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Abstract

‘We report on the emergence of Cochlodinium polykrikoides blooms in the Peconic Estuary and Shinnecock Bay, NY, USA, during 2002-2006.
Blooms occurred during late summer when temperatures and salinities ranged from 20 to 25 °C and 22 to 30 ppt, respectively. Bloom patches
achieved cell densities exceeding 10° ml~" and chlorophyll a levels exceeding 100 pg 17!, while background bloom densities were typically 10°—
10* cells ml~". Light, scanning electron and ultrathin-section transmission electron microscopy suggested that cells isolated from blooms
displayed characteristics of C. polykrikoides and provide the first clear documentation of the fine structure for this species. Sequencing of a
hypervariable region of the large subunit rDNA confirmed this finding, displaying 100% similarity to other North American C. polykrikoides
strains, but a lower similarity to strains from Southeast Asia (88-90%). Bioassay experiments demonstrated that 24 h exposure to bloom waters
(>5 x 10* cells ml™") killed 100% of multiple fish species (1-week-old Cyprinodon variegates, adult Fundulus majalis, adult Menidia menidia)
and 80% of adult Fundulus heteroclitus. Microscopic evaluation of the gills of moribund fish revealed epithelial proliferation with focal areas of
fusion of gill lamellae, suggesting impairment of gill function (e.g. respiration, nitrogen excretion, ion balance). Lower fish mortality was observed
at intermediate C. polykrikoides densities (10°~10* cells ml "), while fish survived for 48 h at cell densities below 1 x 10° cells ml~'. The
inability of frozen and thawed-, or filtered (0.2 wm)-bloom water to cause fish mortality suggested that the thick polysaccharide layer associated
with cell membranes and/or a toxin principle within this layer may be responsible for fish mortality. Juvenile bay scallops (Argopecten irradians)
and American oysters (Crassostrea virginica) experienced elevated mortality compared to control treatments during a 9-day exposure to bloom
water (~5 x 10* cells ml~"). Surviving scallops exposed to bloom water also experienced significantly reduced growth rates. Moribund shellfish
displayed hyperplasia, hemorrhaging, squamation, and apoptosis in gill and digestive tissues with gill inflammation specifically associated with
areas containing C. polykrikoides cells. In summary, our results indicate C. polykrikoides blooms have become annual events on eastern Long
Island and that bloom waters are capable of causing rapid mortality in multiple species of finfish and shellfish.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction have increased in frequency, duration, and distribution in recent
decades. HABs are most commonly caused by dinoflagellates

Harmful algal blooms (HABs) represent a significant threat ~ which, under bloom conditions, can discolor effected waters

to fisheries, public health, and economies around the world and red and thus have also been deemed red tides, particularly in
Southeast Asia (Okaichi, 2003). Many harmful dinoflagellates

synthesize potent biotoxins which can poison humans when

* Corresponding author. Tel.: +1 631 632 5043; fax: +1 631 632 5070. shellfish which have concentrated such toxic cells are
E-mail address: christopher.gobler @stonybrook.edu (C.J. Gobler). consumed. However, these toxins often do not harm marine
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life (Landsberg, 2002). Other dinoflagellates can cause direct
harm to or even kill marine animals, such as fish, although the
precise modes of impairment to the animals are diverse and
sometimes not known. One dinoflagellate which is well known
for causing fish kills in Southeast Asian waters is Cochlodinium
polykrikoides.

Cochlodinium has been implicated in kills of wild and
impounded fish around the globe (Onoue et al., 1985; Yuki and
Yoshimatsu, 1989; Guzman et al., 1990; Qi et al., 1993;
Garrate-Lizarraga et al., 2004; Whyte et al., 2001) and has been
the cause of fisheries losses exceeding $100 million in Korea
(Kim, 1998; Kim et al., 1999). Studies have also indicated that
metamorphosis of oyster (Crassostrea gigas) larvae was slowed
during Cochlodinium blooms (Matsuyama et al., 2001) and that
mortality of larvae of the American oyster, Crassostrea
virginica, was elevated by exposure to Cochlodinium (Ho
and Zubkoff, 1979). The most common Cochlodinium species,
C. polykrikoides, grows optimally at temperatures between 21
and 26 °C and at salinities between 30 and 36 (Kim et al., 2004;
Yamatogi et al., 2006). Cochlodinium is a mixotrophic alga
(Larsen and Sournia, 1991; Jeong et al., 2004) and thus likely
employs flexible nutrient acquisition strategies during blooms.
Moreover, since this alga is noxious to some planktonic grazers
(Ho and Zubkoff, 1979; Shin et al., 2003), it may escape top-
down control by zooplankton which most phytoplankton
experience (e.g. Gobler et al., 2002). Prior to this special issue,
peer-reviewed reports of Cochlodinium blooms in the US have
been rare and blooms in NY waters have never been noted in
peer-reviewed literature.

The occurrence of HABs in Long Island estuaries has been
well documented for more than 50 years. During the 1950s,
Ryther (1954) described the occurrence of green tide blooms
caused by the chlorophytes Nannochloris and Stichococcus in
the south shore estuaries, Great South Bay and Moriches Bay.
These blooms negatively impacted the oyster fishery in these
systems (Ryther, 1989). More recently, brown tides caused by
the pelagophyte Aureococcus anophagefferens occurred in both
south shore bays (Great South, Moriches, and Shinnecock
Bays) and on eastern Long Island (Peconic Estuary; Gobler
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et al., 2005). Chronic recurrence of these blooms in the Peconic
Estuary for 10 years and on the south shore for more than 15
years led to the destruction of eel grass beds (Zostera marina),
scallop fisheries (Argopecten irradians), and hard clam
fisheries (Mercenaria mercenaria; Gobler et al., 2005). The
absence of brown tides on Long Island in recent years has
buttressed hope that local fisheries may recover.

Here, we report on the emergence and dynamics of red tides
caused by Cochlodinium polykrikoides in some of the same
estuaries which formerly hosted brown tides, the Peconic
Estuary and Shinnecock Bay. We describe the initial occurrence
of blooms in 2002 and 2004, and the spatial and temporal
dynamics of blooms in 2005 and 2006. We present light,
scanning and thin-section transmission electron micrographs of
algal isolates, as well as sequences of the large subunit
ribosomal DNA. We describe the results of experiments with
multiple species of finfish and shellfish to elucidate the
potential for blooms to impact marine life in these systems and
present histopathological analysis of moribund individuals.
Finally, we analyze current and historical water quality data to
assess possible bloom causes and to compare and contrast these
blooms to those of the brown tide, A. anophagefferens.

2. Methods
2.1. Field sampling and sample processing

Fixed stations within the Peconic Estuary and Shinnecock
Bay and their respective tributaries (Fig. 1) were sampled via
small research vessels sporadically in 2004 and 2005 and
weekly to biweekly during the summer of 2006. Moreover, in
2006, bloom patches were sampled in addition to fixed stations.
Primary stations in 2006 included the two most western basins
of the Peconic Estuary, Flanders Bay (40.923°N, 72.587°W)
and Great Peconic Bay (40.936°N, 72.512°W), as well as
Meetinghouse Creek (40.938°N, 72.619°W), a tributary which
empties into Flanders Bay, and Old Fort Pond (40.868°N,
72.446°W), a tidal tributary in eastern Shinnecock Bay. On
station, temperature and salinity were determined using a

Fig. 1. Spatial distribution of Cochlodinium cells in the Peconic Estuary, early September 2005. Gradients are based log of cell densities measured at 25 locations

across the estuary.
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Hydrolab Quanta probe. Surface water samples at each station
were collected from the bow of boats in replicated 20 1 carboys
which were transported to the Stony Brook-Southampton
Marine Science Center for immediate sample processing and
analysis.

2.2. Quantification of chlorophyll a (chl a) and cell
densities in field samples

Triplicate chlorophyll a samples were collected on GF/F
glass fiber filters and stored frozen. Chlorophyll a was size-
fractionated using a 5 wm Nitex® mesh. Whole seawater
samples were preserved in Lugol’s iodine for microscopic
examination of phytoplankton. Chlorophyll a was analyzed in
triplicate by standard fluorometric methods (Parsons et al.,
1984). Preserved plankton samples were settled in counting
chambers and enumerated on an inverted light microscope
(Hasle, 1978). At least 100 cells were enumerated per sample,
yielding a relative standard deviation of less than 20% for
Cochlodinium enumeration at bloom and non-bloom densities.
The relative abundance of Cochlodinium among autotrophs in
selected samples was estimated from lengths and widths of the
most common phytoplankton present and using volumetric
equations corresponding to the geometric shape each organism
most resembled (Smayda, 1978; Stoecker et al., 1994).

2.3. Culture establishment, DNA analysis, and
morphological observations with light microscope (LM),
scanning electron microscopic (SEM) and transmission
electron microscope (TEM)

Culture isolates were obtained by pipetting single cells to
polystyrene 12-well cell culture plates containing culture
medium under an inverted microscope. Cells were cultured in
sterile /20 medium supplemented with 10™® M selenium at
22 °C in an incubator with a 14 h light:10h dark cycle,
illuminated by a bank of fluorescent lights that provided a light
intensity of ~100 wmol quanta m *s™' to cultures. Cultures
were transferred once they reached stationary phase which was
approximately 3 weeks. Light microscope photographs were
obtained using an inverted microscope and a Spot Insight
(model 3.2) camera.

For genetic analysis, cells were pelleted by centrifugation of
3 ml of culture at 5K rpm for 2 min. The cell pellet was
immediately resuspended in 600 wl CTAB solution (100 mM
Tris-HCI [pH 8], 1.4 M NaCl, 20 mM EDTA, 2% [w/v]
cetyltrimethylammonium bromide [CTAB], 0.4% [v/v] B-
mercaptoethanol, 1% [w/v] polyvinylpyrollidone; Dempster
et al., 1999) and cells were disrupted by vortexing and
pipetting. The resuspended cells were frozen at —80 °C for at
least 1 h. Nucleic acids were extracted as in Coyne et al. (2001).
The hypervariable D1-D3 region of the rDNA was amplified by
PCR using forward primer ‘DIRF’ (5-ACCCGCTGAATT-
TAAGCATA-3') and reverse primer ‘D3Car’ (5'-ACGAAC-
GATTTGCACGTCAG-3'; Mikulski et al., 2005). The D4-D6
region was amplified with forward primer 6F (5'-TAG-
TAGCTGGTTCCCTCCGA-3') and reverse primer 11R (5'-

TTGCCGACTTCCCTTACCTA-3'; Iwataki et al., 2008). PCR
was performed with the following components: 80-100 ng
nucleic acids, 0.5 wM of each primer, 1 x reaction buffer, 3 mM
MgClI2, 200 uM dNTPs mix (New England Biolabs), 0.5 uM
of each primer, 2.5 U polymerase enzyme mix (GeneAmp™
High Fidelity PCR Applied Biosystems). We performed 50 .l
reactions with the following cycling parameters: 94 °C for
5 min, followed by 31 cycles of 94 °C for 45 s, 45 °C for 60 s
and 72 °C for 45 s, followed by 72 °C final extensions for 7 min
(Mikulski et al., 2005). Sequencing was done directly on the
unmodified PCR product using 50 ng of PCR product and
3.2 pmol primer on a ABI3730 Genetic Analyzer using BigDye
Terminator ® Cycle sequencing kit (Applied Biosystems) at the
Stony Brook University DNA Sequencing Facility.

To preserve field samples for electron microscopy, equal
volumes of buffered glutaraldehyde fixative and algal suspen-
sion from the sampling site were mixed to produce a final
solution of 2% glutaraldehyde in 0.05 M cacodylate buffered
seawater (pH 8.0) at 5°C. The fixed cells were gently
sedimented to form a pellet, the supernatant was decanted, and
5 ml of 4% osmium tetroxide solution in the same cacodylate
buffer was added to the pellet as a post stain and fixative. After
1 hat5 °C, the osmium-fixed cells were sedimented, washed by
addition of cacodylate buffer and again sedimented to form a
pellet and enrobed in 0.8% agar matrix. Small segments of the
agar-embedded pellet (~3 mm in size) were washed in
deionized water, dehydrated in a graded acetone/aqueous
series, embedded in TAAB epoxy resin (Energy Beam
Sciences, Granby, Conn.) and polymerized in BEEM capsules
at 70 °C for 18 h. Ultrathin sections, collected on uncoated
copper grids, were obtained with a Porter-Blum MT-2
ultramicrotome fitted with a diamond knife, post-stained with
Reynold’s lead citrate, and observed with a Philips 201
transmission electron microscope. A portion of the osmium-
fixed cells was set aside for scanning electron microscopic
observation. The fixed cells were sedimented, washed with
deionized water, and brought to a volume of 2 ml in 10%
ethanol solution. Cells were collected on 0.45 pwm pore-size
Millipore nitrocellulose filters, dehydrated in a graded ethanol/
aqueous series, and critical point dried using a Balzer critical
point dryer. The dried filters were attached to SEM stubs, plated
with gold using a Denton Desktop 2 sputter coater, and
observed with a LEO 1455VP scanning electron microscope.
Higher resolution images of cell surface detail were obtained
with a Hitachi 4700 SEM.

2.4. Bioassay experiments

Experiments were conducted to elucidate the potential
impact of Cochlodinium sp. bloom water on fish and shellfish.
One set of experiments was performed with juvenile (1-3-
week-old) sheepshead minnows (Cyprinodon variegates)
spawned from a line of C. variegates which has been laboratory
reared for more than a decade (E.M. Cosper, personal
communication). For these experiments, individual minnows
were transferred using a modified 200 wl pipette to 3 ml of
treatment water held in 24-well sterile, polystyrene plates
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(n =24 per treatment). In the first experiment, C. variegates
were transferred to plates containing one of four treatment
waters: (1) bloom water from Flanders Bay (Fig. 1) containing
5 x 10* cells ml~*, (2) filtered bloom water (0.2 pm), (3)
water from Great Peconic Bay (Fig. 1), which had
<1 x 10%cells ml™", or (4) filtered (0.2 pm) Great Peconic
Bay water. Subsequent experiments were conducted using
100% bloom water from Flanders Bay or Old Fort Pond
(Fig. 1), as well as bloom water diluted with 0.2 pm-filtered
bloom water to final concentrations of bloom water of 50, 25,
10, and 0% to elucidate a dose response. To further understand
modes of mortality, experiments were conducted using boiled
or frozen and thawed bloom water as treatments, as well as
water which was passed through 2.0 pm polycarbonate filters, a
10 pm nylon mesh or a 20 wm nylon mesh. In all experiments,
control treatments of non-bloom Great Peconic Bay water and/
or filtered bloom water (0.2 um) were established which
yielded 100% survival for the full duration of all experiments
(72 h). Fish in experiments were checked several times daily
and dead individuals were immediately removed and placed in
10% neutral buffed formalin for later histopathological
evaluation.

Larger fish for experiments (Fundulus majalis, Fundulus
heteroclitus, Menidia menidia) were obtained via seine nets
from regions of Shinnecock Bay with undetectable levels of
Cochlodinium sp. Fish were maintained in aerated seawater
with low levels of Cochlodinium sp. at the Stony Brook-
Southampton Marine Science Center for 24 h prior to
experiments. Experiments were established by placing 10
individuals in triplicate 5-1 plastic containers holding 31 of
bloom water from Flanders Bay or Eastern Shinnecock Bay
(>10* cells ml™!) or water from Great Peconic Bay (Fig. 1)
which had <1 x 107 cells ml~'. All containers were placed in
flow through seawater to maintain ambient temperature and
were bubbled with air, maintaining oxygen levels above
5mg1~". Containers were covered with white, nylon screening
with 1 mm mesh openings. Dilutions of bloom water with
filtered (0.2 wm) bloom water (50, 25, 10%) were created for
experiments with F. majalis and M. menidia to elucidate a dose
response in the fish. Fish survival was examined every 1-8 h
and dead fish were immediately removed and placed in 10%
neutral buffed formalin for later histopathological evaluation.
Experiments with F. majalis, F. heteroclitus, and M. menidia
lasted 24-48 h. Spectrophotometrically analyzed ammonium
levels (Parsons et al., 1984) remained <20 pM during fish
experiments.

A. irradians and C. virginica bioassay experiments were
conducted using juvenile bay scallops (~11 mm) and American
oysters (~21 mm) obtained from the Cornell Cooperative
Extension shellfish hatchery facility in Southold, NY. Shellfish
were maintained in flowing seawater at the Stony Brook-
Southampton Marine Science Center for 24 h prior to
experiments. Experiments were established by measuring the
lengths of 10 marked individuals and placing them in triplicate,
5-1 plastic buckets (10 individuals per bucket) containing 3 1 of:
(1) bloom water from Flanders Bay (Fig. 1) containing
~5 x 10% cells ml™ ", (2) filtered (0.2 wm) treatment #1 water

(Flanders Bay), (3) water from Great Peconic Bay (Fig. 1), which
had <1 x 10 cells ml™", or (4) filtered (0.2 pm) treatment #3
water (Great Peconic Bay). All buckets were kept in a
temperature-controlled room maintained at 24 °C with light
from a bank of fluorescent bulbs which provided 100 WuEm > s~
of light on a 14 hlight:10 h dark cycle. All buckets were bubbled
with air, maintaining oxygen levels above 5 mg 1!, and covered
with white, nylon screening with 1 mm mesh openings.
Experimental water was fully exchanged with newly obtained
water from the field with comparable cell numbers every other
day during this 9-day experiment. Mean cell densities (S.D.)
for the experiment were 3.7+ 1.3 x 10% cells ml™"
(range = 2.7-6.1 x 10* cells ml~"). Samples for the enumera-
tion of phytoplankton cell densities and chlorophyll a levels were
obtained from the old and new water and analyzed every other
day as described above. Survival was examined daily and dead
individuals were immediately measured, shucked and placed in
10% neutral buffed formalin for later histopathological evalua-
tion. After 9 days, lengths of surviving individuals were
measured.

Experiments that involved larger fish and scallops were
analyzed via one-way ANOVAs followed by Tukey multiple
comparisons tests of treatments (Sokal and Rohlf, 1995). Non-
normally distributed data sets were log transformed. Experi-
ments using sheepshead minnows were analyzed using Chi-
square tests. In all cases, significance levels were set at
p < 0.05.

2.5. Histopathology

All specimens were fixed in 10% neutral buffered formalin
for a minimum of 1 week before being processed for histology
using standard techniques. For scallops and oysters, a cross-
section of about 6 mm in thickness (typically containing
mantle, gills, digestive gland, stomach, intestine, heart and
kidney) was transferred to a pre-labeled histo-cassette, and
dehydrated in graded ethanol and xylene series. Tissues were
then embedded in paraffin and sectioned (5 wm thick).
Resulting sections were stained with hematoxylin and eosin,
before being examined with a Nikon Eclipse TE-200
microscopy equipped with a Spot Insight QE digital camera.
Fish were decalcified with sodium EDTA (Luna, 1968). In the
case of the smallest fish (1-3-week-old C. variegates), the
specimens were sectioned whole in the median plane in three
step sections: 1/8-way toward the mid-median plane, 1/2-way
toward the mid-median plane and at the mid-median plane. For
all other fish, gills were dissected from the fish for processing.
Tissues were then embedded in paraffin, sectioned and stained
with hematoxylin and eosin stains for histological evaluation
(Luna, 1968).

3. Results
3.1. Bloom dynamics

The first noted appearance of Cochlodinium on eastern Long
Island was in 2002, when it was identified as the organism
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responsible for a red water event in West Neck Bay, on Shelter
Island (Fig. 1). The first geographically extensive bloom
occurred within the Peconic Estuary in September and October
of 2004 when cell densities ranging from 1 to 2 x 10° ml™'
were recorded in the two western basins of this system,
Flanders Bay and Great Peconic Bay (Fig. 1). A bloom
occurred within the same regions in 2005, with station cell
densities exceeding 10° ml~' in the western Peconic Estuary
(Fig. 1) and patch densities exceeding 2 x 10* cells ml~". In
contrast, low cell densities (<104 ml_l) were found in the
major basins of the eastern Peconic Estuary, although some
tributaries and sub-embayments such as West Neck Bay, had
higher densities (Fig. 1).

In 2006, a more robust sampling approach allowed the
details of Cochlodinium bloom temporal dynamics to be
refined. Cochlodinium was detected for the first time in the
water column in July at all major sampling locations as
temperatures were approaching 25 °C (Fig. 2; Table 1).
Cochlodinium maintained moderate cell densities (102—
10% cells ml ™) through mid-August as temperatures reached
an annual maximum above 25 °C at all sites (Fig. 2; Table 1).
During the period of 20 August through 21 September, cell
densities within four major sampling locations (Flanders Bay,
Meetinghouse Creek, Great Peconic Bay, eastern Shinnecock
Bay) were consistently >10° cells ml™' and were commonly
>10"* cells ml~" (Fig. 2). Concurrently, chlorophyll a levels
often exceeded 100 wg1™' (range 54-370) with nearly all
chlorophyll being >5 wm, as temperatures were declining to
20 °C (Table 1). During the same period, dense bloom patches
were chronically present throughout the four major stations,
with patch cell densities ranging between 10% and
10° cells ml~' (Fig. 2). By late September, cell densities once
again declined to <10?cellsml™' at all locations as
temperatures dropped below 20 °C (Fig. 2; Table 1). Salinities
at three of four sites generally ranged from 25 to 30 and were
highest during the late August bloom peak (Fig. 2; Table 1).
Meetinghouse Creek had lower salinities throughout the study
(22-25; Table 1).
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Fig. 2. Log of Cochlodinium cell densities recorded during the summer of 2006
in Flanders Bay (FB: circles), Meetinghouse Creek (MHC: squares), Great
Peconic Bay (GPB: triangles), and eastern Shinnecock Bay (SB: diamonds).
Open symbols represent fixed stations, whereas closed symbols represent dense
bloom patches present at each location. Error bars are standard error of triplicate
field samples.

3.2. Molecular and microscopic characterization of cells

There were considerable variations in cell sizes of the
unpreserved Cochlodinium sp. isolates, with an average of
34 £ 4.7 pm long (range 21-35 pm) and 27 + 4.1 pm wide
(range 24—48 pm; n = 100). A LM view of isolated, living cells
(Fig. 3) exhibits the major morphological features of paired and
catenated cells in a chain. The leading cell in a chain frequently
contains a more tapered, semi-circular epicone. The hypocone
is bigger than the epicone in both width and length, slightly or
heavily bilobbed at the antapex, most easily observed in single
cell or the last cell in a chain. The left spiral cingulum is deeply
grooved, with about two turns of torsion. The sulcus is narrow,
with a torsion of about one turn. Intermediate cells within a
chain are slightly compressed longitudinally and thus more
rounded to ovate. A reddish stigma is visible in the left side of
the apical region of the epicone (Fig. 3). The nucleus is small
and located at the center of the epicone (Fig. 3).

A SEM micrograph of a field-collected and possibly stressed
four-cell chain displays the extensive exocellular organic
fibrillar matrix (Fig. 4A, arrow). More slender tubular
extensions from the surface of some cells appear to be
discharged trichocysts. A higher magnification of SEM
(Fig. 4B) shows the network organization of the secretory
fibrils enclosing the cell surface. In addition to the exocellular
organic matrix, the cell is surrounded by a more closely
enclosing organic envelope (Fig. 4C) that partially obscures the
underlying cingulum (thick arrow) and is more clearly
evidenced at places where it is partially fractured (thin arrow)
revealing the underlying cellular surface. An enlarged view of a
terminal cell in a chain (Fig. 4E) exhibits the transverse
flagellum (thick arrow) encircling the cell slightly anterior to

Fig. 3. Light microscopic views of paired and catenated cells of Cochlodinium
sp. showing the major morphological features, including the somewhat rounded
form of the cells, especially those more internal in a chain, and the surface
details, e.g. sulcus (S) and the deeply grooved cingulum (arrows). Scale
bar =10 pm.



Table 1
Temperature (7) in
(patch) in Flanders

°C, salinity (S), Cochlodinium polykrikoides cell densities from fixed station sampling (cells), and Cochlodinium polykrikoides cell densities from bloom patches during August and September
Bay, Meetinghouse Creek, Great Peconic Bay, and eastern Shinnecock Bay

Date Flanders Bay Meetinghouse Creek Great Peconic Bay Eastern Shinnecock Bay
T N Cells Patch T N Cells Patch T N Cells Patch T N Cells Patch

21-June 225 25.6 0.0 (0.0) - 234 225 0.0 (0.0) - - - - - 212 28.1 0.0 (0.0) -
26-June 23.0 26 0.0 (0.0) - - - - - - - - - - - - -

6-July 239 23.7 1.0 (0.4) - 252 235 0.8 (0.1) - - - - - 24.0 24.6 0.4 (0.0) -
13-July 24.6 259 0.9 (0.1) - 24.6 224 1.2 (0.0) - - - - - 235 23.0 1.7 (0.0) -
18-July 29.1 244 0.7 (0.1) - - - - - - - - - - - - -
27-July 26.2 26.2 1.1 (0.2) - 283 22.1 1.6 (0.2) - - - - - 26.2 23.6 3.2 (0.5) -
3-August 29.5 25.1 1.7 (0.0) - 29.1 235 1.6 (0.0) - - - - - 30.8 249 2.6 (0.4) -
9-August 274 26.5 1.4 (0.2) - 27.7 255 1.3 (0.4) - - - 0.0 (0.0) - 25.1 283 2.0 (0.2) -
15-August 25.0 25.8 1.4 (0.2) - 24.6 243 1.4 (0.2) - - - - - 26.3 273 2.9 (0.0) -
22-August 253 26.5 4.3(0.3) 4.8 (0.6) 26.5 249 2.2(0.2) - 249 28.0 1.1 (0.4) - 25.2 28.8 1.1 (0.4) 4.9 (0.4)
23-August 25.0 26.3 3.6 (0.0) 5.2(0.3) 243 23.6 (0.3) - - 5.0 (0.4) - - - -
25-August 24.0 26.1 3.6 (0.1) 4.9 (0.4 - - - - 235 28.5 4.0 (0.4) 45(04) 245 29 45 (0.4) -
28-August 222 254 3.4 (0.0) 4.9 (0.4 - - - - - - - 5.0 (0.3) - - - -
30-August 20.6 - 4.5(0.8) 5.2 (0.1) 21.1 222 1.5 (0.1) 43(0.2) 20.1 273 3.7 (0.8) 4.7 (0.8) 20.8 292 1.5 (0.1) -
5-September 20.3 25.8 3.2(0.1) 4.5(0.3) 203 244 2.8 (0.5) 3.3(0.2) 19.9 273 - - 5.1 (0.7) 5.1 (0.1)
7-September 20.4 25.1 2.9 (0.2) 4.2 (0.0) 20.8 235 2.6 (0.0) 4.1 (1.0) 19.9 275 3.5(0.5) 4.3 (0.1) 215 30.0 3.5(0.5) -
14-September 20.1 253 2.7 (0.0) 4.1(0.2) 20.7 24.0 2.4 (0.1) - 19.6 27.1 3.8 (0.0) - 18.6 26.8 2.4 (0.1) 5.1 (0.1)
19-September - - - - - - - - - - - - 5.0 (0.0) 5.0 (0.6)
21-September 19.5 255 1.3 (0.0) - 20.1 24.7 1.6 (0.0) - 19.6 275 0.5 (0.4) - 55.1 275 1.6 (0.0) 5.1 (0.1)
28-September 19.1 26.2 0.0 (0.0) - 19.0 22.6 0.0 (0.0) - 19.2 274 0.0 (0.0) - 19.7 279 1.3 (0.3) -
1-October 19.0 26.1 0.0 (0.0) - 19.2 23.1 0.0 (0.0) - 19.2 273 0.0 (0.0) - 19.4 24.7 0.0 (0.0) -

Cell densities are reported as means and standard deviation on parentheses. Dashes indicate samples from a given location and dates were not obtained.
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Fig. 4. SEM views of surface details of Cochlodinium sp. (A) An overview of four adlineated cells with an extensive exocellular fibrillar matrix (arrow) is shown
uniting the cells longitudinally and extending outward as filaments anchored to the surface of the Millipore substratum. Scale bar = 20 um. (B) A higher resolution
image of the exocellular matrix showing the fibrillar network in greater detail and the organization of the nodes where the fibrils are joined. Scale bar = 10 pm. (C) An
enlarged image of a terminal cell in a chain, and its adjacent neighbor, showing the thin organic envelope or pellicle that encloses each cell and underlies the
exocellular fibrillar matrix. The cingulum (black arrow), obscured by the organic envelope and appearing as a surface depression, has an emergent transverse
flagellum (TF) that is partially dislocated from the groove and is stretched out across the epicone onto the surrounding Millipore surface. A fracture in the organic
envelope (white arrow) reveals the approximate thickness of the envelope and exposes the underlying surface of the cell. Scale bar = 10 wm. (D) A chain of three cells
exhibits the transverse flagella (black arrows) in a more typical organization encircling the cell. Note that the middle cell of the three shows a small pore in the organic
envelope where the transverse flagellum emerges. For purposes of comparison, an armored, theca-bearing smaller dinoflagellate (white arrow), that was included in
the water sample, is shown with a clearly exposed cingulum. Scale bar = 10 wm. (E) An enlarged view of a terminal cell of Cochlodinium in a chain, shows the
depression of the cingulum in clearer detail, and somewhat anterior to it, the location of the transverse flagellum (black arrow) encircling the epicone. An apparent

trailing flagellum (white arrow) extends along the surface of the Millipore filter. Scale bar = 10 wm.

the depression of the cingulum and situated on the surface of the
epicone.

An overview of the nuclear region and peripheral cytoplasm
(Fig. 5A) as observed by transmission electron microscopy
shows the mesocaryotic nucleus (N), approximately 12 wm in
diameter, with condensed chromosomes (~1 wm diameter),
and some of the large peripheral cytoplasmic vacuoles (V) and
plastids (P) that are typically distributed near the periphery of
the cytoplasm. The inset (Fig. 5SA) illustrates the organization of
the two kinds of ejectosomes, elongated trichocyst-like
organelles that appear to be quadrangular in cross-section
(large arrow) and elongated in longitudinal section (L), and
smaller mucocyst ejectosomes (small arrows) that have a dense
central core. An enlarged view of the peripheral cytoplasm
(Fig. 5B) displays a mitochondrion (arrow) with tubular cristae
and, adjacent to it, the peripheral alveolar membranes
surrounding the cell with a thin somewhat electron dense

organic deposit within the lumen of the alveolar membranes. A
higher magnification image of the cell periphery (Fig. 5C)
shows the alveolar membranes (thick arrow) in more detail,
including the organic deposit (~60 nm thick) within the
alveolar space. An organic outer envelope or pellicle, external
to the alveolar membranes, is limited externally by an
osmiophilic thin layer (thin arrow). This outer layer of the
organic envelope lies approximately 1 pm or greater from the
plasma membrane and underlying alveolar membranes at the
surface of the cell. A thin layer of cytoplasm encloses the cell
beneath the organic envelope and immediately external to the
alveolar membranes. A segment of a mitochondrion (M) and an
ejectosome, that appears to be a mucocyst (E) docked at the
plasma membrane, are shown near the peripheral cell
membranes. An enlarged view (Fig. 5D) of a typical
mitochondrion (M) shows the elongated profile (up to 3 pm
long) and the tubular cristae (~40 nm in diameter) in greater
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Fig. 5. Transmission electron microscopic images of ultrathin sections of Cochlodinium sp. (A) An overview of the nuclear region and peripheral cytoplasm, showing
the nucleus (N) located eccentrically near one side of the cell, large vacuoles (V), and chloroplasts (P) near the cell periphery. Scale bar = 5 wm. Inset displays sections
of the two kinds of ejectosomes, trichocyst-like organelles that are quadrangular in cross section (large arrow) and elongated in longitudinal section (L), and smaller
mucocysts (small arrows) that have a more circular profile in cross section containing an electron dense central core. Compare to the ejectosome (E) in C. Scale
bar = 0.5 pm. (B) A higher magnification view of the cell periphery shows a tubulocristate mitochondrion (arrow) within a cytoplasmic lobe near the alveolar
membranes at the surface of the cell. Scale bar = 0.2 pm. (C) A high magnification image of the cell surface illustrates the dense organic deposit (arrowhead) within
the alveolar lumen and the limiting osmiophilic thin layer (thin arrow) of an organic envelope or pellicle lying external to the cell surface. A thin layer of dense
cytoplasm, enclosing the cell and delimited within closely spaced plasma membranes, lies immediately adjacent to the external surface of the alveolar complex. A
segment of a mitochondrion (M) and an oblique section through the sac of an ejectosome (E), probably a mucocyst docked at the plasma membrane, are shown within
the cytoplasm. Scale bar = 0.4 wm. (D) A high magnification view of a mitochondrion (M) illustrates the typical elongated profile and the details of the tubular cristae.
An oblique tangential section through the peripheral alveolar membranes of the cell exhibits the somewhat electron dense organic deposit (arrow) surrounded on both
sides by the less dense alveolar membranes that appear somewhat sheet-like due to the glancing plane of the ultrathin section. Scale bar = 0.1 wm. (E and F) Profiles of
chloroplasts are shown in an oblique cross section (E), exhibiting the lenticular pyrenoid (Py), and in longitudinal section (F) more clearly showing the organization of
the lamellae. A cytoplasmic lobe containing a mitochondrion (M) is shown nearby to a plastid. Scale bars = 1.0 wm. (G) A high-resolution image shows the plastid
fine structure containing up to three thylakoids per lamella (arrow). Scale bar = 0.1 um.

detail. An oblique tangential section, passing through the
nearby alveolar membrane complex at the periphery of the cell,
shows the texture of the internal dense organic deposit (arrow)
and the less dense enclosing membranes on either side. Since
this is an oblique tangential section, the image displays the
membranes and internal organic deposit in a partial sheet-like
perspective. The chloroplasts (Fig. SE and F) are surrounded by
three membranes and contain a simple pyrenoid (Py), without

internal thylakoids. There are occasional osmiophilic granules
(60 nm diameter) within the stroma of the plastid as seen more
clearly at the base of the chloroplast section in Fig. SE. A
portion of an elongated mitochondrion (M) is also visible
within a cytoplasmic lobe near the plastid. Each chloroplast
lamella (~40 nm thick and 60 nm apart), shown in high
magnification (Fig. 5G), contains up to three thylakoids (arrow)
and is suspended in a somewhat finely granular stroma.
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Our sequencing of LSU rDNA from two separate isolates
from Flanders Bay, NY, USA (CpFB-06-1, CpFB-06-2),
showed identical sequences among the isolates for both the
DI-D3 and D4-D6 regions (GenBank accession nos.
EF110556 and EF110557, respectively). The D1-D3 region
sequence of NY isolates showed similarity to three GenBank
sequences from Korean isolates of C. polykrikoides (GenBank
accession nos. AY347309, AY725423, AF067861) with
identities of 90, 90 and 88%, respectively. The D4-D6 region
of our strains showed 89% identity with the Korean strain
(AY347309). The sequencing efforts of Iwataki et al. (2008)
permit our isolates to be compared to additional clones in North
American and southeast Asia. The D1-D3 and D4-D6 region
sequences of our isolates displayed 100% identity with two
North American C. polykrikoides strains: CPCBI10 isolated
from Cotuit Bay, MA, USA, and CPPV-1, isolated from Bahia
de La Paz, Mexico. Regarding the Korean and Hong Kong
strains of Mikulski and Doucette (this issue; Genbank accession
nos. pending), we had 90.4% alignment with their Korean and
Hong Kong strains for the D1-D3 region and 97.5% alignment
with the D4-D6 region. Therefore, it is clear our isolates are not
con-specific with the isolates from Korea and Hong Kong
identified as C. polykrikoides.

3.3. Bioassay experiments—shellfish

During the shellfish experiments, the bloom water treatment
maintained mean Cochlodinium densities of 3.7 £ 1.3 x
10* cells ml ™" (range = 2.7-6.1 x 10* cells ml~"), accounting
for 91 & 5% of the algal biomass. Cochlodinium was not
detected in filtered water treatments throughout this experiment
and was always <10?cellsml™' in the Great Peconic Bay
water treatment. Bay scallops (A. irradians) and oysters (C.
virginica) exposed to waters containing bloom concentrations
of Cochlodinium experienced significantly increased mortality
and significantly decreased growth rates (scallops only) relative
to filtered bloom water, non-bloom water and filtered non-
bloom water (p < 0.001 for all; Tukey test; Fig. 6). For
scallops, filtered bloom water, non-bloom water and filtered
non-bloom water treatments displayed growth rates of
~0.2mmday~" and 100% survival of all individuals in all
replicates during the 9-day experiment (Fig. 6A and B). In
contrast, scallops exposed to bloom water grew half as fast,
began to die within 48 h of exposure and experienced
67 £ 13% mortality by the end of the 9-day experiment
(Fig. 6A and B). Oysters exposed to Cochlodinium bloom water
displayed lower mortality than scallops (16 £ 3.3%; Fig. 6A),
but significantly greater mortality than control treatments
(Fig. 6A; p < 0.05; Tukey test).

Histopathological evaluation of scallop tissue revealed gill
hyperplasia, as well as hemorrhaging in gills and digestive
tracts (Fig. 7). Moreover, Cochlodinium cells, found within
scallop gills, were associated with tissue inflammation (Fig. 7).
By contrast, there were no signs of starvation in morbid
individuals. The digestive glands of oysters displayed severe
hemorrhaging and squamation, while apoptosis was observed
in gill tissues (Fig. 7). Apoptosis was not observed in scallop
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Fig. 6. Shellfish bioassay experiments. (A) Percent mortality of juvenile bay
scallops (Argopecten irradians: closed symbols) and American oysters (Cras-
sostrea virginica: open symbols) exposed to bloom water (squares), filtered
(0.2 um) bloom water (triangles), control water from Great Peconic Bay
(squares), filtered (0.2 wm) water from Great Peconic Bay (circles). (B) Shell
growth rates of juvenile bay scallops (Argopecten irradians) during nine
exposure to the four treatments. Error bars are S.D. of triplicate containers
for both graphs.

tissues. Examination of shellfish exposed to non-bloom water
did not reveal any of the histopathological conditions described
for the individuals exposed to bloom water.

3.4. Bioassay experiments—fish

Experiments were conducted with sheepshead minnows (C.
variegates) using bloom water with Cochlodinium densities
ranging from 0.6 to 1.3 x 10° cells ml~'. In all experiments,
controls (non-bloom water, filtered non-bloom water, and
filtered bloom water) always displayed 100% survival for the
duration of experiments (>72 h), demonstrating that physical
contact with cells was required for fish mortality. In contrast,
individuals exposed to undiluted bloom water (0.59-1.3 x
10° cells ml™') began to expire within 10 min, and no
individual (n = 144) survived longer than 9 h (Fig. 8). In the
most extreme experiment (Cochlodinium cell density = 1.3 &
0.2 x 10° cells ml_l), fish in all 24 wells perished within
30 min. While there was no obvious relationship between the
initial cell density and the survival time of minnows, there was a
hyperbolic relationship between the initial cell density and the
fraction of minnows surviving after 24 h (Fig. 8). Specifically,
all fish survived 24 h at cell densities of <1.1 £ 0.1 x 10% and
all experiments with >5 x 10% cellsml~' displayed 100%
mortality (Fig. 8). At intermediate densities, which represented
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A 4 Inflammatory
response

Fig. 7. Photomicrographs showing histopathological alterations in bay scallops (Argopecten irradians; a—d) and American oysters (Crassostrea virginica; e and f).
(a—c) The presence of dinoflagellate-like cells in gills was associated with a severe inflammatory response and epithelial hyperplasia. Hemorrhage was also identified
as free hemocytes in gill water tubules (c) and in the gut (d). In oysters, the inflammatory response in digestive gland (e) and gills (f) was associated with apoptotic
figures (seen here as condensed chromatin in nucleus or round cells). Scale bar =20 wm.

dilutions of bloom water with 0.2 wm-filtered water, the
percentages of fish populations which died (4-83%) were
proportional to  Cochlodinium cell densities (0.3—
3.2 x 10* ml™'; Fig. 8). The filtration of water through a 0.2
and 2.0 pm filters resulted in 100% survival of fish for the
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Fig. 8. Cyprinodon variegates bioassay experiments. Percent mortality of

Cyprinodon variegates in 24-well plates after 24 h exposure to Cochlodinium
bloom water containing cell densities ranging from 0 to 1.3 x 10’ cells ml~".

duration of experiments, whereas mortality of fish in 10 and
20 pm filtrations were proportional to the densities of
Cochlodinium which passed through these filters (Fig. 8).
Minnows exposed to boiled or frozen cells at concentrations of
1.3 + 0.4 x 10° cells ml ™" displayed 24 h-survival rates of 83
and 96%, respectively, which were significantly higher than
that observed in the unamended bloom water (0% survival).
In the assays exposing F. heteroclitus to the bloom water
with 9.1 4 0.3 x 10 cells ml ™" of Cochlodinium (representing
94 + 5% of the total algal biomass), the fish displayed
increased mortality with time: two-thirds of individuals died
within the first 4 h of exposure and 83 &+ 10% expired within
24 h, in contrast to 100% survival in the control using filtered
bloom water (Fig. 9A). In the experiment with F. majalis, the
Cochlodinium cell densities were 9.2 + 0.4 x 104, 2.8 +
0.4 x 10*, 7.2 £ 1.1 x 10°, and 0 (control) cells ml~'. In the
first three treatments, Cochlodinium accounted for >90% of the
total algal biomass. Fish exposed to the highest Cochlodinium
density experienced 100% mortality after 15h (Fig. 9B),
whereas the fish exposed to bloom water with lower cell
densities (2.8 + 0.4 x 10* and 7.2+ 1.1 x 10> cells ml™})
displayed significantly lower mortality (50 9.6 and 22 +
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Fig. 9. Percent mortality of (A) Fundulus heteroclitus, (B) Fundulus majalis,
and (C) Menidia menidia during 24 h exposure to varying densities of Cochlo-
dinium bloom water. Error bars are S.D. of triplicate containers.

5.5%; Fig. 9B; p < 0.05; Tukey test). Fish in the filtered
seawater control exhibited a 100% survival (Fig. 9B).
During the experiment with M. menidia, the bloom water
treatments were 8.5+ 1.5 x 10*, 4.7+ 1.1 x 10%, and
1.3 £0.2 x 10* and 0 Cochlodinium cellsml~'. In the first
three treatments, Cochlodinium accounted for >90% of the
algal biomass. M. menidia exposed to Cochlodinium densities
of 8.5+ 1.5 x 10*and 4.7 & 1.1 x 10* cells ml~" experienced
100% mortality after 1.5 and 5.5 h, respectively (Fig. 9C),

o~ ¥ ' ;

;

Fig. 10. Histopathological analysis of Fundulus heteroclitus gill tissue follow-
ing 24 h exposure to Cochlodinium bloom water. Arrows depict regions of fused
gill lamellae.

whereas individuals exposed to 1.3+ 0.2 x 10* cells ml~'
displayed 23 £ 5.7% mortality during this 24 h experiment
(Fig. 9C). By contrast, fish in the filtered seawater control
treatment exhibited a survival rate (100%) which was
significantly greater than all other treatments (Fig. 9C;
p < 0.05; Tukey test).

The impact of Cochlodinium exposure on fish was clearly
shown via histopathological examination of gill tissue.
Microscopic evaluation of the gills of moribund fish demon-
strated the presence of mild to moderate multifocal to diffuse
epithelial proliferation (Fig. 10). Focal areas of fusion of
adjacent lamellae were common (Fig. 10). Histopathological
examination of the gills of fish exposed to control, non-bloom
water displayed no signs of epithelial hyperplasia or fusion of
adjacent lamellae.

4. Discussion
4.1. Species identification

There are multiple features of the Cochlodinium species
blooming on eastern LI which are consistent with the
description of C. polykrikoides (Margalef, 1961; Taylor
et al., 1995): the cells often formed short chains consisting
of two, four, and rarely eight cells; the individual cells
possessed a rounded epicone; a cingulum making about two
turns around the cell; slightly or heavily bilobed at the antapex
(Fig. 3); a sulcus with a torsion of about one turn (Fig. 3); a red
stigma located on the dorsal side of the epicone (Fig. 3);
numerous band-shaped chloroplasts evenly distributed in the
cell (Figs. 3 and 5F); and the nucleus is located in the epicone
(Fig. 4A). As seen in C. heterolobatum (Silva, 1967), a
synonym of C. polykrikoides (Taylor et al., 1995; Steidinger
and Tangen, 1997), our cells also displayed a pellicle or organic
envelope and two kinds of ejectosomes (an elongate trichocyst
and a mucocyst; Fig. 4). Another feature of our species
consistent with C. polykrikoides is its acute toxicity to shellfish
and finfish (see Section 4.3 below). Although the presence and
shape of an apical groove is unknown in our isolates at the
moment, the above-listed overwhelming similarities encourage
us to identify our species as C. polykrikoides.

Our designation of the New York bloom-forming Cochlo-
dinium to the species C. polykrikoides is also strongly
supported by our LSU rDNA sequences. The New York
isolates showed 100% similarity with the C. polykrikoides
isolate from Massachusetts Bay and 99.9% with the La Paz,
Mexico clone in the D1-D3 region. By contrast, there were
substantial differences in sequence alignment to strains from
Korea and Hong Kong, with similarities ranging from 89 to
90% in this region of the LSU. Such differences, coupled with
some outstanding morphological differences (e.g. cell com-
pression) may require the designation of a new species for
either the North American Cochlodinium isolates or the Korea
and Hong Kong isolates in the future (Iwataki et al., 2008).
Considering C. polykrikoides (and C. heterolobatum as well)
was originally described from the North America, it seems it is
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more reasonable to create a new species for the Asian isolates
having been identified as C. polykrikoides.

4.2. Bloom dynamics

This study represents the first report of red tide dinoflagellate
blooms caused by C. polykrikoides within the Peconic and
Shinnecock Estuaries of eastern Long Island. While blooms
caused by C. polykrikoides have been common in some parts of
Asia, Korea and Japan in particular (Yuki and Yoshimatsu,
1989; Kim, 1998; Kim et al., 1999; Park et al., 2001; Yamatogi
et al., 2006), blooms have been rarely reported in the US. Prior
to this special issue, the only noted occurrence of C.
polykrikoides blooms in the US have been in the York River,
VA, and Barnegat Bay, NJ (Silva, 1967; Ho and Zubkoff, 1979).
Temperatures during the bloom initiation and peak period on
eastern Long Island were within the range at which C.
polykrikoides grows optimally (21 and 26 °C), although the
decline in temperature during late August and September from
25 °C to below 20 °C may have contributed to the bloom’s
demise (Table 1; Kim et al., 2004; Yamatogi et al., 2006). The
salinities found during this study (22-30; Table 1) were
generally below the optimal range for this species in Asian
waters (30 and 36; Table 1; Kim et al., 2004; Yamatogi et al.,
2006), perhaps evidencing an ecological difference between
Asian and North American strains of C. polykrikoides.

Interestingly, the regions which are currently plagued with
C. polykrikoides blooms in Long Island (Fig. 1) and Rhode
Island (Tomas and Smayda, 2008) formerly hosted brown tides
caused by A. anophagefferens during the late 1980s and 1990s
(Gobler et al., 2005). In a manner similar to brown tides, C.
polykrikoides blooms have been most intense in the far western
regions of the Peconic Estuary (Flanders, Great Peconic; Fig. 1)
which have the highest ambient nitrogen concentrations and the
longest residence times within this system (Hardy, 1976; Nuzzi
and Waters, 2004). Chlorophyll levels during the peak of C.
polykrikoides blooms often exceeded 100 wg 17" which is five-
times greater than biomass levels recorded during Aureococcus
blooms (Gobler et al., 2005). It is likely that the higher biomass
of these blooms requires a larger nutrient supply for blooms to
be maintained. Unlike Aureococcus blooms, which achieved
maximal cell densities within the major basins of the Peconic
Estuary and displayed lower concentrations within creeks and
tributaries, C. polykrikoides densities drop precipitously east of
Great Peconic Bay, but are often maximal within shallow
tributaries, which have high nitrogen loads (Fig. 1; Nuzzi and
Waters, 2004). The stronger association of C. polykrikoides
with regions having high levels of nitrogen suggests that it may
be more directly linked with inorganic nutrient eutrophication
than Aureococcus, which exploited estuarine regions with
copious supplies of dissolved organic nitrogen but lower levels
of dissolved inorganic nitrogen (LaRoche et al., 1997; Gobler
and Safiudo-Wilhelmy, 2001; Gobler et al., 2005). The timing
of C. polykrikoides blooms, which emerge during late summer
(August—September), also differs from that of Aureococcus
blooms, which typically developed during early summer (May,
June; Gobler et al., 2005). Since C. polykrikoides has well-

documented phagotrophic capabilities (Larsen and Sournia,
1991; Jeong et al., 2004) and since blooms have been most
prevalent in the regions of the Peconic estuary where nitrogen
and chlorophyll a are highest (Nuzzi and Waters, 2004),
initiation of the C. polykrikoides blooms may be promoted by
peaks in smaller prey phytoplankton that appear during August.
August previously represented the annual peak in chlorophyll a
in the Peconic Estuary (Bruno et al., 1983).

C. polykrikoides blooms on eastern Long Island have been
heterogeneous in space and time. Our sampling of both fixed
stations and specific bloom ‘patches’ within regions of the
Peconic Estuary revealed that ambient concentrations can differ
by two orders of magnitude between patches and ambient water
(Fig. 2). Consistent with prior research (Park et al., 2001), our
preliminary observations also indicate a strong vertical
component to these blooms, with ‘patches’ appearing in
surface water during the late morning and persisting until the
evening. We have also noted cells within bloom patch water can
sometimes aggregate, sink, and die after a short period of
containment (~2 h). As such, recording precise cell densities
during C. polykrikoides blooms is challenging. Regardless, our
rapid processing of samples in 2006 (<2 h) demonstrated that
bloom patches, which can cover up to 1 km? and occupied most
of the western Peconic Estuary and eastern Shinnecock Bay
during late August of 2006, achieved cell densities
>10° cellsml™', a density consistent with prior reports of
blooms by this species in North America (Whyte et al., 2001),
but lower than levels reported by others in southeast Asia (Yuki
and Yoshimatsu, 1989). Due to the heterogeneous nature of C.
polykrikoides events, it seems likely that fish and shellfish
would be exposed to both high (>10° cells mI™") and lower
concentrations of cells (~104 cells mlfl) during blooms.

4.3. Bloom impacts

To date, multiple investigators have reported on fish
mortalities associated with C. polykrikoides blooms around
the world (Yuki and Yoshimatsu, 1989; Whyte et al., 2001;
Garrate-Lizarraga et al.,, 2004). Our experimental work
demonstrates the very rapid death (<24 h) of four species of
fish (C. variegates, F. heteroclitus, M. menidia, F. majalis)
when exposed to dense C. polykrikoides blooms (Figs. 8 and 9).
No individual from any species survived 24 h of exposure to
10° cells ml ™', whereas intermediate levels of mortality
occurred when experimental densities ranged from 10° to
10* cells ml™! (Figs. 8 and 9). These results are consistent with
prior research conducted with salmon smolts (Salmo salar) and
juvenile slipmouths (Leiognathus nuchalis) which displayed
20-90% mortality when exposed to C. polykrikoides cell
densities ranging from 10° to 10%cells ml~' (Onoue et al.,
1985; Yuki and Yoshimatsu, 1989; Whyte et al., 2001).

To date, there has been substantial controversy surrounding
the mechanism of fish mortality associated with C. poly-
krikoides. While Kim et al. (1999, 2000) indicated fish
mortality was associated with reactive oxygen species made by
the alga, Kim et al. (2002) suggested polysaccharides were
more likely to be the cause of fish mortality. To complicate
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matters further, three toxic fractions (neurotoxic, hemolytic,
and hemagglutinative) and two paralytic shellfish poisons (a
zinc complex of carbomoyl-N-sulfo-11a-hydroxyneosaxitoxin
sulfate (Ic-1) and its 113 epimer (epi-Ic-1) have been isolated
from Cochlodinium sp. (as Cochlodinium type *78 Yatushiro;
Onoue and Nozawa, 1989a,b). Consistent with prior findings,
our experimental results demonstrate that physical contact with
cells is required for fish mortality (Onoue et al., 1985; Yuki and
Yoshimatsu, 1989), as all fish exposed to 0.2 or 2 pm filtered
seawater survived during all experiments. Exposure of fish to
cells which had been killed via freezing yielded almost no
mortality (4%) in fish after 72 h while parallel whole water
treatments killed all fish (n = 24) within 30 minutes. Our SEM
and TEM micrographs revealed the presence of a thick
polysaccharide coat (>1 wm) surrounding C. polykrikoides
cells (e.g. Fig. 5), indicating this biochemical matrix may be the
source of fish mortality as had been reported for this species
(Kim et al., 2002) and other HABs (Gainey and Shumway,
1990). The three-dimensional structure of polysaccharides
collapses upon freezing due to the loss of water and this
structure is not recovered when thawed (Doerr et al., 2000;
Schwarzenbach et al., 2003). Hence, the loss of ichthyotoxicity
of cells upon freezing and thawing could be due to the
degradation of polysaccharides, suggesting this matrix, or a
principle within this matrix, is the ichthyotoxic agent associated
with C. polykrikoides.

Fish exposed to bloom levels of C. polykrikoides for <48 h
displayed fusion of adjacent gill lamellae (Fig. 10). The lesions
observed were characteristic of an external insult to the gills
which is commonly seen in external parasitic infestations,
particularly in protozoal infestations (Roberts, 2001). These
hyperplastic lesions suggest severe impairment of gill function
(e.g. respiration, nitrogen excretion, ion balance) which could
cause fish death (Roberts, 2001)

C. polykrikoides blooms on eastern Long Island may have
negative impacts on ambient fish populations and, in turn, the
entire ecosystem. While ambient densities of C. polykrikoides
densities were ~10° cells ml~' at our primary sampling sites
during June and July of 2006, densities were consistently
>10> cells ml~" and frequently >10" cells ml ™" during the end
of August and beginning of September of 2006. Although only
sporadic fish kills were observed within tributaries during this
time period, complete mortality of fish held in flow through
seawater chambers at the Stony Brook-Southampton Marine
Science Center was observed on multiple occasions at this time.
This finding suggests that the combination of high cell densities
and captivation of fish may cause maximal mortality (Whyte
et al., 2001). Moreover, since most of the fish species examined
during this study are important prey items for commercially
important finfish in the region (Juanes et al., 1993; Juanes and
Conover, 1995), C. polykrikoides blooms may impact the entire
food web.

Previous studies have reported on the negative effects of
C. polykrikoides on shellfish. The metamorphosis of oyster
(Crassostrea gigas) larvae is slowed during blooms (Mat-
suyama et al., 2001), and mortality of larvae of the American
oyster, C. virginica, is elevated by exposure to C. polykrikoides

(Ho and Zubkoff, 1979). To our knowledge, this study
represents the first report of mortality in juvenile-stage
A. irradians and C. virginica and reduced growth rates in
A. irradians caused by exposure to bloom densities of
C. polykrikoides (Fig. 6).

Histopathological evaluation of shellfish exposed to
C. polykrikoides for approximately 1 week revealed the severe
hyperplasia and gill inflammation associated with exposure to
cells would cause a reduction of gas exchange within scallops
(Fig. 7). Moreover, hemorrhaging and squamation of gill and
digestive epithelia (Fig. 7) would leave scallops vulnerable to
secondary bacterial infections which were occasionally
observed in analyzed specimen (data not shown). Although
these symptoms clearly indicate a deleterious effect of C.
polykrikoides on bivalves, they are not specific enough to allow
a precise mechanistic determination of the cause. We did note
that scallops exposed to bloom waters were often closed, while
control individuals were open and presumably feeding. Such
differences were not discernable among oysters. Regardless,
the presence of C. polykrikoides cells does elicits an
inflammatory response in shellfish tissue (Fig. 7), which might
be related to the polysaccharide coating of microalgal cells. It is
noteworthy that Sogawa et al. (1998a,b) have demonstrated that
extracellular polysaccharides produced by another dinoflagel-
late, Gymnodinium sp., are capable of inducing apoptosis in
human lymphoid cells. On the other hand, prior reports
documented the production by Cochlodinium of hemolytic
toxins (Landsberg, 2002). Such toxins are capable of causing
lesions and alterations in epithelial barriers of vertebrates and
invertebrates similar to those observed here in gills and
digestive epithelia of exposed shellfish (Landsberg, 2002).

Our results demonstrate that C. polykrikoides blooms may
endanger native shellfish populations on eastern Long Island.
During the 2005 C. polykrikoides bloom, a massive soft shell
clam (Mya arenaria) mortality event occurred in Flanders Bay,
when dead individuals washed up in racks on the shore line and
moribund individuals were found with dinoflagellate cells in
their hemorrhaged digestive tracts (B. Allam, unpublished).
Bay scallops on eastern Long Island were formerly the top
scallop fishery on the east coast of the US (Hoagland et al.,
2002). During the intense brown tide caused by Aureococcus
during the 1980s, the population experienced recruitment
failure and a subsequent tremendous population reduction
(Gobler et al., 2005). A major brown tide has not occurred in the
Peconic Estuary in nearly a decade, but the scallop population
has not recovered, despite ongoing efforts to reseed and restore
it. Our results demonstrate that the failure of this population
to recover could be due, in part, to the recent outbreaks of
C. polykrikoides blooms in this system.
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