).

Cell biovolumes were estimated by assigning combi-
nations of geometric shapes to fit the characteristics of
individual taxa. Specific phytoplankton dimensions
were measured for at least 30 randomly selected cells.
Volumes were calculated for each cell from which a
mean cell volume was derived (Smayda 1978). The to-
tal biovolume per sample was the sum of the estimated
cell volumes for each species. Mean biovolume for Pyro-
dinium bahamense var. bahamense was 67064 nm?,

Statistical analysis. Canonical correspondence ana-
lysis (CCA; PC-ORD, v. 4.0) is a direct gradient ana-
lysis technique that constrains the extracted pattern
to linear combinations of the measured environmental
variables (ter Braak 1987). CCA was used to charac-
terize the relationships among Pyrodinium cell density
and relative abundance (% of total phytoplankton
biovolume), and 5 environmental variables, salinity,
temperature, total phosphorus (TP), total nitrogen
(TN), and water retention time index (RTI). Prior to
statistical analysis, all variables were transformed
using the [logyy (x + 1)] transformation. The contribu-
tion of each set of variables was estimated indepen-
dently using the sum of canonical eigenvalues, and the

statistical significance was assessed by Monte Carlo
permutation tests of the sum of all eigenvalues, using
1000 permutations.

RESULTS

The most general spatial pattern revealed by the
available data was the absence of Pyrodinium baha-
mense var. bahamense north of the Matanzas Inlet on
the east coast of Florida and north of Tampa Bay on the
west coast of Florida (Fig. 1). South of these 2 regions
the presence of P. bahamense var. bahamense showed
both temporal and spatial variability. Among the sites
where P. bahamense var. bahamense was observed,
there was considerable variability in the frequency of
occurrence and the maximum biomass attained by P.
bahamense var. bahamense (Table 1). Three regions
were particularly abundant in P. bahamense var. baha-
mense: Florida Bay, Tampa Bay, and the Indian River
Lagoon. The eastern part of Florida Bay had the high-
est frequency of occurrence (Table 1), but not the high-
est biomass or relative importance in terms of total
phytoplankton biovolume (Fig. 2). The highest P. baha-
mense var. bahamense biomass was observed in the
inner reaches of Tampa Bay and the northern portion
of the Indian River Lagoon, with cell densities of up to
380 and 776 cells ml™! and cell biovolumes of up to 25
and 50 x 10° ym® ml™!, respectively (Figs. 3 & 4). The
latter regions also exhibited the greatest dominance of
P. bahamense var. bahamense in terms of total phyto-
plankton biomass. In both regions P. bahamense var.
bahamense represented >80 % of total phytoplankton
biovolumes on numerous occasions (Figs. 3 & 4).

In regions where Pyrodinium bahamense var. baha-
mense was prominently represented, different tem-
poral patterns of abundance were discernible. In the
tropical/subtropical environment of Florida Bay, P. ba-
hamense var. bahamense was observed nearly year-
round (Fig. 2). In the subtropical/warm temperate en-
vironments of the Indian River Lagoon and Tampa Bay,
P. bahamense var. bahamense was generally restricted
to the warm season, i.e. April through October (Figs. 3
& 4). Outside the periods of P. bahamense var. baha-
mense dominance, other taxa, like picoplanktonic
cyanobacteria or diatoms, often showed peaks in abun-
dance, as exemplified in the phytoplankton record for
Tampa Bay (Fig. 5).

From a broader temporal perspective, the distribu-
tion of Pyrodinium bahamense var. bahamense in the
Indian River Lagoon showed a response to longer term
climatic cycles, like El Nino and La Nifa, and stochas-
tic rainfall events. Over the 9 years of sampling in the
Indian River Lagoon from 1997 to 2005, P. bahamense
var. bahamense abundance was low during the pro-
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Table 1. Pyrodinium bahamense var. bahamense. Number of samples with

P. bahamense var. bahamense relative to the total number of samples analyzed

(with P.b./total), years of observation (years obs.), maximum cell density (cell

ml™!), salinity range of the samples, temperature range of samples (°C), and

estimate of average water retention index (RTI—S: short [days]; M: medium
[weeks]; L: long [>weeks])

longed drought period from the fall of
1998 through the early summer of 2001
(Fig. 4). By contrast, P. bahamense var.
bahamense densities were dramati-
cally elevated during the high rainfall
period from the summer of 2001

through 2004 (Fig. 4). Similarly, large Location With  Years Max. Salinity =~ Temp  RTI
blooms of P. bahamense var. bahamen- P.b./  obs. cell range range
se were observed in the summer of total density
2002 in Tampa Bay (Fig. 3).
The spatial and temporal patterns of St. Johns River
Pyrodini bah bah 4 km upstream 0/34 4 0 4-31 10-30 S
yrodinium bahamense var. bahamen- 17 km upstream 0/34 4 0  <1-28 10-30 S
se occurrence and abundance ob- 40 km upstream 0/120 11 0 <1-14 9-31  S-M
served in this study provided an oppor-
. . . . . Guana-Tolomato 0/24 2 0 13-35 12-30 S
tunity to examine relationships with River
environmental factors that may play a
role in the distribution of the species. Matanzas River
The relationships between tempera- St. Augustine 0/24 2 26-34 12-30 S
ture and abundance in the Indian River Pelicer Creek o724 2 0 <1-27 11-32 S
K Ft. Matanzas 1/24 2 23 27-34 12-30 S
Lagoon, Tampa Bay, and Florida Bay Marineland 0/24 2 0  23-35  13-30 S
support the notion that P. bahamense Palm Coast 0/24 2 0 17-35 13-31 S
var. bahamense is restricted to periods .
f high temperature (Fig. 6). In general Smith Creek
ot ug p g.0)-ng ' Flagler Beach 0/24 2 0 13-35  13-31 S
P. bahamense var. bahamense was only
observed at water temperatures of Halifax River
20°C or greater. Blooms were largely Daytona 0724 2 0 8-34 14-31 S-M
. o New Smyrna 1/24 2 168 6-34 13-30 S
confined to temperatures >25°C. A few
exceptions to this rule were observed. Mosquito Lagoon
For example, P. bahamense var. baha- Oak Hill 7/48 4 85 23-37 13-31 M
mense was observed in a sample from Indian River Lagoon
Florida Bay when the water tempera- Titusville 30/65 8 638 16-39 12-30 L
ture at the time of sampling was 15°C. Banana River 32/65 8 566 10-31 12-31 L
However, closer examination of the Eau Gallie 20/65 8 367 12-33 14-31 L
temperature record for Florida Ba Melbourne 19765 8 776 7-37 14-31 L
. ,p o Y Sebastian 6/30 8 95 11-35 14-31 S-M
indicated that the 15°C temperature St. John Is. 4/25 8 13 14_37 14-31 M
was a result of a strong cold front that Vero-Ft. Pierce 1/29 8 13-38 14-31 M
briefly depressed water temperatures
in the shallow reaches of the bay. Im- Florida Bay
. . West (Cape Sable) 2/42 4 1 26-38 15-31 S
mediately prior to the cold front, water N. central (Rankin) 18/42 4 8 16-50 16-31 L
temperatures were near 25°C, well S. central (Captain) ~ 20/42 4 1 26-40 16-31 M
within the hypothesized optimal range East (Bottle Key) 34/38 4 6 10-40 16-31 L
for P. bahamense var. bahamense. Sim-
. . : Tampa Bay
llar explanations were applicable for Lower (near mouth) ~ 4/30 1 14  24-33  13-31 S
the other occasions when P. bahamense Middle 4/30 1 2 17-29 13-31 S
var. bahamense was observed at tem- Upper (Old Tampa)  19/30 1 380 15-27 13-31 M-L
peratures <20°C. For ecosystems north .
) ] Suwannee River estuary
of Florida Bay, observations of P. baha- North Reef (4 sites) 0/192 4 0 9-35 8-32 S
mense var. bahamense near or <20°C South Reef (5 sites) 0/240 4 0 <1-33 9-32 S
were all confined to the fall season and Nearshore (5 sites) 0/240 4 0 15-37 9-31 S
were all closely preceded by periods of north ,
hiah Tt is i Nearshore (8 sites) 0/384 4 0 15-37 9-31 S
igher water temperatures. It is impor- south
tant to note that all of the ecosystems Offshore shelf 0/288 4 0 28-37 10-31 S
included in this study had warm-season (6 sites) .
temperatures that reached 30°C (Table Cedar Key (6 sites) 0/288 4 0 9-36 9-32 S
1), although the length of time during
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Fig. 2*. Pyrodinium bahamense var. bahamense. Biovolume at

3 representative sampling sites (a to c¢) in Florida Bay (left

axis) and the relative percent of total phytoplankton bio-

volume represented by P. bahamense var. bahamense
(right axis)

which temperatures exceeded 20°C, as well as the
lowest temperatures observed, were both lower at sites
in the northern half of the Florida peninsula.

The prominence of Pyrodinium bahamense var.
bahamense in a number of tidally restricted lagoons
and bays in Florida suggested 2 additional factors for
consideration in defining the basis for the distribution
of the species: salinity and water residence times. The
observations included in this study demonstrate that
P. bahamense var. bahamense can tolerate a broad
range of salinities. Within the 3 most flow-restricted
regions included in this study (i.e. the northern Indian
River Lagoon and the inner basins of Florida Bay and
Tampa Bay), P. bahamense var. bahamense was ob-
served at salinities from 14 to 46 and formed blooms

*Note: An error in Figs. 2, 3 & 4 was corrected after publica-

tion (the factor 10° had been omitted in the y-axis label)

over almost the same range, i.e. 16 to 42 (Fig. 7). How-
ever, a number of other sampling sites, with wide
ranges in salinities, did not contain P. bahamense var.
bahamense, including the St. Johns River estuary, the
Guana-Tolomato River, the Halifax River, Smith
Creek, the Suwannee River estuary, and most of the
Matanzas River (Table 1).

In terms of water residence time, all of the regions
associated with blooms of Pyrodinium bahamense var.
bahamense were characterized by long residence
times, including the northern region of the Indian
River Lagoon and the inner reaches of Tampa Bay and
Florida Bay. Conversely, P. bahamense var. baha-
mense was largely absent from regions noted for high
tidal mixing rates and/or river flushing rates (Table 1).
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Fig. 3*. Pyrodinium bahamense var. bahamense. Biovolume at

3 representative sampling sites (a to c¢) in Tampa Bay (left

axis) and the relative percent of total phytoplankton bio-

volume represented by P. bahamense var. bahamense (right
axis)

% of total phytoplankton biovolume



Pyrodinium biovolume (108 pm3 mi-1)

Phlips et al.: Pyrodinium bahamense distribution

105

The exceptions to this pattern were the Matanzas and 200 — Pyrodinium - - - Total 140
New Smyrna Inlets, where P. bahamense var. baha-
mense was observed on 1 date in 2001. These observa- r120 o
tions may be related to washout from more flow- 300+ 100 -%
restricted regions of the Matanzas and Halifax River L 80 g
Lagoons, respectively. This is supported by the fact = 200+ 8
that the observations were both in August of 2001, the € ~ 60 §
beginning of a high rainfall period in northeast Florida. 2 1004 . v 140 O
Another factor that was considered in the control of g , N ", Loo
Pyrodinium bahamense var. bahamense distribution 2 5 S 0
was nutrient regime. In terms of total phosphorus, P. S
bahamense var. bahamense was observed in both the % 400 8000
most oligotrophic reaches of eastern Florida Bay, with 5
a mean total phosphorus concentration of 8 ug I'', and < 300 6000
in the nutrient-rich Tampa Bay, where total phospho- o
200+ 4000
— Pyrodinium - - - Total
50 a Indian River Lagoon D . % 100 100+ 2000
Titusville y . o
40 3 - o 80 0 I
RN 5855588388888
° T 5553358358 5388%
20 3 o 40 Fig. 5. Pyrodinium bahamense var. bahamense. A comparison
g \ ﬂ of the temporal patterns of P. bahamense var. bahamense
1042 R { = 20 (a & b, solid line) abundance with cyanobacterial picoplank-
. A FYAN ton abundance (a, dashed line) and Skeletonema costatum
o K f k R Lo o abundance (b, dashed line) in Tampa Bay (after Badylak
£ et al. 2006)
50 100 5
b Indian River Lagoon P g Q o
Eau Gallie R . 3 . "
40 e . s 80 -5  Tusconcentrations regularly exceed 100 pg 1" (Table 2,
. u c  Fig. 8). In the Indian River Lagoon, P. bahamense var.
30 . 60 *E bahamense was observed at bloom levels over a wide
:'; p : g range of total phosphorus concentrations (Fig. 8), but
20 : - T 40 8— was not prominently represented in the most phospho-
y ": \ i % rus-rich region of the lagoon between Sebastian and
10 ' It 20 & Ft. Pierce, where total phosphorus concentrations
J L q-_ g ranged up to 330 pg I"!. The relationship between total
0- -0 +~  phosphorus concentration and overall P. bahamense
50 Te Indian River Lagoon j 100\2 var. bahamense abundance was therefore weak. How-
Melbourne Pk ° ever, there was a relationship between peak abun-
40 H N 80 dances (i.e. >100 cells ml™!) and total phosphorus
30 E 7 60 concentrations (Fig. 9). In Tampa Bay there was no ap-
K . H . parent relationship between total phosphorus and P.
20 P i 40 bahamense var. bahamense abundance, although the
@ v . highest cell densities were observed at TP concentra-
10 T ‘ 2L oo tions >100 pg 11, The latter observation is related to
g L — the fact that TP concentrations during the sampling
04 n L Lo period were highest in Old Tampa Bay during the sum-
55 R8822238355588N333IIIIYS mer, coincident with the location and timing of P. baha-
§ g § § g§ §§§ §§§ §§§ §§§ §§§ E%{g’é% 51:3; mense var. bahamense blooms.

Fig. 4*. Pyrodinium bahamense var. bahamense. Biovolume at
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Lagoon (left axis) and the relative percent of total phytoplank-

ton biovolume represented by P. bahamense var. bahamense
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The relationship between total nitrogen and Pyro-
dinium bahamense var. bahamense abundance was
somewhat less defined than the relationship with total
phosphorus. As in the case of phosphorus, P. bahamen-
se var. bahamense was observed over a wide range of

(104 cells ml-)

S. costatum (cells ml-1)
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total nitrogen concentrations in the Indian River
Lagoon, Tampa Bay, and Florida Bay (Fig. 10). In the
Indian River Lagoon and Florida Bay, peak abun-
dances appeared to increase with total nitrogen con-
centration (Fig. 10), despite the lack of a strong overall
relationship between abundance and total nitrogen
concentration. In Tampa Bay, there appeared to be
a threshold total nitrogen concentration for the oc-
currence of P. bahamense var. bahamense of about
600 ug 1! (Fig. 10), similar to the threshold phenomena
observed for total phosphorus, for analogous reasons.

From a broader perspective, there was no clear trend
among the sampling regions in the mean total nitro-
gen, total phosphorus, or TN/TP ratios that were asso-
ciated with Pyrodinium bahamense var. bahamense
(Table 2). In the 3 ecosystems where P. bahamense var.
bahamense was most prominent (Florida Bay, Tampa
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Fig. 7. Pyrodinium bahamense var. bahamense. Relationship
between salinity and P. bahamense var. bahamense density in
(a) Florida Bay, (b) Tampa Bay, and (c) Indian River Lagoon

Bay, and Indian River Lagoon), mean TN concentra-
tions ranged from 567 to 1532 pg I"!, mean TP concen-
trations ranged from 8 to 100 ng 1!, and TN/TP ratios
ranged from 6.5 to 116.7. Similar ranges for these para-
meters were observed in ecosystems where P. baha-
mense var. bahamense was seldom observed (Tables 1
& 2), although the exceptionally high TN/TP ratios and
low TP values observed in Florida Bay were unique to
that ecosystem.

In a further effort to examine possible linkages be-
tween Pyrodinium bahamense var. bahamense abun-
dance and key environmental variables, CCA was ap-
plied to a combined data set from Florida Bay, Indian
River Lagoon, and Tampa Bay. The relationships be-
tween P. bahamense var. bahamense biomass (cell
density and relative abundance) and both water resi-
dence time and total phosphorus concentration were
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Table 2. Total nitrogen (TN, png I?), total phosphorus (TP, pg 1) and TN: TP

ratios at the major sites included in this study. Mean values are shown

Location TN (range) TP (range) TN:TP
St. Johns River
4 km upstream 679 (350-1030) 129 (73-233) 5.5
17 km upstream 1020 (460-1530) 150 (84-297) 7.1
40 km upstream 1110 (390-1027) 130 (48-274) 9.2
Guana-Tolomato
River 592 (390-1027) 81 (21-151) 8.5
Matanzas River
St. Augustine 447 (267-951) 8 (20-113) 7.2
Pelicer Creek 711 (308-1951) 1 (17-196) 9.0
Ft. Matanzas 370 (203-1198) 0 (13-86) 8.4
Marineland 357 (140-869) 4 (7-107) 9.6
Palm Coast 398 (40-860) 0 (11-107) 8.5
Smith Creek
Flagler Beach 574 (184-1041) 84 (33-168) 7.3
Halifax River
Daytona 675 (55-1160) 116 (28-200) 7.2
New Smyrna 361 (55-1160) 39 (14-76) 9.8
Mosquito Lagoon
Oak Hill 634 (216-1240) 57 (17-101) 11.8
Indian River Lagoon
Titusville 945 (386-1495) 3 (5-110) 274
Banana River 1019 (107-1685) 5 (5-116) 23.3
Eau Gallie 826 (275-1386) 7 (20-128) 16.6
Melbourne 780 (252-1451) 6 (20-159) 13.2
Sebastian 445 (102-899) 7 (25-145) 9.0
St. John Is. 543 (81-1020) 6 (27-335) 6.9
Vero-Ft. Pierce 547 (178-1107) 4 (25-202) 8.5
Florida Bay
West (Cape Sable) 405 (193-713) 24 (9-1095) 25.9
N. central (Rankin) 1532 (355-3298) 8 (4-81) 94.1
S. central (Captain) 706 (311-1724) 2 (3-38) 101.6
East (Bottle Key) 739 (430-1167) 8 (2-26) 116.7
Tampa Bay
Lower (near mouth) 380 (182-832) 87 (24-18%) 5.3
Middle 419 (218-660) 95 (34-132) 5.0
Upper (Old Tampa) 567 (260-886) 106 (29-182) 6.5
Suwannee River estuary
North Reef (4 sites) 500 (110-1300) 50 (20-630) 10.0
South Reef (5 sites) 540 (160-1000) 60 (10-410) 9.0
Nearshore (5 sites) 330 (30-790) 25 (10-80) 13.2
north
Nearshore (8 sites) 280 (40-190) 22 (10-150) 12.7
south
Offshore shelf 160 (10-360) 15 (5-80) 10.7
(6 sites)
Cedar Key (6 sites) 370 (60-890) 40 (30-180) 9.3

corroborated with CCA (Fig. 11). Centroids of Pyro-
dinium (density and relative abundance) were located
closer to the right side of the diagram, corresponding
to a longer water retention time (RTI), higher than
average total phosphorus, and lower than average

salinities (Fig. 11). As the temperature
threshold for Pyrodinium blooms was ob-
served to be approximately 25°C, we limi-
ted the CCA analysis to temperatures
>25°C. Therefore, the effect of temperature
on Pyrodinium abundance was limited, and
no significant correlations were observed.

The first 2 canonical axes explained
31.2% of the cumulative variance for Pyro-
dinium abundance. The top 2 environmen-
tal factors that correlated significantly
(p < 0.05) with Canonical Axis 1 included:
the RTI (r = 0.62) and salinity (r = —0.76).
The environmental factor that correlated
significantly (p < 0.05) with Canonical Axis
2 was TP (r =-0.60). Monte Carlo permuta-
tion tests showed that the first 2 canonical
axes were significant (eigenvalue = 0.006,
p < 0.05 and eigenvalue = 0.001, p < 0.05,
respectively).

DISCUSSION

The environmental factors that dictate
the distribution and dynamics of phyto-
plankton taxa have been extensively dis-
cussed in the literature (Margalef 1978,
Margalef et al. 1979, Smayda 1980, 1997,
2002, Sournia 1982, Paerl 1988, Reynolds
1988, 1995, Hallegraeff 1993, Reynolds &
Smayda 1998, Smayda & Reynolds 2001).
For the purpose of this discussion, it is use-
ful to consider these factors from 3 different
perspectives: (1) inherent ecophysiological
limitations for survival and reproduction,
(2) environmental regulation of growth and
standing crop potential, and (3) competition
with other taxa.

Ecophysiological limitations

The first category of environmental fac-
tors that can affect the success of Pyrodi-
nium bahamense var. bahamense are
those that relate to the inherent physiolog-
ical limitations of the alga, in terms of sur-
vival and reproductive success. Within this
category, temperature appears to be a key

factor dictating presence and absence. P. bahamense
has long been regarded as a tropical species, given
its prominence in the Indo-Pacific (Maclean 1989,
Azanza & Taylor 2001) and Caribbean regions of the
North Atlantic (Plate 1907, Margalef 1961, Steidinger
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et al. 1980, Balech 1985, Phlips et al. 2004a, Badylak
et al. 2004) and apparent absence at higher latitudes.
The results of the present study support the impor-
tance of temperature as a limiting factor for the distri-
bution of P. bahamense var. bahamense. However, on
the Florida peninsula P. bahamense var. bahamense
is not limited to the tropical/sub-tropical habitats of
Florida Bay, where it occurs nearly year-round, but
extends into the subtropical/warm temperate regions
of central and northern Florida, where vegetative
cells appear in the water column in the warm season,
when temperatures exceed 20°C.

The actual biogeographical northern boundary for
Pyrodinium bahamense var. bahamense is difficult to
define with the information currently available. In
terms of temperature alone, it is likely that the bound-
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Tampa Bay and the Indian River
Lagoon. Similar observations have
been made for P. bahamense var. com-
pressum in the Indo-Pacific region,
where a linkage has been made be-
tween rainfall-induced mesohaline
conditions and blooms (Azanza & Tay-
lor 2001), although the minimum salin-
ity for growth in culture has been re-
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Density
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ported to be between 16 and 20 (Usup
& Azanza 1998).

Beyond the general trends in salinity
and temperature tolerance indicated
by the aforementioned empirical cor-
relations, the scarcity of experimental
data on the physiological limitations of
Pyrodinium bahamense var. baha-
mense preclude more definitive con-

Fig. 11. Pyrodinium bahamense var. bahamense. Results of canonical corre-
spondence analysis for the relationships between 2 measures of importance of
P. var. bahamense cell density and relative abundance (% of total phytoplank-
ton biovolume), and 5 environmental variables, salinity, temperature, total phos-
phorus (TP), total nitrogen (TN), and water retention time index (RTI). The data
used were restricted to temperatures >25°C, since this appears to be a threshold
level for the significant presence of the species. The length of the variable
arrows is proportional to the rate of change for that variable

ary extends beyond Florida, given the warm summer
water temperatures in the northern Gulf of Mexico and
coastal regions of Georgia and the Carolinas, despite
the fact that P. bahamense has not yet been reported
for these regions. For example, P. bahamense has not
been reported for coastal ecosystems in the northern
Gulf of Mexico along the panhandle of Florida, in-
cluding Perdido Bay, Escambia Bay, Pensacola Bay,
Chocktawhatchee Bay, and Apalachee Bay (Livingston
2001, Murrel & Lores 2004), despite water tempera-
tures in excess of 25°C from the spring through early
fall. The absence of reports of P. bahamense in these
regions could be attributable to a shortage of ob-
servational information for certain areas, as well as
the lack of appropriate habitat or seed banks of
viable cysts.

Another obvious factor for consideration is salinity
tolerance. The salinity range over which Pyrodinium
bahamense var. bahamense was observed in this study
indicates that 10 may be near the lower limit of its
tolerance, while the upper limit extends at least to a
salinity of 45. The fact that Pyrodinium not only ap-
pears over such a broad range of salinities, but has
been observed at bloom concentrations over nearly the
same range, demonstrates its euryhaline character.
This observation helps to explain the success of P.
bahamense var. bahamense in Florida ecosystems sub-
ject to large and variable inputs of freshwater, such as

clusions about its potential range.
Similarly, in terms of absolute growth
requirements, the minimal nutrient and
light requirements for the survival and
reproduction of P. bahamense var. ba-
hamense have not been specifically
defined. It clearly flourishes in shallow,
light-rich coastal ecosystems subject to
significant nutrient loads, such as the
Indian River Lagoon and Tampa Bay. By contrast, it is
also a prominent feature of the phytoplankton commu-
nity in the phosphorus-limited eastern region of
Florida Bay, although it does not reach bloom concen-
trations, likely due to limited nutrient availability.
Clearly, P. bahamense var. bahamense is capable of
surviving in environments of varying inorganic phos-
phorus concentrations.

Other important factors in the success of Pyrodinium
bahamense var. bahamense are the benthic habitat
requirements for the survival and germination of rest-
ing spores (Anderson 1989, Villanoy et al. 1996, Som-
brito et al. 2004). The prominence of the species in
flow-restricted portions of shallow estuaries with orga-
nically enriched sediments, such as the Indian River
Lagoon and Tampa Bay, indicates that these types of
benthic habitat can be favorable for the survival and
eventual germination of resting cells. The prominence
of P. bahamense var. bahamense in eastern Florida
Bay, which is characterized by a thin layer of organi-
cally poor, calcium-carbonate-rich sediments, mani-
fests the flexibility of resting cells to a range of sedi-
ment conditions. It is possible that the depth of an
ecosystem, rather than specific sediment types, may be
a factor in the success of P. bahamense var. bahamen-
se, particularly as it relates to light availability and the
potential for wind-induced resuspension of cysts (An-
derson 1989, Villanoy et al. 1996, Sombrito et al. 2004).
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Environmental regulation of growth and
standing crop

The second category of environmental factors that
can effect the success of Pyrodinium bahamense var.
bahamense includes those that influence productivity
and standing crop potential. These factors directly or
indirectly affect the gain and loss processes associated
with the dynamics of phytoplankton standing crops,
such as water residence time, flushing rates, light
availability, nutrient availability, temperature, grazing,
and sedimentation. The potential importance of water
residence time is indicated by the observation that all
of the estuarine habitats in Florida where P. baha-
mense var. bahamense dominate the phytoplankton
community, and/or formed blooms, are characterized
by long residence times, including the northern Indian
River Lagoon and the inner basins of Florida Bay and
Tampa Bay. The role of residence time in defining the
standing crop potential of P. bahamense var. baha-
mense is supported by the results of CCA, which iden-
tifies a strong relationship between abundance and re-
sidence time. The latter relationship may, in part, be a
consequence of the relatively low maximum growth
rates reported for the species (Seliger et al. 1970), pla-
cing it at a disadvantage in short residence time eco-
systems, relative to faster growing taxa.

Conversely, Pyrodinium bahamense var. bahamense
was absent or occurred at low concentrations in re-
gions of short residence time, such as the outer regions
of Tampa Bay and Florida Bay, the Suwannee estuary,
and the St. Johns River, as well as regions of the Guana
River, Tolomato River, Matanzas River, and Indian
River Lagoon near inlets to the Atlantic Ocean. Marga-
lef (1961) similarly noted that blooms of P. bahamense
in Puerto Rico are generally confined to Phospho-
rescent Bay, a region characterized by long water
residence times. By contrast, P. bahamense var. baha-
mense is either absent, or present at low concentra-
tions, in habitats of shorter water residence time along
the coast of Puerto Rico. Short residence times can be
associated with open, unrestricted coastal waters sub-
ject to high rates of tidal mixing or embayments with
large inputs of water from major rivers. The St. Johns
and Suwannee River estuaries, as well as many of the
estuaries in the northern Gulf of Mexico (Livingston
2001, Murrel & Lores 2004), fall into the latter category.

Another factor that may directly affect the abun-
dance of Pyrodinium bahamense var. bahamense is
nutrient availability. In this study, the 2 regions with
the highest P. bahamense var. bahamense abun-
dances, the northern Indian River Lagoon and the
inner basin of Tampa Bay, are both characterized by
high total phosphorus and total nitrogen concentra-
tions (Phlips et al. 2002, 2004b, Badylak et al. 2006).

While there is little doubt that the availability of
bioavailable nutrients is an essential component of bio-
mass potential, there are questions about the relative
importance of nutrient limitation of phytoplankton
growth in such ecosystems relative to other factors,
such as water residence time or light availability. The
results of canonical analysis suggest that a relationship
exists between total phosphorus and P. bahamense
var. bahamense abundance, although the relationship
is not as strong as with residence time.

The relatively long phytoplankton record available
for the Indian River Lagoon provides an opportunity to
examine the relationship between nutrient concen-
tration and Pyrodinium bahamense var. bahamense
abundance in greater detail. While the overall relation-
ships between P. bahamense var. bahamense abun-
dance and the 2 major nutrient elements for phyto-
plankton growth, phosphorus and nitrogen, are weak,
there is a relatively strong regression relationship be-
tween total phosphorus concentration and P. baha-
mense var. bahamense abundance during major
blooms, defined as concentrations of >100 cells ml™'.
The importance of phosphorus availability for algal
growth in the northern Indian River Lagoon is sup-
ported by the results of recent bioassay research,
which indicate the potential for phosphorus limitation
of phytoplankton growth in the northern Indian River
Lagoon, particularly in the summer (Phlips et al. 2002).
It may seem unusual that phytoplankton biomass in
saltwater ecosystems with high total phosphorus con-
centrations, such as the Indian River Lagoon, could be
phosphorus limited, but it is important to recognize
that soluble reactive phosphorus (SRP) concentrations
can reach low levels (i.e. <5 pg I"!) during the summer
bloom season, despite high total phosphorus levels.

The role of phosphorus availability in the control of
the Pyrodinium bahamense var. bahamense bloom
potential in the Indian River Lagoon is further indi-
cated by the observation that most of the major blooms
within the 8 yr study period coincided with the period
of elevated rainfall from the summer of 2001 through
2004, during which total phosphorus levels in the
region were enhanced (Phlips et al. 2004a, b). The po-
sitive role of the rainfall-induced nutrient load from
terrestrial watersheds in the formation of coastal Pyro-
dinium blooms has previously been suggested as an
important process in the Indo-Pacific (Azanza & Taylor
2001). Azanza & Taylor (2001) suggest that blooms of P.
bahamense var. compressum are frequently associated
with El Nifo periods of elevated rainfall. The temporal
patterns of P. bahamense var. bahamense blooms ob-
served in the Indian River Lagoon appear to support
this hypothesis.

It has also been suggested that the release of humic
substances from nearshore plant communities, such as
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mangroves, may be favorable for Pyrodinium baha-
mense var. bahamense (Usup & Azanza 1998). Whe-
ther this enhancement is related to nutrient availability
or some other processes remains to be definitively re-
solved. Within the scope of the present study, some of
the ecosystems where P. compressum var. bahamense
was observed are closely associated with mangroves,
such as eastern and north-central Florida Bay. But the
presence of mangroves is not a good predictor of P.
bahamense var. bahamense abundance in Florida, as
indicated by the general scarcity of the species in west-
ern and southern Florida Bay, despite extensive man-
grove populations.

Competitive strategies

While the importance of long water residence times
and nutrient availability in promoting high phytoplank-
ton standing crops in coastal ecosystems is well estab-
lished (Monbet 1982, Paerl 1988, Knoppers et al. 1991,
Richardson & Jergensen 1996), it does not explain the
specific reasons why Pyrodinium bahamense dominates
certain blooms, as opposed to other species known to
reach bloom proportions in the same regions at other
times, such as the cyanobacterium Synechocystisin the
Indian River Lagoon and Tampa Bay (Badylak et al.
2004, 2006), or Synechococcus in Florida Bay (Phlips et
al. 1999). In order to address the latter question it is nec-
essary to examine the factors that drive succession and
other spatial or temporal variations in phytoplankton
composition (Smayda 1989, 2002, Reynolds & Smayda
1998, Smayda & Reynolds 2001). This level of control fo-
cuses on attributes that provide P. bahamense var. ba-
hamense with a competitive advantage over other spe-
cies common to shallow warm-water ecosystems with
long water residence time.

The results of this study reveal that Pyrodinium
bahamense var. bahamense is capable of attaining a
position of dominance (i.e. relative abundance) in a
broad range of environments, from nutrient-poor to
nutrient-rich habitats, and over a wide range of salini-
ties. Given sufficient nutrient availability, it can form
extensive blooms, which, due to its toxicity, can have
significant implications for the structure of impacted
ecosystems and, potentially, for human health (Lands-
berg 2002, Landsberg et al. 2002). The single unifying
theme in the success of P. bahamense var. bahamense
that arises from observations in Florida is that mixed
salinities, shallow depths, and long water residence
times are characteristic of all of the environments
where P. bahamense var. bahamense is found in signif-
icant numbers. We forward 3 hypotheses that tie these
observations to the issue of competitive strategies: (1)
the euryhaline character of P. bahamense var. baha-

mense allows it to out compete more stenohaline taxa
in ecosystems with temporally variable salinity re-
gimes, (2) the toxin-producing capability of P. baha-
mense var. bahamense reduces top-down control of
standing crop potential, and (3) the relatively slow
growth rates of P. bahamense var. bahamense may
preclude it from competing successfully with faster-
growing phytoplankton in environments with short
water residence times and/or persistent high nutrient
loading rates. Conversely, large size and motility may
provide P. bahamense var. bahamense with an ability
to search for and store nutrients in more stable water
columns, when the supply of new inorganic nutrients is
more restricted or episodic.

In terms of the first hypothesis, the broad range of
salinities over which Pyrodinium bahamense var. ba-
hamense occurs in Florida (i.e. 10 to 45) demonstrates
the euryhaline character of the species and undoubt-
edly provide it with a selective advantage over more
stenohaline taxa, particularly in estuarine environ-
ments subject to rapid and substantial shifts in salinity.
This attribute helps to explain the observed ability of P.
bahamense var. bahamense to form blooms during
high rainfall periods, in the flow-restricted regions of
the Indian River Lagoon, Tampa Bay, and Florida Bay,
during which salinities can drop rapidly. However, P.
bahamense var. bahamense is not alone in its tolerance
to salinity variation. For example, certain species of
cyanobacterial picoplankton and small-celled diatoms,
like Skeletonema costatum and Pseudo-nitzschia, have
been shown to exhibit a wide range of tolerance to
salinity (Rijstenbil 1988, Phlips et al. 1989, 2004a). As
might be expected, the latter taxa have been observed
to form blooms in many of the same regions of Florida
subject to P. bahamense var. bahamense blooms, in-
cluding the Indian River Lagoon (Badylak et al. 2004,
Phlips et al. 2004a), Tampa Bay (Badylak et al. 2006),
and Florida Bay (Phlips et al. 1999). This observation
mandates further exploration of other factors that allow
the large, motile, but slow-growing P. bahamense var.
bahamense to dominate over faster-growing phyto-
plankton.

One of the most striking features of Pyrodinium
bahamense var. bahamense that sets it apart from
many of its potential euryhaline competitors is the abil-
ity to produce saxitoxin, a powerful neurotoxin (Lands-
berg et al. 2002). It has been suggested that top-down
control of populations of toxic algae may be diminished
by the inhibition of grazing activity attributable to the
presence of toxins (Turner & Tester 1997). The impor-
tance of differential grazing inhibition may be accen-
tuated in estuarine habitats subject to long water resi-
dence times, because such bodies of water have the
potential for generating higher zooplankton concen-
trations than rapidly flushed systems, due to the
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growth-rate limitations of many zooplankton. A similar
argument could be made for benthic filter-feeding
macroinvertebrates, which can be very abundant in
shallow estuarine habitats and may selectively avoid
consumption of toxic algae (Shumway 1990). However,
the role of algal toxins in the control of grazing is vari-
able and often species specific (Turner et al. 1998);
therefore, it is not possible to estimate the relative
importance of this phenomenon in P. bahamense var.
bahamense dynamics without further information.

Given the difficulty of defining the relative impor-
tance of either salinity tolerance or toxicity to the suc-
cess of Pyrodinium bahamense var. bahamense, it is
important to extend the discussion into the broader
realm of resource and habitat competition. The rela-
tionships between P. bahamense var. bahamense and
the environment observed in this study generally fit,
with some caveats, into the model of phytoplankton
succession described by Margalef in the Mandala
model (Margalef 1978, Margalef et al. 1979) and later
revised by Reynolds & Smayda (Reynolds & Smayda
1998, Smayda & Reynolds 2001), including the con-
cepts presented as the Intaglio and C-S-R life-form
strategies. Margalef argues in the Mandala model that
the primary forces driving the success of dinoflagel-
lates can be viewed on 2 environmental axes, turbu-
lence and nutrient availability (Margalef et al. 1979).
On the turbulence axis, dinoflagellates are favored by
low turbulence and stratified water columns due to
their intolerance to the physical stress of mixing, as
opposed to better adapted taxa, like diatoms (Margalef
et al. 1979). Modifications of this generalization have
been proposed by Smayda (2002), who points out
many exceptions to the relationship between water
column stability and the success of dinoflagellates.
Alternatively, Smayda proposes that the appearance of
dinoflagellate blooms under stratified conditions is
more coincidental than causal. He points out that the
swimming ability of dinoflagellates is sufficient to deal
with the typical mixing velocities encountered in most
coastal ecosystems.

The results of the current study do not provide de-
finitive corroboration for either view, although blooms
of Pyrodinium bahamense var. bahamense are gener-
ally more frequent in the summer season in Florida,
which is characterized by calmer winds than in the
winter or spring. Similarly, the tidally restricted habi-
tats where P. bahamense var. bahamense forms large
blooms, such as the northern Indian River Lagoon and
the northwest basin of Tampa Bay (i.e. Old Tampa
Bay), would be considered relatively low-turbulence
environments, compared to bays or coastal shelf habi-
tats characterized by strong tidal mixing. However,
blooms of similar magnitude occur in both narrow
parts of the northern Indian River Lagoon, character-

ized by limited wind fetch, and in the large open areas
of the lagoon subject to strong wind mixing. At the
same time, all of the habitats within the Indian River
Lagoon and Tampa Bay where P. bahamense var. ba-
hamense is abundant are shallow (typically <3 m) and
normally polymictic, with little vertical stratification. It
appears that P. bahamense var. bahamense blooms can
occur over a considerable range of mixing conditions
in terms of energy, albeit not necessarily in terms of
mixing depth. Although most of the ecosystems in-
cluded in this study were shallow, only a portion had
significant populations of P. bahamense var. bahamen-
se, indicating that depth may be a co-factor or possibly
a prerequisite for the success of this species, but
not without the influence of other contributing factors.
The influence of depth on the distribution of
P. bahamense var. bahamense may be more related to
light availability than the physical aspects of turbu-
lence. The scarcity of information on the light prefer-
ence of P. bahamense var. bahamense precludes test-
ing this hypothesis.

In terms of the nutrient availability axis, it is useful
to go beyond the Mandala model and explore the
C-S-R life-form strategy model, originally developed
for freshwater phytoplankton (Reynolds 1995) and
later applied to marine assemblages (Reynolds &
Smayda 1998, Smayda & Reynolds 2001). Reynolds &
Smayda (1998) describe 3 basic life-form strategies for
phytoplankton: (1) '‘C' species—small celled (biovo-
lumes <1000 pum?®), fast growing, and high nutrient
preference; (2) 'S’ species-large celled (biovolumes
>10000 pm?), slow growing, high light preference,
motile, and toxic or not eaten; and (3) 'R’ species—
intermediate size, intermediate growth rate, low light
tolerant, and adapted to well-mixed environments.
Most of the characteristics of Pyrodinium bahamense
var. bahamense fit into the 'S’ category, including
large size, slow growth rates (Seliger et al. 1970), moti-
lity, toxin production (Landsberg et al. 2002), and ap-
parent preference for shallow, light-rich environments.
If the Reynolds' Intaglio model (Fig. 12) is applied to
the question of spatial and temporal distribution, one
would expect P. bahamense var. bahamense to be fa-
vored in environments with shallow mixing depths and
during summer periods, when the immediate availabil-
ity of inorganic nutrients is diminished or sporadic,
even though the total potential nutrient pool (i.e. TP
and TN), and therefore long-term biomass potential,
may still be high.

As detailed in previous sections of the discussion,
Pyrodinium bahamense var. bahamense often domi-
nates the phytoplankton community in terms of rela-
tive biomass (i.e. percent of total phytoplankton biovol-
ume) in the P-limited eastern basin of Florida Bay,
despite the overall low standing crops of phytoplank-
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Fig. 12. Annual successional pattern of phytoplankton life-

strategy components C-S-R (see ‘Discussion’ for descriptions

of individual components) in relation to nutrient accessibility
and water column mixing (after Smayda & Reynolds 2001)

ton in the region (Phlips et al. 1999). At the same time,
it forms major blooms in the shallow, nutrient-rich
regions of the Indian River Lagoon and Tampa Bay,
but, in the summer and fall, when bioavailable in-
organic nutrient levels are reduced. The observations
of P. bahamense var. bahamense in both oligotrophic
and eutrophic ecosystems may seem somewhat
counter-intuitive, unless the issues of nutrient avail-
ability and utilization are viewed on multiple temporal
scales. It is important to distinguish between the imme-
diate rapid growth response to large nutrient pulses
versus a more sustained strategy of nutrient accumula-
tion and growth over time in an environment of smaller
nutrient pulses. Spring rainfall events have the poten-
tial to produce significant inputs of bioavailable inor-
ganic phosphorus and nitrogen, based on washout of
nutrients accumulated in the watershed over the win-
ter. The latter pulses may favor 'C'-selected, fast-res-
ponse-type species. It is interesting to note that outside
of periods of P. bahamense var. bahamense blooms in
the Indian River Lagoon and Tampa Bay, picoplank-
tonic cyanobacteria or small-celled diatoms are often
abundant (Badylak et al. 2004, 20006, Phlips et al.
2004a). This relationship is illustrated by the observed
patterns of P. bahamense var. bahamense and
cyanobacterial picoplankton abundance in Tampa
Bay, where blooms of cyanobacterial picoplankton and
small-celled diatoms, such as Skeletonema costatum,
preceded and followed summer blooms of P. baha-
mense var. bahamense. The latter observation fits into
the overall successional scheme described in the In-
taglio model, which predicts a rise in the prominence

of 'C' species, like picoplankton, under conditions of
high bioavailable nutrient load and elevated wind mix-
ing, followed by arise in 'S’ species, like P. bahamense,
as the relative amount of immediately available in-
organic nutrients is diminished and the water column
becomes more stable. The synchrony between pico-
planktonic cyanobacterial blooms and the P. baha-
mense var. bahamense blooms observed in Tampa Bay
also suggest the possibility that P. bahamense var.
bahamense may engage in phagotrophy on picoplank-
ton, as has been demonstrated for some other dinofla-
gellate taxa (Stoecker et al. 1997), although there is
currently no direct evidence to support this hypothesis.

From a physiological perspective, the large size of
Pyrodinium bahamense var. bahamense may provide
greater potential for nutrient storage. Slower growth
rates, under conditions of smaller pulses of nutrients
emanating from summer storm outflows from local
watersheds and through internal recycling of nutri-
ents, may allow the species to sustain high biomass
levels. For example, the rainfall events in the relatively
small watersheds that feed the northern Indian River
Lagoon and the northwest region of Tampa Bay (i.e.
Old Tampa Bay) generate comparatively small pulses
of nutrients, setting up conditions for the accumulation
of P. bahamense var. bahamense biomass. During the
high rainfall period of 2001 through 2004 repeated
pulses of phosphorus-rich water into the northern
Indian River Lagoon were associated with frequent
rainfall events, coinciding with the buildup of blooms
(Phlips et al. 2004a, b). In an analogous way, the slow
growth and hypothesized nutrient storage capability of
P. bahamense var. bahamense help to explain its suc-
cess in the strongly phosphorus-limited eastern Florida
Bay, despite the lack of bloom potential.

In contrast to the success of Pyrodinium bahamense
var. bahamense in the northern area of the Indian
River Lagoon, it is generally absent in the central por-
tion of the lagoon, during both drought and flood con-
ditions. Two fundamental differences between the
northern and central lagoon may help to explain this
disparity: (1) the large, nutrient-rich watersheds that
feed into the central lagoon result in a much larger
water volume and nutrient loads than experienced in
the northern lagoon, particularly in flood years and (2)
because of the large watershed inputs and relative
proximity of inlets (at Sebastian and Ft. Pierce) to the
Atlantic Ocean, water residence times in the central
lagoon are more strongly impacted by changes in rain-
fall than those in the northern Indian River Lagoon
(Phlips et al. 2004b).

Overall, the spatial and temporal patterns of the dis-
tribution of Pyrodinium bahamense var. bahamense
support the proposal of Smayda and Reynolds that ‘life
form properties, habitat preference and stochastic se-



114 Mar Ecol Prog Ser 322: 99-115, 2006

lective processes are more important in defining the
character and magnitude of blooms than broad phylo-
genetic patterns’ (Reynolds & Smayda 1998, Smayda &
Reynolds 2001). In Florida, one of the most important
stochastic processes that impact the potential for
blooms is the temporal shift in rainfall, which directly
effects several key factors that influence the success of
P. bahamense var. bahamense, including water resi-
dence time, nutrient availability, and salinity variation.
This is illustrated by the substantial rise in the fre-
quency and intensity of P. bahamense var. bahamense
blooms in the northern Indian River Lagoon during the
high rainfall period from the summer of 2001 through
2004, compared to the drought years from 1998
through the spring of 2001. Rainfall patterns act as
temporal modifiers of water residence time, nutrient
availability, and salinity regime, while the basic physi-
cal, chemical, and biological characteristics of individ-
ual ecosystems, such as depth (in terms of light avail-
ability), basin morphology (in terms of flow restriction),
watershed characteristics (in terms of nutrient richness
and volume water displacement), and the structure of
food webs (in terms of grazer response to toxins) define
the specific environmental conditions experienced by
P. bahamense var. bahamense.
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