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Figure 4.4 A) Sites of collection of seawater analyzed for brevetoxins and brevetoxin

concentrations measured; and B) sites of collection of seawater analyzed for domoic acid.
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Table 4.1 Brevetoxin concentrations (ng PbTx-3 eq./g or ng PbTx-3 eq./mL) measured in tissues from the 2004 dolphin mortality.

Stomach Gastric

Field ID Liver Kidney Lung Urine contents fluids Cerebellum Blood
Hubbs-0415-Tt - -—-- 663 1,570
Hubbs-0416-Tt 39 50 72 1,088 3,316 <Id 3
Hubbs-0418-Tt 39 25 31 6,176 5,535 12 16
Hubbs-0419-Tt - -—-- 778 4,320
Hubbs-0420-Tt 37 38 <Id 2,355 1,997 <Id 7
Hubbs-0421-Tt 73 18 11 2,574 1,520 10 5
Hubbs-0422-Tt 104 30 17 34 4,597 2,137 9 9
Hubbs-0423-Tt 44 24 22 1,546 1,552 9 5
Hubbs-0424-Tt 40 23 16 1,735 765 10 <Id
Hubbs-0425-Tt -—-- 1,194 -—--
Hubbs-0426-Tt -—-- 401 948 <Id
Hubbs-0427-Tt -—-- 1,314 -—--
Hubbs-0428-Tt - 2,354 1,584 -
Hubbs-0429-Tt 45 37 10 1,129 2,558 <I|d 7
Hubbs-0430-Tt 41 21 <Id 16 4,716 891 6
Hubbs-0431-Tt 48 21 10 838 2,099 <Id 7
Hubbs-0432-Tt 48 14 9 1,331 2,146 <|d 9
Hubbs-0433-Tt 41 15 12 536 359 <Id 9
Hubbs-0436-Tt - 3,600 814
Hubbs-0437-Tt 61 24 <Ild 1,415 788 11 12
SJP0317-15 - - 137
SJP0318-17 -—- -—- 1,302
SJP0325-32 - - 924
SJP0326-34 - - 530
PCNMFS 04-8 469 -—-- S

---- = no sample
<ld = not detected
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Tissue samples from 16 dolphins that stranded on Florida’s Atlantic coast were
analyzed as matrix controls. Tissue types included liver (n = 16), lung (n = 16), kidney (n
=15), urine (n = 2), and brain (n = 10). No brevetoxin was detected in any of the Atlantic
coast dolphin tissues tested (Table 4.2).

The Spearman rank correlation coefficient was used to assess the correlation of
brevetoxin concentrations in the different sample types tested for the 2004 dolphins
(Table 4.3). The only statistically significant (p < 0.05) relationship found was a positive
correlation between stomach contents and cerebellum (r; = 0.699, p = 0.008). However,
the sample size was very small, and seven of the 13 brain tissues tested were below the
limit of detection for brevetoxin. When these samples were excluded there was no
relationship in brevetoxin concentrations between the two tissues (rs = 0.029, p = 1.000).

Several intact or only slightly digested prey items retrieved from the stomach
contents of 20 dolphins were also analyzed including 17 clupeid fish identified by Nelio
Barros (Mote Marine Laboratory) as menhaden (Brevoortia sp.), two silver perch
(Bairdiella chrysoura), three spot (Leiostomus xanthurus), one pinfish (Lagodon
rhomboides), one kingfish (Menticirrhus sp.), one puffer (species unknown), and four
unidentified teleosts. In most cases the whole fish was homogenized and extracted. All
prey items contained high concentrations of brevetoxins with the highest levels measured
in the menhaden (Table 4.4). Brevetoxins in whole menhaden ranged from 844 to 15,361
ng PbTx-3 eq./g and averaged 3,903 ng PbTx-3 eq./g. Viscera analyzed separately for
three menhaden contained an average concentration of 23,351 ng PbTx-3 eq./g, and
brevetoxins in menhaden muscle averaged 424 ng PbTx-3 eq./g (n = 6).

Tissues from nine dolphins were analyzed for DA (Table 4.5). No DA was
detected in any of the liver (n = 6), lung (n = 6), kidney (n = 6), or muscle (n = 2) tissues
tested. Low concentrations of DA were detectable in six of eight stomach contents tested,
ranging from 2 to 9 ng DA/g. Both urine samples were positive for DA by ELISA (0.5-2
ng DA/mL), and five out of six blood samples tested contained low concentrations of

DA, ranging from 0.1 to 0.6 ng DA/mL.
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Table 4.2 Brevetoxin concentrations (ng PbTx-3 eq./g) measured in tissues from rough-
toothed dolphins (Steno bredanensis) that stranded on Florida’s Atlantic coast in August

2004.

Field ID Liver Kidney Lung Urine Brain
SFNEFL0410HHN <Id -—-- <Id — ——
HBOI0432 <Id <Id <Id — —
HBOI0405 <Id <Id <Id — —
HBOI0416 <Id <Id <Id <Id —
HBOI0427 <Id <Id <Id — —
HBOI0406 <Id <Id <|d <|ld —
HBOI0408 <Id <Id <Id -— <Id
HBOI0412 <Id <Id <Id — <|d
HBOI0414 <Id <Id <Id — <Id
HBOI0415 <Id <Id <Id — <Ild
HBOI0418 <Id <Id <Id — <ld
HBOI0419 <Id <Id <Id -—- <|d
HBOI0422 <Id <Id <Id — <Id
HBOI0426 <Id <Id <Id -— <Id
HBOI0413 <Id <Id <Id — <Ild
HBOI10425 <Id <Id <Id — <ld
---- = no sample

<Id = not detected

Table 4.3 Spearman rank correlation coefficients (and p values) for brevetoxin

concentrations measured in different sample types of 2004 dolphins.

Stomach Gastric

Liver Kidney Lung contents fluids Cerebellum
Liver
Kidney -0.390 (0.188)
Lung -0.204 (0.503) 0.276 (0.361)
Stomach contents | -0.033 (0.915) 0.176 (0.566) 0.006 (0.986)
Gastric fluids -0.104 (0.734) 0.500 (0.082) 0.348 (0.244) 0.038 (0.880)
Cerebellum 0.101 (0.755) -0.067 (0.836) 0.241 (0.450) 0.699 (0.008) -0.131 (0.669)
Blood 0.176 (0.566) -0.165 (0.590) -0.193 (0.527) 0.044 (0.887) 0.121 (0.694) 0.179 (0.577)
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Table 4.4 Brevetoxin concentrations (ng PbTx-3 eq./g) measured in prey items retrieved
from the stomach contents of 2004 dolphins. Prey provided and identified by Nelio
Barros (Mote Marine Laboratory).

Field ID Prey item PbTx-3 eq. (ng/g)
Hubbs-0415-Tt Unidentified teleost 2,713
Unidentified teleost 496
Hubbs-0416-Tt Menhaden (Brevoortia sp.) 4,261
Hubbs-0418-Tt Menhaden 1,442
Menhaden 4,624
Hubbs-0419-Tt Menhaden muscle 778
Hubbs-0420-Tt Menhaden muscle 206
Hubbs-0422-Tt Menhaden 1,059
Menhaden 2,300
Hubbs-0423-Tt Menhaden muscle 446
Menhaden viscera 31,822
Hubbs-0424-Tt Menhaden 5,327
Menhaden 844
Hubbs-0425-Tt Silver perch (Bairdiella chrysoura) 1,092
Hubbs-0426-Tt Spot (Leiostomus xanthurus ) 2,048
Unidentified teleost 828
Hubbs-0427-Tt Spot 536
Hubbs-0428-Tt Menhaden 15,361
Hubbs-0430-Tt Silver perch 3,572
Hubbs-0431-Tt Menhaden 3,812
Puffer sp. muscle 439
Hubbs-0432-Tt Menhaden muscle 476
Hubbs-0436-Tt Menhaden muscle 437
Menhaden viscera 5,046
Hubbs-0437-Tt Kingfish (Menticirrhus sp.) 1,085
Unidentified teleost 671
SJP0317-15 Menhaden 939
SJP0318-17 Menhaden 2,968
Pinfish (Lagodon rhomboides ) 405
SJP0325-32 Menhaden muscle 200
Menhaden viscera 33,185
Spot muscle 181
Spot viscera 555
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Table 4.5 Domoic acid concentrations (ng DA/g or ng DA/mL) measured in tissues from

the 2004 dolphin mortality.

Stomach

Field ID Muscle Liver Kidney Lung Urine contents Blood
Hubbs-0422-Tt <Id <Id <Id <Id 2 3 0.3
Hubbs-0423-Tt <Id <Id <Id <Id 2 0.6
Hubbs-0428-Tt 8
Hubbs-0429-Tt <Id <Id <Id <|d <Id
Hubbs-0430-Tt 0.5
Hubbs-0431-Tt <Id <Id <Id 7 0.3
Hubbs-0433-Tt <Id <Id <Id <Id 0.3
Hubbs-0436-Tt 2
Hubbs-0437-Tt <Id <Id <Id 9 0.1
---- = no sample

<ld = not detected

Discussion

Karenia brevis was not present in the more than 230 water samples that were
collected between March 11 and May 5, 2004, yet evidence gathered in the investigation
of the dolphin mortality suggests there was a bloom nearby or had been in the recent past.
Low concentrations of brevetoxins (0.1-2 pg PbTx-3 eq./L) were measured in seawater
samples collected from St. Joseph Bay (Fig. 4.4A). Concentrations greater than
approximately 1 pg PbTx-3 eq./L are above background levels measured in southwest
Florida in the absence of K. brevis and are similar to concentrations observed in the
weeks following a K. brevis bloom (Chapter 3). Reports of other sick and dead animals in
the same general area and at the same time provided further evidence for an undetected
K. brevis bloom (NMFS 2004). The reports were consistent with those that typically
occur during red tide events and included a large mortality of red drum (Sciaenops
ocellatus) in St. Joseph Bay, kills involving numerous other fish species, moribund fish,
dead invertebrates (horseshoe crabs, jellyfish), and dead and neurologically impaired
birds.

Gross necropsies were performed on 46 dolphins, and samples were collected
from an additional 44, yet no evidence of any infectious or inflammatory disease or of

trauma was found (NMFS 2004). Brevetoxins, however, were confirmed at high levels in
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100% of the dolphins that were tested, including all 25 dolphins tested at FWRI and at
least 11 others tested by NOAA CCEHBR, supporting brevetoxicosis as the cause for this
mortality event.

A comparison of the brevetoxin concentrations measured in this event to levels
measured in the 1999-2000 event is not straightforward as different methods of detection
were employed. Receptor-binding assays (RBAs) were used in the 1999-2000
investigation. As discussed in Chapter 2, these assays assess toxin concentration of a
sample by measuring the pharmacological activity (i.e. binding of the toxins in the
sample to sodium channels). The ELISA is an assay based on structural recognition of
antibodies to a certain portion of the brevetoxin molecule. Given the different ways the
assays detect brevetoxins and the multiple known forms and varying toxicities of
brevetoxins, difference between the results obtained using such assays are expected.
Nevertheless, during the 2004 event a minimum of 11 additional dolphins were analyzed
by NOAA CCHEBR using RBA (as well as radioimmunoassay and LC-MS) and were all
positive at similar levels to those reported here. Results of all 36 dolphins were combined
and average values were reported in Flewelling et al. (2005, supplementary information).
The average concentration in stomach and esophageal contents (partially digested fish) of
eight dolphins from the 2004 event analyzed by RBA was 1,426 ng PbTx-3 eq./g (£
2,104), and was similar to the average value of stomach contents measured by ELISA
(2,102 ng PbTx-3 eq./g, = 1,654). Regardless of the method used, the brevetoxin
concentrations measured in the stomach contents of the 2004 dolphins greatly exceed
those measured in the 1999-2000 dolphin mortality event (range: < Id — 474 ngPbTx-3
eq./g) by RBA (Van Dolah et al. 2003).

LC-MS analyses of the dolphin stomach contents and six of the undigested
menhaden were performed at Mote Marine Laboratory and identified PbTx-2 and -3 and
lower concentrations of brevetoxin metabolites (Flewelling et al. 2005). The parent
brevetoxin PbTx-2 is highly reactive and is quickly metabolized when K. brevis cells are
lysed (Pierce et al. 2001; Abraham et al. 2006; Pierce et al. 2008) or consumed by oysters
(Plakas et al. 2002; Plakas et al. 2004; Wang et al. 2004). The presence of PbTx-2 in the

dolphin stomach contents and the menhaden provide strong evidence that the menhaden,
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planktivorous fish, had been feeding on an unobserved bloom of K. brevis shortly before
being preyed upon by dolphins.

The high concentrations of brevetoxins measured in undigested prey items (Table
4.4) clearly demonstrate that fish were the source of the brevetoxins measured in the
dolphins. The ability of live fish to accumulate brevetoxins to concentrations lethal for
marine mammals has not widely been considered a threat for dolphins as it is
conceptually contrary to the well-established ichthyotoxicity of brevetoxins, a property
that is repeatedly demonstrated via massive fish kills during K. brevis blooms (Landsberg
2002). Whether the fish eaten by these dolphins were alive or dead at the time of feeding
can not be known, but in either case the fish were able to achieve extremely elevated
concentrations of brevetoxins in their viscera, demonstrating a capacity for brevetoxin
tolerance in fish that has been previously unrecognized. Following this event and the
analyses of the fish recovered from the stomach contents, a field study was performed to
investigate whether brevetoxin accumulation in live fish is a common occurrence and is
described in Chapter 5.

Following the 2004 dolphin mortality event, Fire et al. (2007) recognized a lack
of information on brevetoxin body burdens in dolphins that strand during K. brevis
blooms but that are not associated with mass mortality events, and also a lack of
information on baseline brevetoxin body burdens in dolphins that are frequently exposed
to K. brevis blooms. They measured brevetoxin concentrations in bottlenose dolphins
from Sarasota Bay in southwest Florida that stranded during periods of elevated K. brevis
cell concentrations but were not associated with a large-scale stranding event, as well as
in dolphins that stranded during non-K. brevis bloom periods. Samples were analyzed
using the same ELISA assay employed here, allowing for meaningful comparison.
Brevetoxins were detected in 16 out of 19 dolphins that stranded during K. brevis blooms
with average concentrations of 30 ng PbTx-3 eq./g in liver, 16 ng PbTx-3 eq./g in kidney,
11 ng PbTx-3 eq./g in lung, 37 ng PbTx-3 eq./mL in urine, and 1,142 ng PbTx-3 eq./g in
stomach contents (Fire et al. 2007). These levels are similar in magnitude to those
measured in the 2004 mortality event, and suggest the impact of K. brevis blooms on

bottlenose dolphins may be underestimated.
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Brevetoxins were also measurable, but were significantly lower and much less
prevalent, in dolphins that stranded during non-K. brevis bloom periods. Brevetoxins
were detected in 5 out of 13 livers (mean = 13 ng PbTx-3 eq./g), in 2 out of 12 kidneys
(mean = 2 ng PbTx-3 eq./g), and were not measured in either of two lung samples (Fire et
al. 2007). No stomach contents were analyzed for dolphins that stranded during non-

bloom periods.

An extremely puzzling question is why have these brevetoxin-related mass
mortalities of dolphins occurred in the Florida Panhandle but not in southwest Florida,
where K. brevis blooms are more frequent? One possibility is that the dolphins in the
northern Gulf of Mexico are physiologically or behaviorally naive to K. brevis blooms
(Van Dolah et al. 2003). Another possible reason may relate to the feeding habits of
bottlenose dolphins in the northern Gulf of Mexico. Dolphins are often observed in
association with shrimp boats in the Gulf (Fertl and Leatherwood 1997), and reports of
observations as well as the composition of prey identified in the stomachs of dolphins
from the northern Gulf suggest that feeding on bycatch discarded by shrimp boats does
occur (Barros and Odell 1990). Clupeid fish are not one of the most common types of
bycatch, but they are occasionally caught by shrimp trawlers in the Gulf (Clucas 1997).
More typically, clupeid fish are caught in purse-seine nets. Although purse-seine vessels
were observed returning to port in St. Joseph Bay in April and May 2004, the boats were
not actively fishing or discarding bycatch when they were observed (NMFS 2004).

In 2005, the first red tide-related dolphin mortality event in southwest Florida did
occur during a particularly persistent K. brevis bloom. One theory for why this unusual
mortality event occurred is that the prolonged K. brevis bloom resulted in decreased
availability of typical dolphin prey items, and led to shifts in dolphin feeding behaviors
(D. Gannon, Mote Marine Laboratory, unpublished data).

Despite the presence of a moderate bloom of the diatom Pseudo-nitzschia
delicatissima in St. Joseph Bay, no domoic acid was detected in bloom samples. Pseudo-

nitzschia blooms are common in the Gulf of Mexico (Dortch et al. 1997; Parsons and
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Dortch 2002). Pseudo-nitzschia delicatissima and other Pseudo-nitzschia species found
in the Gulf of Mexico have been documented to produce domoic acid (Smith et al. 1990;
Dortch et al. 1997; Bates 1998; Pan et al. 2001), but unlike K. brevis, the presence of
these species does not necessarily mean that domoic acid is being produced. Domoic acid
production can be variable among toxic species and can also vary in individual strains in
response to changes in environmental conditions (Bates 1998). The analyses by FWC-
FWRI and NOAA CCEHBR as a part of this investigation represent the first analyses of
domoic acid performed on marine mammal tissues from the Gulf (NMFS 2004). The
concentrations measured in the dolphins were several orders of magnitude lower than
those measured in another domoic acid-related marine mammal mortality event in the
Pacific (Scholin et al. 2000), and the levels present in dolphin stomach contents were
several orders of magnitude lower than levels that are considered safe for human
consumption. Thus there is considerable uncertainty that domoic acid played any role in
this event (NMFS 2004). Nevertheless, the detection of domoic acid in these dolphins
reveals that dolphin exposure to domoic acid does occur to some extent in the Gulf of
Mexico and serves to alert us to the possibility of future domoic acid-related poisoning

events in the Gulf.
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Chapter 5. Brevetoxin Accumulation in Live Fish

Introduction

Fish kills in the eastern Gulf of Mexico have been documented as far back as
1844 (Ingersoll 1882) and have been observed almost annually during Karenia brevis
blooms for over 40 years (Steidinger et al. 1973; Landsberg 2002). The profound
ichthyotoxicity of brevetoxins produced by K. brevis was, in fact, the primary
characteristic of the toxins used by researchers to guide them to their purification in the
late 1970°s (Baden et al. 1979; Risk et al. 1979). The ichthyotoxicity of the different
brevetoxins varies, and Baden (1989) listed 24-hr fish bioassay LD50s of brevetoxin
congeners ranging from 3-5 nM for PbTx-1-type brevetoxins to 10-37 nM for PbTx-2-
type brevetoxins. In just a seven year period (2000-2006) more than 1,400 red tide-
related fish kill reports were received by the FWC-FWRI Fish Kill Hotline, a 24-hour
telephone and web-based reporting system maintained by the FWRI Fish and Wildlife
Health section.

Due to the well-established toxicity of brevetoxins to fish, the ability of live fish
to accumulate brevetoxins to concentrations dangerous for marine mammals has not
widely been considered a threat. In 2004, however, a mass mortality of bottlenose
dolphins (Tursiops truncatus) in the Florida Panhandle clearly indicated that fish have the
potential to vector brevetoxins to higher tropic levels (Chapter 4; Flewelling et al. 2005).
High levels of brevetoxins were measured in multiple tissues of all dolphins examined,
and in tissues from prey fish retrieved from the stomach contents of 20 dolphins.
Menhaden (Brevoortia sp.) recovered from the stomach contents contained excessive
concentrations of brevetoxins, reaching 33,185 ng PbTx-3 eq./g in viscera and 15,361ng
PbTx-3 eq./g in fish analyzed whole (Chapter 4, Table 4.4), and parent brevetoxins PbTx-
2 and PbTx-3 were confirmed by LC-MS (Flewelling et al. 2005; Naar et al. 2007). These
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results demonstrated that planktivorous fish can vector dangerous concentrations of
brevetoxins to higher trophic levels.

Despite the frequent occurrence of K. brevis blooms in the Gulf of Mexico, red
tide-related mass mortalities of dolphins have been extremely rare. In the 2004 event,
brevetoxin-laden clupeid fish (planktivores) were shown to be the vector of brevetoxins
to the dolphins (NMFS 2004, Chapter 4). However, clupeid fish have not been found to
be a dominant prey item for dolphins in the Gulf. In a quantitative study of the food
habits of bottlenose dolphins, the most important prey fish by both number and frequency
of occurrence for dolphins in the northern Gulf of Mexico and along the southwest
Florida coast were sciaenid fish (drums, croakers, seatrout) (Barros and Odell 1990). In a
similar study examining prey items from 16 Sarasota Bay dolphins, pinfish (Lagodon
rhomboides), pigfish (Orthopristis chrysoptera), striped mullet (Mugil cephalus) and spot
(Leiostomus xanthurus) comprised more than 80% of the dolphins’ diet in terms of
numerical abundance (Barros and Wells 1998). Although these results differ somewhat
from the earlier Barros and Odell study, the authors point out that most samples from the
1990 study came from animals that stranded on Gulf beaches and areas north and south
of Sarasota Bay, and so may not be representative of the resident dolphins in Sarasota
Bay. Nonetheless, in both studies clupeid fish were only a minor contributor to the
dolphin diet, which may partially explain the infrequency of red tide-related dolphin
mortalities.

This chapter presents data on concentrations of brevetoxins measured in various
species of fish collected live from St. Joseph Bay in the Florida Panhandle and from
southwest Florida coastal waters. The field collections from St. Joseph Bay were initially
conducted to determine whether brevetoxin accumulation in live fish in the area where
the 2004 dolphin mortality occurred extended beyond clupeid fish, and continued in an
effort to determine how long brevetoxins could persist in the tissues of live fish.
Additional analyses of fish collected from southwest Florida where red tides occur more
frequently were conducted to compare clupeids with more typical dolphin prey species,
and to assess whether these species can also accumulate and vector potentially dangerous

concentrations of brevetoxins.
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Methods

Fish included in the study were obtained from numerous sources, with many
provided from collections made as a part of other investigations. Fish from St. Joseph
Bay were mainly collected by staff of the FWC-FWRI Harmful Algal Bloom (HAB)
section. Some were collected by the FWC-FWRI Fisheries Independent Monitoring
(FIM) section, and also obtained from recreational fishermen. Fish were collected during
and immediately after the dolphin mortality (March-May 2004) as well as in February,
June, September, and November of 2005, and in May, August, and November of 2006.
Here the objective was to sample across a broad range of species and trophic levels, and
all species collected were analyzed.

Fish from southwest Florida were similarly collected by FWC-FWRI HAB or
FIM staff and recreational fishermen, as well as by Damon Gannon at Mote Marine
Laboratory. Most samples were collected from inshore coastal waters of Tampa Bay,
Sarasota Bay, or Placida Harbor (Fig. 5.1) between June 2004 and December 2007. Fish
were collected using seine nets, cast nets, or hook-and-line gear. Species of interest for
this study were those in the Clupeidae and Sciaeneidae families as well as pinfish
(Lagodon rhomboides). All fish were frozen at -20°C until they were prepared for
analysis. Whenever possible, weight and total length were recorded.

Fish collected from St. Joseph Bay in 2004 were primarily separated into muscle
and viscera (organs including gastrointestinal [GI] tract). In some cases, liver and
stomach contents were sampled separately. Undigested prey items found in the stomachs
of a few fish were analyzed separately from the rest of the GI contents. For all other
collections, muscle, liver, and stomach or GI contents were sampled separately when
possible. Gill was also collected in fish from southwest Florida. In smaller fish where the
target tissues were less than 0.1 g each, either the tissues of multiple fish of the same
species that were collected together were pooled or the viscera (organs including GI tract)
of individual fish was collected.

Brevetoxins in fish were extracted by homogenization in either 100% acetone (4

mL/g tissue) or 80% aqueous methanol (2.5 mL/g tissue). Homogenates were centrifuged
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(10 min at 3,200 x g) and the supernatants were retained. The pellets were extracted a
second time in the same manner and the supernatants were pooled. Acetone extracts were
evaporated to dryness and re-dissolved in 80% aqueous methanol. All extracts were
partitioned twice with 100% hexane (1:1 v:v). The methanol fraction was retained for
analysis.

At sites where specimens were collected by HAB staff, both surface and bottom
water samples were also collected. Aliquots were preserved with Lugol’s iodine and
enumeration of K. brevis cells was performed by FWRI HAB taxonomists Jennifer
Wolny and Earnest Truby. Brevetoxins were extracted from unpreserved seawater
samples by passing 0.5 L through an Empore Si-C18 disc that had been preconditioned
with 20 mL of methanol and then 20 mL of DI water. Brevetoxins were eluted from the
discs into clean glass test tubes using 2 10-mL washes of methanol. The combined
eluents were evaporated to dryness and re-dissolved in 2 mL of methanol. All extracts
were stored at -20°C until analyzed.

Total PbTx-2-type brevetoxin was quantified in all samples using a competitive
ELISA as described in Chapter 2, with the modifications outlined in Chapter 3. The lower
limit of quantification by ELISA as performed here was approximately 5-10 ng/g for fish
tissues and 0.01 pg/L in seawater.

Additional information on area K. brevis cell concentrations was obtained by
querying the FWC-FWRI Harmful Algal Bloom database, which contains all K. brevis
monitoring data for the state of Florida. Each fish analyzed from southwest Florida was
designated as either “red tide” or “non-red tide” based on area cell counts. For Tampa
Bay fish, K. brevis cell count data from samples collected in Pinellas, Hillsborough, and
Manatee counties were used; for Sarasota Bay fish, K. brevis cell count data from
Manatee and Sarasota counties were used; and for Placida Harbor fish, K. brevis cell
count data from southern Sarasota county as well as from Lee and Charlotte counties
were used (Fig 5.1). Fish were considered “red tide” specimens when maximum K. brevis
cell densities in these areas within a 6-week time window (30 days prior to collection and

two weeks after) exceeded 5,000 cells/L. This criteria was intended to compensate for the
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movement of fish as well as the extremely patchy nature of K. brevis blooms and the

discrete nature of water samples collected for red tide monitoring.

All statistics were performed on log-transformed brevetoxin data using GraphPad

Prism version 5.01 for Windows, GraphPad Software (San Diego California USA,

www.graphpad.com). In most cases, non-parametric analyses were used due to the

presence of assay results that were below the limit of detection (<1d). For statistical

analyses, and to calculate means, results that were below the limit of detection were

assigned a value of half the limit of detection (2.5 ng PbTx-3 eq./g).
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Figure 5.1 Locations of fish collections in southwest Florida. Brackets indicate the

counties (or county section) included in queries for K. brevis concentrations for each

collection site.
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Results
2004 St. Joseph Bay Collections

Maximum K. brevis cell densities observed in St. Joseph Bay each month from
September 2003 through December 2006 are shown in Figure 5.2. In addition to the
water samples obtained during each fish collection, Figure 5.2 includes K. brevis cell
counts for five fixed sites in St. Joseph Bay that are sampled every month by the Florida
Department of Environmental Protection (FDEP) and sent to FWC-FWRI for
phytoplankton identification. A small bloom of K. brevis was present in St. Joseph Bay in
late 2003, three months before the dolphin mortality event began. Between March 2004
(during the dolphin mortality) and July 2005, K. brevis was not present with the
exception of background concentrations noted in a few samples collected in April and
May 2005. Elevated concentrations of K. brevis were next noted St. Joseph Bay in
August 2005, and by September 2005, K. brevis cell concentrations in the bay reached as
high as 2.5 million cells/L. Karenia brevis cell densities remained elevated in the bay
until late October. Water samples collected in mid-November 2005 contained only low
concentrations of K. brevis, with maximum observed densities of 5,300 cells/L on
November 17. After these collections, no K. brevis cells were found in subsequent
samples until one year later (late October 2006), when very low concentrations (1,600
cells/L) were noted at only a few sites. Brevetoxin concentrations measured in St. Joseph
Bay water samples ranged from less than 1 to 80 ug PbTx-3 eq./L during the K. brevis
bloom, and were often measurable but low (typically < 1 ug PbTx-3 eq./L) in the absence
of K. brevis cells (Fig. 5.2).

Between March 28 and May 5, 2004, 101 live fish were collected from St. Joseph
Bay. Of these, 64 fish, representing 10 species, were analyzed for brevetoxins at FWC-
FWRI (Table 5.1). The remaining 37 fish were analyzed at the University of North
Carolina at Wilmington using the same protocols, and the combined results for all 101
fish are reported in Naar et al. (2007). Half of the fish collected in 2004 (n = 32) were
separated into muscle and viscera for brevetoxin analysis. Liver was collected from 11

fish, and stomach contents were collected from nine fish. For 20 Spanish mackerel
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Table 5.2 Range of brevetoxin concentrations measured in fish collected from St. Joseph

Bay between February 2005 and November 2006.

Range (ng PbTx-3 eq./g)

Common Name Genus species N Main Diet Muscle Liver Gl Contents
Scaled sardine Harengula jaguana 12 Plankton <|d-52 <Id-2,472 18-2,839
Striped mullet” Mugil cephalus 9 Plankton <|d-40 <Id-6,682 <Id-393
Atlantic thread herring Opisthonema oglinum 19 Plankton <|d-54 139-473 158-508
Remora Remora remora 1 Plankton <ld 131 384
Spanish sardine®® Sardinella aurita 6 Plankton <|d-581 <Ild <|d-137
Pinfish? Lagodon rhomboides 37 Herbivore <ld-129 <|d-1453 <Ild-911
American halfbeak®  Hyporhamphus meeki 5 lInvertebrates <ld-124 33-1977 51-188
Scrawled cowfish Acanthostracion quadricornis 2 Benthic invertebrates 14-20 115-228 47-53
Sheepshead Archosargus probatocephalus 1 Benthic invertebrates <Id 65 6
Hardhead sea catfish  Ariopsis felis 2 Benthic invertebrates <|ld-12 1195-1408 25-27
Gafftopsail catfish Bagre marinus 1 Benthic invertebrates <Id 1312 <Id
Silver perch Bairdiella chrysoura 1 Benthic invertebrates <ld 246 37
Striped burrfish® Chilomycterus schoepfi 1 Benthic invertebrates 61 571 138
White grunt Haemulon plumierii 1 Benthic invertebrates <ld 19 <ld
Tripletail Lobotes surinamensis 1 Benthic invertebrates <Id <Id <Id
Southern kingfish Menticirrhus americanus 3 Benthic invertebrates <Ild <|d-22 <Id-8
Atlantic croaker Micropogonias undulatus 6 Benthic invertebrates <Id 25-51 31-57
Pigfish Orthopristis chrysoptera 3 Benthic invertebrates <Id 50-277 <ld-105
Bighead sea robin Prionotus tribulus 1 Benthic invertebrates <Id <Id <Id
Gulf pipefish Syngnathus scovelli 1 Benthic invertebrates <ld <ld <Id
Yellow jack Carangoides bartholomaei 1 Piscivore <Ild 218 <Id
Blue runner jack Caranx crysos 1 Piscivore <ld 478 <Id
Black sea bass Centropristis striata 10 Piscivore <Ild <ld-52 <|d-206
Sand seatrout Cynoscion arenarius 1 Piscivore <Ild 468 14
Spotted seatrout® Cynoscion nebulosus 9 Piscivore <|d-107 <|d-5,133 <Id-1,750
Ladyfish® Elops saurus 5 Piscivore <Id-11 <|d-76 <Id-49
Red snapper® Lutjanus campechanus 3 Piscivore 33-102 1,067-16,483  307-664
Mangrove snapper” Lutjanus griseus 10 Piscivore <|d-52 <|d-321 <|ld-615
Lane snapper Lutjanus synagris 1 Piscivore <ld <ld 16
Gag grouper® Mycteroperca microlepis 6 Piscivore <Id-116 <|d-6,034 <Id-720
Leatherjacket Oligoplites saurus 2 Piscivore <ld <ld <ld
Gulf toadfish? Opsanus beta 1 Piscivore 69 7 400
Gulf flounder® Paralichthys albigutta 5 Piscivore <|d-65 <|d-528 <Id-742
Southern flounder Paralichthys lethostigma 1 Piscivore <Id 8 <Id
Bluefish Pomatomus saltatrix 8 Piscivore <Id-33 <Id-190 <ld-131
Spanish mackerel Scomberomorus maculatus 2 Piscivore <Id 39-221 <ld-11
Atlantic needlefish Strongylura marina 1 Piscivore <ld <ld <Id
Inshore lizardfish Synodus foetens 4 Piscivore <Id <Id-96 <ld-12

<ld = not detected

At least one specimen collected during September or November 2005 (i.e. during or just after the K. brevis bloom).
®No liver or stomach contents analyzed from K. brevis bloom period.
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Figure 5.3 Average brevetoxin concentrations measured in fish (all species) collected
throughout St. Joseph Bay between 2004 and 2006. In 2005 and 2006, collections were
performed during 2-3 day sampling trips. <Id = not detected. Error bars = standard

deviation. Red bar indicates K. brevis bloom period.
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Figure 5.4 Prevalence of brevetoxin contamination in fish (all species) collected
throughout St. Joseph Bay between 2004 and 2006. Prevalence is expressed as the
percentage of fish containing detectable levels of brevetoxins (> 5-10 ng/g). Red bar

indicates K. brevis bloom period.
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Southwest Florida Collections

From June 2004 to December 2007, 464 fish were collected from coastal waters
along Pinellas, Manatee, Sarasota, and Charlotte counties, with the majority of specimens
collected in Tampa Bay, Sarasota Bay, and Placida Harbor (Fig. 5.1). Species included
pinfish (Lagodon rhomboides), at least eight sciaenid species, and four clupeid species.
Ranges of brevetoxin concentrations measured in each species during both K. brevis
bloom periods and non-bloom periods are listed in Table 5.3.

Clupeid fish were mainly collected from Sarasota Bay and Placida Harbor. Of the
178 clupeid fish analyzed, 156 were collected at times when K. brevis was present at
above background levels in proximate coastal waters. As a group, brevetoxin
concentrations in clupeid muscle averaged 83 ng PbTx-3 eq./g during bloom periods and
24 ng PbTx-3 eq./g during non-bloom periods, and in gill tissue averaged 634 ng PbTx-3
eq./g during red tides and 327 ng PbTx-3 eq./g during non-bloom periods. The highest
brevetoxin concentration measured in clupeid muscle was 647 ng PbTx-3 eq./g in an
Atlantic thread herring (Opisthonema oglinum). Brevetoxin concentrations in viscera of
clupeid fish collected during red tides averaged 4,367 ng PbTx-3 eq./g (with a maximum
value of 69,047 ng PbTx-3 eq./g in a Spanish sardine) and were significantly higher (p =
0.0005, Mann Whitney test) than those collected during non-bloom periods (mean = 319
ng PbTx-3 eq./g). The average concentration of 18 clupeids collected during a K. brevis
bloom and analyzed whole was 195 ng PbTx-3 eq./g, and was higher than five whole
clupeids collected during non-bloom periods (mean = 42 ng PbTx-3 eq./g).

Brevetoxin concentrations measured in the muscle and viscera of individual
Atlantic thread herring, scaled sardines, and Spanish sardines collected between January
2006 and March 2007 are plotted by date of collection in Figures 5.5A and B. Most of the
specimens were collected during K. brevis bloom periods, with highest concentrations in
all species observed in fish collected in September 2006. Karenia brevis was not present
at more than 5,000 cells/L in waters near these clupeid fish collection sites between
February and June 2006. Brevetoxins were still measurable in both muscle and viscera in
most fish collected in February and were lower in the few fish collected in March and

June 2006.
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Table 5.3 Brevetoxin concentrations measured in fish collected from southwest Florida between June 2004 and December 2007.

Muscle Gill Liver Stomach Contents Viscera

N n Mean Range n Mean Range n Mean Range n Mean Range n Mean Range
Yellowfin menhaden RT 2 2 13 11-16 2 1,987  43-3,932 2 534 461-606 2 221 204-238
Brevoortia smithi non-RT 0
Menhaden RT 1 1 <l 1 <l 1 2,694 1 42
Brevoortia sp. non-RT 0
Scaled sardine RT 56* 42 93 <Id-661 41 398 <Id-2,155 2 1,799 1,523-2,074 2 521 420-622 40 2,354 19-10,723
Harengula jaguana non-RT 3* 2 <Id <Id 2 35 32-38
Atlantic thread herring RT 88 84 70 <|d-647 84 634 8-4,162 16 1,228  84-3,256 6 2,071 581-3,042 57 3,372  15-36,669
Opisthonema oglinum non-RT 14* 11 31 18-53 10 434 217-794 1 880 1 834 10 431 198-637
Spanish sardine RT 9 9 182 79-339 9 1,471 543-2,984 9 19,620 3,285-69,047
Sardinella aurita non-RT 5 4 17 10-26 4 60 36-86 4 181 75-263
Pinfish RT 49 49 42 <Id-197 45 401 <Id-7,472 25 1,962  <Id-4,450 26 1,194  <Id-6,257 23 975 125-5,188
Lagodon rhomboides non-RT 11 11 5 <Id-15 5 M <Id-148 4 2,864 507-5,144 4 526 45-1,591 7 61 29-109
Silver perch RT 15 15 30 <ld-102 14 142 <|ld-755 1 1,827 1 693 14 308 <|d-1322
(Bairdiella chrysoura) non-RT 2 2 <lId <Id 2 63 16-111
Sand seatrout RT 0
Cynoscion arenarius non-RT 2 2 <Id <Id 2 7 <ld-11 2 39 <Id-76 2 29 <|d-48
Spotted seatrout RT 18 18 11 <Id-42 16 322 <Id-1,985 16 949 51-3,841 18 178 <Id-923
Cynoscion nebulosus non-RT 79 78 3 <ld-21 77 12 <Id-174 77 1,475 <Id-15,015 77 67 <|ld-1,723 2 24 21-27
Spot RT 6 6 56 <|ld-149 5 354 7-930 2 3,981 3,117-4,846 2 6,350 1,855-10,844 3 21 10-32
Leiostomus xanthurus ~ non-RT 6 6 30 <Id-93 6 174 <Id-508 4 2,077 17-4,260 4 2,221 33-3,378 2 46 29-63
Southern kingfish RT 4 4 <Id <Id 3 5 <Ild-10 4 6 <ld-17 4 3 <|d-103
Menticirrhus americanus non-RT 4 4 <Id <Id 2 <ld <I|d 4 32 17-55 4 11 <|d-19
Gulf kingfish RT 6 6 53 5-131 6 121 <|d-326 4 987 279-2,573 4 338 <|d-1,189 2 3,879 1,427-6,330
Menticirrhus littoralis non-RT 1 1 21 1 43 1 4,385 1 61
Northern kingfish RT 7 7 20 14-31 7 106 62-167 7 848 228-2,346
Menticirrhus saxatilis non-RT 0
Kingfish RT 15 15 13 <Id-23 15 68 <Id-181 6 612 44-2,361 6 2% 27-718 9 398 163-723
Menticirrhus spp. non-RT 1 1 3 1 51 1 229 1 7,104
Red drum RT 30 30 4 <Id-36 24 40 <Id-354 28 246 <|d-1,683 21 86 <Id-801 2 70 16-124
Sciaenops ocellatus non-RT 30 30 3 <|d-8 30 5 <|d-15 29 161 <|d-1,951 27 7 <|d-37 1 46

RT = red tide (K. brevis >5,000 cells/L in area within 30 days prior to and 14 days after collection); non-RT = non-red tide; <Id = not detected.
*Total number includes fish analyzed whole; data on whole fish not included in table.
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A total of 60 pinfish were collected from Sarasota Bay and Placida Harbor, with
49 collected during K. brevis bloom periods. Brevetoxin concentrations measured in the
muscle, liver, and viscera of pinfish collected between January 2005 and March 2007 are
plotted in Figures 5.6A and B. During K. brevis bloom periods, brevetoxin concentrations
averaged 42 ng PbTx-3 eq./g in muscle, 401 ng PbTx-3 eq./g in gill, 1,962 ng PbTx-3
eq./g in liver, and 1,194 ng PbTx-3 eq./g in stomach contents. Mean brevetoxin
concentrations in pinfish collected during non-bloom periods were lower in muscle (5 ng
PbTx-3 eq./g), gill (41 ng PbTx-3 eq./g), and stomach contents (526 ng PbTx-3 eq./g), yet
were higher in liver (2,864 ng PbTx-3 eq./g). Significant differences in brevetoxin
concentrations were found between red tide and non-red tide pinfish muscle (p < 0.0001)
and gill (p < 0.05), but not stomach contents or liver. In smaller specimens collected
during red tides, brevetoxin concentrations in viscera averaged 1,092 ng PbTx-3 eq./g
and were significantly higher (p = 0.0033) than viscera of non-bloom specimens (266 ng
PbTx-3 eq./g). The highest brevetoxin concentrations in pinfish muscle (197 ng PbTx-3
eq./g) and viscera (5,188 ng PbTx-3 eq./g) were observed in late August 2006, while
highest liver concentration (5,144 ng PbTx-3 eq./g) was measured in a pinfish collected
in February 2006, just after the dissipation of a K. brevis bloom (Fig. 5.6).

Of 226 sciaenid fish analyzed from Tampa Bay, Sarasota Bay, and Placida Harbor
were analyzed, 101 were collected during K. brevis bloom periods. Brevetoxin
concentrations during bloom periods averaged 17 ng PbTx-3 eq./g in muscle, 137 ng
PbTx-3 eq./g in gill, 647 ng PbTx-3 eq./g in liver, and 386 ng PbTx-3 eq./g in stomach
contents. Similar to what was observed in the pinfish, mean brevetoxin concentrations in
sciaenids collected during non-bloom periods were lower in muscle (4 ng PbTx-3 eq./g),
gill (19 ng PbTx-3 eq./g), and stomach contents (185 ng PbTx-3 eq./g), yet were higher in
liver (1,114 ng PbTx-3 eq./g). Significant differences were found between red tide and
non-red tide sciaenid muscle (p < 0.0001), gill (p <0.0001), and stomach contents (p <
0.05), but not liver. In smaller specimens collected during red tides, brevetoxin
concentrations in viscera averaged 589 ng PbTx-3 eq./g and were significantly higher (p

< 0.05) than viscera of non-bloom specimens (45 ng PbTx-3 eq./g).
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Red drum (Sciaenops ocellatus) and spotted seatrout were the sciaenid species
analyzed in greatest numbers. Brevetoxin concentrations measured in the muscle and
liver of red drum and spotted seatrout collected in Tampa Bay between August 2006 and
December 2007 are plotted by date of collection in Figures 5.7A and B. In late 2006, a K.
brevis bloom was present in the area. During the bloom period, brevetoxin was only
detected in the muscle of one red drum out of 21 tested and was present in low but
measurable concentrations in the muscle of nine of 12 seatrout. In both species, elevated
concentrations of brevetoxins were detected in some livers while remaining low or
undetectable in others. During 2007, no bloom concentrations of K. brevis were recorded
near to the fish collection sites, and brevetoxin was detectable (only at very low
concentrations) in the muscle of only one of 24 red drum and one of 74 seatrout analyzed,
yet highest liver concentrations for both spotted seatrout (15,015) and red drum (1,951 ng
PbTx-3 eq./g) were measured in May and September 2007, respectively.

A Kruskal-Wallis test with Dunn's multiple comparison post-test was used to
compare brevetoxin concentrations during K. brevis bloom periods in tissues of the
species that were analyzed in greatest numbers: Atlantic thread herring, scaled sardines,
pinfish, red drum, and spotted seatrout. In a comparison of brevetoxin concentrations in
the muscle of all six species, red drum muscle differed significantly from the muscle of
thread herring, scaled sardine, and pinfish (p < 0.001 for all). Spotted seatrout muscle
also differed significantly from the muscle of thread herring (p < 0.05), scaled sardine (p
<0.001), and pinfish (p < 0.05). In a comparison of brevetoxin concentrations in the
livers of Atlantic thread herring, pinfish, red drum, and spotted seatrout, red drum liver
differed significantly from Atlantic thread herring and pinfish (both p < 0.001), and from
spotted seatrout (p < 0.05). No significant differences were found in a comparison of
brevetoxin concentrations in the viscera of Atlantic thread herring, scaled sardines, and

pinfish.
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Figure 5.5 Brevetoxin concentrations measured in A) muscle and B) viscera of clupeid

fish collected in southwest Florida. Red bars indicate K. brevis bloom periods.
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Figure 5.6 Brevetoxin concentrations measured in A) muscle and B) liver or viscera of

pinfish collected in southwest Florida. Red bars indicate K. brevis bloom periods.
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Figure 5.7 Brevetoxin concentrations measured in A) muscle and B) liver of red drum

and spotted seatrout collected in Tampa Bay. Red bars indicate K. brevis bloom periods.
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Discussion

Collection and analyses of fish from St. Joseph Bay in 2004 was initiated in
response to the ongoing dolphin mortality event and was based on the gross findings that
the dolphins had stomachs packed with fish (NMFS 2004) as well as the initial ELISA
results demonstrating extremely high brevetoxin concentrations in the dolphin stomach
contents (Chapter 4). These collections provided a cursory look at whether live fish in the
bay were contaminated with brevetoxins. Although concentrations were lower than those
measured in fish recovered from the dolphin stomachs, the consistent detection of
elevated concentrations of brevetoxins in all fish collected in March 2004 was
unexpected at the time. Further collections throughout 2005 and 2006 were conducted to
examine whether this phenomenon was widespread among fish species and to assess how
long brevetoxins could persist in tissues of live fish.

The average levels of brevetoxins were highest during and just after a two-month
K. brevis bloom. Since this was the only time during the two-year collection period that
bloom concentrations of K. brevis were observed in water samples collected from St.
Joseph Bay, the data presented here may suggest that brevetoxins continue to be present
in the livers of fish for more than a year after the cessation of a bloom (Fig. 5.3).
Brevetoxins are known to accumulate in shellfish where they can persist at levels
dangerous for human consumers for weeks to months after a K. brevis bloom has ended
(Morton and Burklew 1969; Steidinger et al. 1998a; Pierce et al. 2006). Analyses of
contaminated shellfish have shown that the parent toxin PbTx-3 is largely eliminated
from shellfish within weeks after a red tide has ended, and that brevetoxins persist for
months in the form of metabolites (Plakas et al. 2002; Plakas et al. 2004; Pierce et al.
20006).

However, the surprising levels of brevetoxins measured in the stomach contents
of the majority of fish, especially in clupeid species (scaled sardines and Atlantic thread
herring), collected in May 2006 when no red tide bloom was present in St. Joseph Bay
suggests the more likely explanation is that there were undetected sources of brevetoxins.
The low levels of K. brevis (333-4,000 cells/L) found in two water samples collected at

the mouth of the bay in May 2006 may be evidence of a bloom that remained undetected
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outside of the bay. Water sampling for K. brevis in northwest Florida is largely event-
driven, and with the exception of monthly sampling by the FDEP in St. Joseph Bay, little
data is available on K. brevis cell densities along the northern Gulf coat of Florida unless
a bloom is suspected and red tide monitoring activities increase.

Additionally, since brevetoxins persist in fish food sources after dissipation of a
red tide, chronic post-bloom exposure of omnivorous and piscivorous fish to toxins in the
marine food web is likely, further complicating determination of how long brevetoxins
may persist in tissues of fish in the wild. Regardless of the source, the brevetoxins
detected in the stomach contents of fish in May 2006 would certainly have contributed to
the persistence of toxins noted in the livers over the next several months.

The data on brevetoxin concentrations in fish collected from St. Joseph Bay
demonstrate that the accumulation of brevetoxin in fish in the wild is a common
occurrence and that brevetoxins can persist in fish tissues for an extended period of time.
Further transfer of brevetoxins through the fish food web was well-illustrated by the
presence of a small contaminated clupeid fish in the stomach of a larger piscivorous
seatrout collected in May 2004. Similarly, three clupeids taken from the stomach of a
dead red drum and four clupeids taken from the stomach of a dead hardhead sea catfish
collected in St. Joseph Bay during the dolphin mortality event contained brevetoxin
concentrations in their muscle ranging from 495 to 1,356 ng PbTx-3 eq./g. These fish
were not included in the fish presented here as they were not alive when collected, but the

stomach contents of these fish also demonstrate trophic transfer of brevetoxins through

the fish food web.

Prior to the 2004 dolphin mortality, information on brevetoxin accumulation and
persistence in fish from controlled experiments was very limited. Vectorial transport of
brevetoxins to fish through copepods was demonstrated by Tester et al. (2000) in short-
term feeding experiments (2-25h). In this study, juvenile fish were fed toxic copepods
that had been exposed to K. brevis cultures. They accumulated PbTx-2 and PbTx-3 in

both the muscle and viscera, to maximum levels in muscle of approximately 40 ng/fish
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and in viscera of 120 ng/fish. The persistence of brevetoxins in the fish over time was not
assessed.

However, the evidence gathered in the investigation of the 2004 dolphin mortality
has spurred broader interest in the topic of brevetoxin accumulation in fish. By exposing
juvenile planktivorous striped mullet (Mugil cephalus) to K. brevis and omnivorous
pinfish and croaker (Micropogonias undulatus) to brevetoxin-contaminated clams, Naar
et al. (2007) further demonstrated that fish can accumulate ichthyotoxic brevetoxins when
exposed through their diet and that brevetoxins can be transferred into the fish food web
by feeding on toxic prey. Here, the levels of brevetoxin accumulation observed in the
exposure of juvenile mullet to K. brevis were lower than those achieved by the fish
feeding on toxic shellfish, but the exposure duration for the former was restricted to 24
hours due to the conditions required to prevent lysing of the K. brevis cells (no filtration
or aeration), while the latter was carried out over two weeks. Maximum concentrations of
2,675 ng/g in viscera and 1,540 ng/g in muscle were measured in pinfish on the last day
of exposure. After two weeks without exposure, the experiment was terminated, but
viscera and muscle tissue still contained 15% and 40% of the maximum observed
concentrations, respectively.

Transfer of brevetoxins into fish during short-term exposures to K. brevis cultures
was also demonstrated by Woofter et al. (2005) who noted immediate uptake of
brevetoxin with measurable blood levels as soon as one hour after exposing juvenile
striped mullet to K. brevis. Over the course of the 24-hour experiment, maximum blood
levels were found after 8-12 hours of exposure, with a drop to 50% of maximum levels
after 24 hours. Tissue concentrations were not determined, but slow elimination was
observed with brevetoxin measurable in blood several days after exposure.

More recently, and in direct response to the findings of the 2004 dolphin mortality
event investigation, longer-term depuration studies were performed using two
planktivorous fish, juvenile striped mullet and Atlantic menhaden (Brevoortia tyrannus),
exposed to cultures of K. brevis (Hinton and Ramsdell 2008). Depuration of brevetoxins
was followed in the mullet over two months and in the menhaden over one month. The

investigators analyzed individual organs of the mullet after exposure and found that
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brevetoxin content of the muscle and intestine decreased significantly after one week.
The toxin content of the liver increased to a maximum after one month post-exposure,
and after two months was still higher than when the depuration period began. Menhaden
were separated into head, body and viscera. Maximum brevetoxin levels measured were
169 ng/g in the body and 1,858 ng/g in viscera. The investigators observed a decrease in
toxin of at least 50% in the body and head after 17 days, but found no change in the
viscera. The persistence of high levels of toxin in the viscera was attributed to
redistribution of toxin from the intestine and muscle to the liver, where it is metabolized
and re-introduced through bile into the intestines prior to elimination. Toxin content in
the whole fish was reduced by 65% after 30 days, and a half-time of complete elimination

was calculated to be 24 days.

Many of the species tested from St. Joseph Bay were not caught during the bloom
in the fall of 2005, and in several cases only one fish per species was tested, making this
data set unsuitable to compare species or to draw conclusions regarding the ability for
brevetoxins to accumulate in particular fish species. Analyses of fish collected from
southwest Florida where red tides occur more frequently were conducted to examine
more typical dolphin prey species, and to compare these species with clupeids.

Sciaenid species and pinfish, important in the diet of bottlenose dolphins in the
Gulf of Mexico (Barros and Odell 1990; Barros and Wells 1998), were capable of
accumulating brevetoxins, although to levels generally much lower than those measured
in clupeids. However, given their greater size, they may still represent a significant dose
of brevetoxin. These fish are not planktivorous, but they are directly exposed to dissolved
brevetoxins during blooms and indirectly exposed to brevetoxins through their food
sources. For example, pinfish consume large quantities of seagrass throughout much of
their life (Montgomery and Targett 1992) and, as described in Chapter 3, brevetoxins can
accumulate to high levels in association with seagrass. The highest concentration
measured in the GI contents of the pinfish analyzed here was 5,537 ng PbTx-3 eq./gin a

fish collected from a seagrass meadow in Placida Harbor during a bloom.

107



Although most of the red drum and spotted seatrout were collected from the same
general area, mean and maximum brevetoxin concentrations were higher in spotted
seatrout for all tissue types. Both of these sciaenid species both consume a variety of prey
items. As juveniles, the diet of both species consists primarily of invertebrates with an
increasing importance on fish as they grow larger (Peters and McMichael 1987; Llanso et
al. 1998; Murphy 2003). In a study of these two species at two sites in upper Tampa Bay,
small fish were the main prey item for spotted seatrout >200 mm standard length (SL) at
both sites, while fish prey gained importance for red drum >200 mm but polychaetes and
decapod crustaceans remained the main food items (Llanso et al. 1998). Most standard
lengths of spotted seatrout and red drum collected here, as calculated from total lengths
using length-length relationships reported for each species (Murphy and Taylor 1990;
Murphy 2003), were >200 mm. The mean SL of spotted seatrout collected during red
tides (256 mm) was similar to the mean SL of those collected during non-bloom periods
(283 mm). Only five spotted seatrout were < 200 mm SL and most were >250 mm.
However, the mean SL of red drum collected during red tides (540 mm) was almost twice
the mean SL of the red drum collected during non-bloom periods (288 mm). Nine red
drum were <200 mm SL, and seven of these were collected during non-bloom periods. A
shift in prey preferences with size may contribute to differences seen between red tide
and non-red tide red drum.

Interestingly, high concentrations of brevetoxins were measured in the livers of
spotted seatrout collected from Tampa Bay in the second half of 2007 in the absence of
an inshore bloom (Fig. 5.7). Between June and November, 2007, red tide monitoring
along the southwest Florida coast detected no K. brevis above background concentrations
(< 1,000 cells/L) until late September when low concentrations were first noted in
samples collected from Lee county (Fig. 5.8). However, two research cruises conducted
one month apart, in late September and late October of 2007, detected and repeatedly
sampled a bloom of K. brevis located 5-10 km off of Lee county (Fig. 5.8). When this K.
brevis bloom began is unknown. Results from the seatrout collected from Tampa Bay
between June and November 2007 revealed that they had been exposed to brevetoxins.

Recent direct exposure to an undetected inshore or nearshore bloom seems unlikely given
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the number of red tide monitoring samples that are routinely collected in this part of the
state year-round. Direct exposure to the bloom in Lee county is also unlikely as seatrout
do not typically migrate great distances (Hendon et al. 2002; Bortone 2003) and the
bloom was located approximately 130 km south of where the fish were caught. The
remaining possibilities are that these concentrations were remnant brevetoxins from
exposure six or more months prior, or that these fish were more recently exposed by
ingesting prey fish that had migrated north from the area of the bloom. Given that the
concentrations measured in seatrout from the second half of 2007 were generally much
higher than those measured in seatrout collected during the bloom earlier in the year, the
latter explanation seems more likely. Brevetoxin was also measured in the GI contents of
the seatrout collected between June and November 2007, but overall was low, with an
average concentration of 45 ng PbTx-3 eq./g and a maximum value of 209 ng PbTx-3
eq./g.

Brevetoxin concentrations in clupeids from southwest Florida were variable but in
some cases were extremely high, demonstrating that the excessive toxin concentrations
present in the menhaden retrieved from the dolphin stomachs in 2004 were not unique
occurrences. Brevetoxin levels exceeded 10,000 ng PbTx-3 eq./g in the viscera of 12
clupeids (representing 3 species), with three fish containing higher levels than the
maximum measured in the menhaden taken from the 2004 dolphin stomachs (up to
69,047 ng PbTx-3 eq./g). In the few instances where clupeid liver was collected,
concentrations were lower, reaching a maximum of 3,256 ng PbTx-3 eq./g, suggesting
that the extreme concentrations of brevetoxins found in some clupeid viscera is probably
due to the concentration of K. brevis cells in the GI tract while feeding in a bloom. Since
the gut passage time for planktivorous fish is on the order of hours (Friedland et al.
2005), the highest danger to dolphins would likely result from feeding on planktivorous
fish within hours of the prey fish feeding on K brevis.

The persistence of high levels of toxin in the viscera of experimentally exposed
menhaden led Hinton and Ramsdell (2008) to suggest that menhaden can remain a vector
of lethal levels of brevetoxins to dolphins for several weeks after a bloom. However, to

measure brevetoxins they employed antibody-based assays similar to the ELISA used

109



Liver (PbTx-3 eq.)
/\ <Id — 100 ng/g
A\ 100 — 1,000 ng/g
A >1,000ng/g

Manatee

Figure 5.8 Karenia brevis cell concentrations in seawater samples and brevetoxin
concentrations measured in the livers of seatrout collected between June and November
2007. The two water samples coded in yellow offshore of Pinellas and Manatee counties
(within the area queried for the Tampa Bay seatrout) contained only 1,300 and 2,000

cells/L, and were collected in September and October 2007, respectively.

110



here, and the composition of brevetoxin congeners present in the viscera was not
determined. It is important to note that the ELISA used in these analyses and antibody-
based brevetoxin assays used in other studies do not differentiate the individual
congeners and metabolites of brevetoxins, and actual toxicity can not be inferred from the
results. Toxin profiles determined by LC-MS for some fish collected live from St. Joseph
Bay were mainly metabolized brevetoxins with lesser amounts of PbTx-3, while the
menhaden from the dolphin stomachs contained parent brevetoxins PbTx-2 and PbTx-3
with lesser amounts of metabolites (Naar et al. 2007). Our findings of the presence of the
rapidly metabolized parent toxin, PbTx-2, in the menhaden taken from the dolphin
stomachs in 2004 strongly suggest that the menhaden involved in that mortality event had
been very recently feeding on a K. brevis bloom.

Assessing the risk to dolphins resulting from exposure to brevetoxin metabolites
is currently not possible. The toxicity of the numerous brevetoxin metabolites is largely
unknown. While they are generally believed to be products of detoxification pathways, it
has been shown that some brevetoxin metabolites contribute to NSP toxicity (Ishida et al.
1996; Morohashi et al. 1999; Poli et al. 2000; Nozawa et al. 2003; Plakas et al. 2004).
Proper toxicology studies have not yet been conducted due to a lack of pure brevetoxin
metabolites. Indeed, accurate analytical quantification of known metabolites in biological
samples is also currently prevented by the lack of standards. Unless pure reference
materials are used, brevetoxin metabolite concentrations are suitable for relative

comparisons at best.

Overall, brevetoxin accumulation in fish was found to be widespread and was
documented in fish representing more than 30 different species. Planktivorous clupeid
fish are capable of accumulating extremely high concentrations of brevetoxins within
their viscera, and their movement can result in spatial separation of a bloom and animal
exposure. The window of time for which they present the biggest threat to dolphins is
probably quite small, and acute poisoning events such as the 2004 mortality in the Florida

Panhandle are rare most likely because clupeid fish do not typically comprise a
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significant portion of the dolphin diet. Sciaenid species and pinfish also accumulated
brevetoxins but to a lower extent, which may be a result of their indirect exposure
through an additional trophic level. These fish, as well as other omnivorous and
piscivorous species, may retain brevetoxins in their tissues at significant concentrations
after a bloom has dissipated, and may lead to temporal separation of blooms and animal
exposure.

Karenia brevis blooms are a regular occurrence in southwest Florida and the
contamination of typical dolphin prey appears to be as well. The data presented here
suggest that dolphins in southwest Florida are routinely exposed to brevetoxins through
their diet. Little is known about the effects of chronic exposure to brevetoxins, but
evidence indicates it may lead to suppression of the immune system (Bossart et al. 1998;
Benson et al. 2004a; Benson et al. 2004b; Benson et al. 2005; Sayer et al. 2005), which
could increase the susceptibility of marine mammals to other pathogens. Virtually
nothing is known about the effects of exposure to brevetoxin metabolites. More
information is needed on the how brevetoxins are metabolized and on the toxicity of the
metabolites to better understand the risks to dolphins of feeding on brevetoxin-

contaminated fish.
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Chapter 6. Conclusions

The multiple routes through which marine mammals can be exposed to
brevetoxins (i.e., direct exposure to bloom water, ingestion of brevetoxins in bloom water
or in other organisms in which the toxin has bioaccumulated, and inhalation of
aerosolized toxins) have complicated efforts to understand the mechanisms that lead to
mass mortality events. The 2002 manatee mortality and 2004 bottlenose dolphin
mortality provided unique opportunities to make clear connections between ingested
brevetoxins and marine mammal mortalities without the confounding issues of concurrent
exposure through direct contact or inhalation.

Prior to 2002, the accumulation of brevetoxins on or in seagrass had never been
previously reported, and the delayed or chronic exposure of manatees to brevetoxins
through seagrass was not recognized as a threat. The 2002 manatee mortality event was
the first time that a significant number of manatee deaths have been positively related to
the ingestion of brevetoxin via seagrass subsequent to a red tide event. Analyses of the
epiphytes and detritus on the surface of the seagrass leaves as well as of the cleaned
seagrass leaves and rhizomes revealed that during a K. brevis bloom as much as half of
the toxin present in the seagrass may be associated with the leaves themselves, while
after a bloom, the majority of the toxin present is associated with the epiphytes.
Brevetoxins were shown to persist in association with seagrass at high levels for weeks
and at lower levels for months in the absence of K. brevis. Given that K. brevis blooms
can be extremely patchy and that discrete water samples can easily misrepresent the
overall bloom intensity, brevetoxin levels in seagrass may provide a useful new
parameter that can be monitored in addition to K. brevis cell concentrations for assessing

the risk of manatees during and following K. brevis blooms.
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The 2004 mass mortality of bottlenose dolphins in the Florida Panhandle clearly
indicated that fish have the potential to vector brevetoxins to higher tropic levels.
Analysis of fish collected live from St. Joseph Bay and southwest Florida revealed that
brevetoxin accumulation in fish is a common occurrence. Brevetoxin accumulation was
documented in fish representing more than 30 different species. Planktivorous clupeid
fish are capable of accumulating extremely high concentrations of brevetoxins within
their viscera, and their movement can result in spatial separation of a bloom and animal
exposure. Sciaenid species and pinfish also accumulated brevetoxins but to a lower
extent. These fish, as well as other omnivorous and piscivorous species, may retain
brevetoxins in their tissues at significant concentrations after a bloom has dissipated and
may lead to temporal separation of blooms and animal exposure.

These findings confirm the stability of brevetoxins in the marine environment in
the absence of an ongoing K. brevis bloom and reveal the possibilities of acute lethal
exposure for manatees and dolphins through ingestion of seagrass and fish, respectively.
Additionally, persistent lower levels of brevetoxins were documented in the food sources
for manatees and dolphins, suggesting that marine mammals in southwest Florida are
chronically exposed to low levels of brevetoxins and brevetoxin metabolites. The effects
of chronic dietary exposure to these compounds are unknown, and research is needed to
determine whether such exposure can compromise the health of these animals leading to
disease or even death.

Brevetoxins can accumulate in multiple tissues of both manatees and dolphins.
Brevetoxin distribution in the 2004 dolphin tissues was similar to what was seen in the
2002 manatees, with highest concentrations measured in the liver, followed by the kidney
and then the lung (Fig 6.1). A Mann-Whitney rank sum test was used to compare
brevetoxin concentrations measured in the stomach contents, liver, kidney, and lung of
the 2004 dolphins with those measured in the 2002 manatees. Brevetoxins in the stomach
contents of the 2004 dolphins were significantly higher than those measured in the 2002
manatee mortality (p < 0.0001). In organ tissues, brevetoxin concentrations were lower
and significantly different in the dolphin livers (p < 0.0001) and kidneys (p = 0.0357).

Brevetoxin concentrations measured in lung tissue were not significantly different in the
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Figure 6.1 Average brevetoxin concentrations measured in tissues and stomach contents

of manatees from the 2002 mortality event and dolphins from the 2004 mortality event.

Error bars = standard deviation.
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two events. Higher stomach contents and lower organ tissue concentrations may reflect
the more acute nature of the dolphin mortality (i.e. a briefer period of exposure to higher
doses of brevetoxins).

Since the marine mammal mortality events discussed here, there have been red
tide-related mass mortalities of manatees in 2003, 2005, 2006, and 2007, as well as an
additional dolphin mortality event in the Florida Panhandle and the first red tide-related
mass mortality of dolphins in southwest Florida, both in 2005-2006. The FWC-FWRI
documentation of red tide-related manatee mortalities now also includes manatee deaths
that occur outside of mass stranding events. ELISA analyses are routinely run on manatee
carcasses recovered from southwest Florida when K. brevis is present, when necropsy
findings are consistent with brevetoxicosis, or when cause of death is unclear.

The information reported here and currently being accumulated on brevetoxin
levels in manatee and dolphin mortalities associated with K. brevis blooms, as well as
background body burdens carried by marine mammals in red tide-endemic southwest
Florida, will help natural resource managers better understand the impacts of K. brevis
red tides on marine mammals. In the Manatee Core Biological Model (CBM) currently
used to analyze the viability of this endangered species, the occasional non-mass
stranding red tide-related manatee mortalities that occur during red tides are built into
annual survival estimates (Runge et al. 2007a). Mass mortality events associated with K.
brevis blooms are modeled as natural catastrophes and are presently estimated in the
model as occurring with a 22% frequency in southwest Florida. This estimate is based on
the occurrence of five mass mortality events since 1980 (1982, 1996, 2002, 2003, and
2005). However, the CBM modelers acknowledge that the model may be underestimating
the effect of this threat on the manatee population if the recent increase frequency of
mortality events indicates a trend (Runge et al. 2007b). They also recognize that inclusion
of annual non-catastrophic red tide manatee mortality would further increase the effect of
this threat (Runge et al. 2007b). Between 1974 and 2001, red tide was blamed for 5.7% of
manatee deaths in Florida. Since then, due to the occurrence of multiple mass mortality
events and improved recognition and documentation of brevetoxicosis in manatees, the

fraction of red tide-related mortalities has increased to 16.5% (Figure 6.2).

116



1974-2001

24.5%
29.1%

3.9%
2.7%

20.6% O Watercraft Collision

O Flood Gate/Canal Lock
OHuman, other

O Perinatal

2002-2007 B Cold Stress

B Red Tide

@ Natural, other

O Undetermined

Figure 6.2 Causes of manatee deaths in Florida from 1974 to 2001 (top, n = 4,368) and
from 2002 to 2007 (bottom, n =2,091). Graphs were created using data provided by the
FWC-FWRI Marine Mammal Pathobiology Laboratory. Cold stress includes 10 perinatal
deaths between 1974 and 2001 and 26 perinatal deaths between 2002 and 2007 in which

cold stress was suspected.
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The data presented here on brevetoxin concentrations in marine mammal stomach
contents and in their food sources, and similar data from subsequent and future events,
may help researchers arrive at estimates for what represents a lethal dose of brevetoxins
to manatees and dolphins. However, what constitutes a lethal dose of brevetoxins in
marine mammals may not be as relevant as dosages that induce illness, since sufficient
physiological insult due to brevetoxicosis may have lethal consequences due to their
vulnerability as air breathers in an aquatic environment.

The investigations of the 2002 manatee mortality event and the 2004 bottlenose
dolphin mortality event benefited greatly from the development of a rapid, sensitive, and
specific ELISA for brevetoxins (Naar et al. 2002) and from the implementation of this
method by scientists within FWC-FWRI. The availability of this tool enabled rapid
brevetoxin analysis of tissue samples from multiple animals and more thorough
environmental investigations than were possible in previous mortality events. The main
limitation of the method is the inability to distinguish between different forms of
brevetoxins. Biological samples are likely to contain a mixture of brevetoxins and/or
brevetoxin metabolites, and ELISA results do not accurately estimate toxicity. While this
is a drawback when investigating brevetoxins in marine mammals’ food sources where
the toxicity of the compounds present are extremely relevant, this property of the assay is
also its greatest strength in the analyses of tissues from exposed animals. The metabolism
of brevetoxins in mammals is not yet well understood. The ability to detect the entire
suite of the most abundant type of brevetoxins as well as their metabolites at low levels
enables confirmation of brevetoxin exposure in mammals that would otherwise go
undetected. As the number of brevetoxin metabolites continues to expand, so does the
need for toxicological studies on their potency. While this information is lacking, the
coupling of rapid sensitive screening assays with structural identification via mass
spectrometry can provide a better, but still very incomplete, understanding of the risks

posed to marine mammals by food web transfer of brevetoxins.
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Appendix A. 2002 red tide-suspect manatees tested for brevetoxins by ELISA. Data
provided by FWC-FWRI Marine Mammal Pathobiology Laboratory.

Carcass

Report Date Field ID Sex Length (cm) County Waterway
3/15/2002 MSW0239 321 Charlotte Stump Pass
3/17/2002 MSW0240 268 Lee Pine Island Sound
3/19/2002 MSW0242 315 Lee Pine Island Sound
3/19/2002 MSW0243 220 Charlotte Ainger Creek
3/21/2002 MSW0244 254 Lee Pine Island Sound
3/22/2002 MSW0245 344 Sarasota Blackburn Bay
3/22/2002 MSW0246 287 Lee Charlotte Harbor
3/24/2002 MSW0248 265 Charlotte Lemon Bay
3/24/2002 MSW0249 250 Collier Johnson Bay
3/24/2002 MSW0250 236 Charlotte Lemon Bay
3/24/2002 MSW0251 276 Sarasota Forked Creek
3/25/2002 MSWO0252 260 Sarasota Forked Creek
3/25/2002 MSW0253 327 Sarasota Lemon Bay
3/25/2002 MSW0254 295 Charlotte Gulf of Mexico
3/25/2002 MSW0255 300 Lee San Carlos Bay

3/25/2002 MSW0256
3/26/2002 MSWO0257

348 Sarasota Gulf of Mexico
302 Charlotte Stump Pass

4/5/2002 MSW0261 264 Sarasota Forked Creek
4/6/2002 MSW 0262 274 Lee Matlacha Pass
4/6/2002 MSW0263 281 Sarasota Forked Creek
4/7/2002 MSW0264 247 Lee Pelican Bay
4/7/2002 MSW0265 294 Lee Pine Island Sound

4/8/2002 MSW0267
4/15/2002 MSW0269
4/16/2002 MSW0270
4/30/2002 MSWO0272

269 Charlotte Lemon Bay

262 Charlotte Charlotte Harbor
229 Lee Pine Island Sound
231 Sarasota Sarasota Bay

S22 amZZZ=2nNnnEZ=EnNESLZ
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Appendix B. 1996 red tide-suspect manatees for which archived tissues were tested for

brevetoxins by ELISA. Data provided by FWC-FWRI Marine Mammal Pathobiology

Laboratory.
Carcass
Report Date Field ID Sex Length (cm) County Waterway
3/12/1996 MSW9647 F 297 Collier Caxambas Pass
3/12/1996 MSW9649 M 302 Lee Pine Island Sound
3/12/1996 MSW9650 M 289 Lee Charlotte Harbor
3/13/1996 MSW9655 F 243 Lee Orange River
3/13/1996 MSW9656 F 306 Lee Orange River
3/14/1996 MSW9664 M 321 Lee Matlacha Pass
3/15/1996 MSW9667 M 288 Sarasota Lemon Bay
3/15/1996 MSW9673 M 307 Lee Matlacha Pass
3/16/1996 MSW9671 F 268 Lee Caloosahatchee River
3/16/1996 MSW9672 M 285 Lee San Carlos Bay
3/16/1996 MSW9674 F 295 Lee Pine Island Sound
3/16/1996 MSW9675 M 244 Charlotte Charlotte Harbor
3/16/1996 MSW9676 M 284 Lee Pine Island Sound
3/17/1996 MSW9681 M 304 Lee San Carlos Bay
3/17/1996 MSW9684 M 293 Lee Caloosahatchee River
3/22/1996 MSW9698 F 288 Lee Caloosahatchee River
3/22/1996 MSW9699 F 273 Collier Sanctuary Sound
3/22/1996 MSW96100 M 266 Collier Roberts Bay
3/23/1996 MSW96105 F 290 Lee Charlotte Harbor
3/24/1996 MSW96106 F 308 Collier Johnson Bay
3/24/1996 MSW96107 M 323 Charlotte Gaspairilla Sound
3/25/1996 MSW96111 M 321 Sarasota Blackburn Bay
3/26/1996 MSW96116 F 255 Collier Gulf of Mexico
3/28/1996 MSW96120 F 238 Lee Hendry Creek
3/30/1996 MSW96122 M 301 Lee Gulf of Mexico
3/30/1996 MSW96124 M 306 Lee Pine Island Sound
3/30/1996 MSW96126 F 295 Collier Tarpon Bay
3/30/1996 MSW96127 M 286 Charlotte Lemon Bay
4/1/1996 MSW96129 F 299 Collier Caxambas Pass
4/1/1996 MSW96130 M 293 Charlotte Placida Harbor
4/1/1996 MSW96134 M 214 Collier Roberts Bay
4/2/1996 MSW96131 M 255 Lee Pine Island Sound
4/2/1996 MSW96133 F 276 Collier Smokehouse Bay
4/2/1996 MSW96135 M 207 Collier Naples Bay
4/2/1996 MSW96136 M 274 Lee Estero Bay
4/3/1996 MSW96137 F 273 Collier Coon Key Pass
4/3/1996 MSW96142 M 328 Charlotte Charlotte Harbor
4/4/1996 MSW96144 M 297 Collier Gullivan Bay
4/4/1996 MSW96145 M 312 Lee Matlacha Pass
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Appendix B (Continued).

Carcass

Report Date Field ID Sex Length (cm) County Waterway
4/5/1996 MSW96146 F 302 Collier Johnson Bay
4/5/1996 MSW96147 M 219 Collier Gordon Pass
4/5/1996 MSW96148 F 291 Collier Barfield Bay
4/6/1996 MSW96149 F 316 Charlotte Lemon Bay
4/6/1996 MSW96150 F 239 Lee Imperial River
4/7/1996 MSW96152 F 284 Charlotte Gasparilla Sound
4/7/1996 MSW96153 M 254 Lee Matlacha Pass
4/9/1996 MSW96158 M 307 Collier Collier Bay
4/11/1996 MSW96165 F 298 Collier Sanctuary Sound
4/13/1996 MSW96167 M 310 Lee Charlotte Harbor
4/13/1996 MSW96169 F 288 Collier Gullivan Bay
4/14/1996 MSW96170 M 252 Collier Gulf of Mexico
4/14/1996 MSW96171 F 215 Collier Gullivan Bay
4/16/1996 MSW96173 F 274 Lee Pine Island Sound
4/17/1996 MSW96175 F 309 Lee Caloosahatchee River
4/19/1996 MSW96176 M 268 Lee Pine Island Sound
4/20/1996 MSW96177 F 224 Lee Estero Bay
4/22/1996 MSW96181 F 275 Lee Caloosahatchee River
4/25/1996 MSW96185 M 295 Lee San Carlos Bay
4/27/1996 MSW96187 M 223 Collier Gullivan Bay
4/27/1996 MSW96189 M 246 Lee Matlacha Pass
5/9/1996 MSW96191 M 265 Collier Smokehouse Creek
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Appendix C. 2002 southwest Florida manatees killed by watercraft collision that were
tested for brevetoxins by ELISA. Data provided by FWC-FWRI Marine Mammal
Pathobiology Laboratory.

Carcass
Report Date Field ID Sex Length (cm) County Waterway

4/8/2002 MSW0266 M 322 Sarasota Myakka River
4/15/2002 MSW0268 M 267 Charlotte Charlotte Harbor
4/25/2002 MSW0271 F 211 Sarasota Blackburn Bay
5/5/2002 MSWO0274 F 329 Collier Johnson Bay
5/26/2002 MSWO0278 F 286 Charlotte Lemon Bay
5/27/2002 MSW0279 F 307 Lee Pine Island Sound
7/6/2002 MSWO0286 M 323 Sarasota Robert's Bay
7/20/2002 MSW0289 M 315 Charlotte Charlotte Harbor
7/21/2002 MSW0290 M 304 Lee San Carlos Bay
8/9/2002 MSWO0291 F 309 Lee Bull Bay

9/8/2002 MSW0293 M 323 Lee Caloosahatchee River
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Appendix D. 2002 east coast Florida manatees tested for brevetoxins by ELISA. Data
provided by FWC-FWRI Marine Mammal Pathobiology Laboratory.

Carcass

Report Date Field ID Sex Length (cm) County Waterway
2/24/2002 MSE0215 M 215 Monroe Tarpon Basin

3/17/2002 MEC0220 M 283 Miami-Dade Blue Lagoon

3/26/2002 MNEO0211 F 283 Duval St. Johns River

3/26/2002 MSE0222 F 201 Palm Beach Lake Worth

3/29/2002 MSE0223 M 283 Palm Beach Lake Worth Creek

4/7/2002 MECO0223 M 290 Brevard Port Canaveral Barge Canal
6/19/2002 MNEO0218 M 302 St. Johns Robinson Creek

8/18/2002 MEC0244 M 277 Brevard Indian River
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Appendix E. 2004 dolphins tested for brevetoxins by ELISA. Data provided by NMFS.

Strand Date Field ID Sex Length (cm) County Waterway
3/10/2004 Hubbs-0415-Tt F 255 Gulf St. Joseph Bay
3/10/2004 Hubbs-0430-Tt M 184 Gulf St. Joseph Bay
3/10/2004 Hubbs-0431-Tt F 247 Gulf St. Joseph Bay
3/10/2004 Hubbs-0433-Tt F 228 Gulf St. Joseph Bay
3/11/2004 Hubbs-0416-Tt M 200 Gulf St. Joseph Bay
3/11/2004 Hubbs-0418-Tt M 2255  Gulf St. Joseph Bay
3/11/2004 Hubbs-0419-Tt M 246.5 Gulf St. Joseph Bay
3/11/2004 Hubbs-0420-Tt F 244 Gulf St. Joseph Bay
3/11/2004 Hubbs-0421-Tt M 225 Gulf St. Joseph Bay
3/11/2004 Hubbs-0422-Tt M 241 Gulf St. Joseph Bay
3/11/2004 Hubbs-0423-Tt M 229 Gulf St. Joseph Bay
3/11/2004 Hubbs-0424-Tt F 243 Gulf St. Joseph Bay
3/11/2004 Hubbs-0429-Tt M 2542  Gulf St. Joseph Bay
3/11/2004 Hubbs-0432-Tt M 222 Gulf St. Joseph Bay
3/12/2004 Hubbs-0425-Tt F 243 Gulf St. Joseph Bay
3/12/2004 Hubbs-0426-Tt M 176 Gulf St. Joseph Bay
3/12/2004 Hubbs-0427-Tt M 221 Gulf St. Joseph Bay
3/12/2004 Hubbs-0428-Tt M 236 Gulf St. Joseph Bay
3/12/2004 Hubbs-0436-Tt M 228 Gulf St. Joseph Bay
3/12/2004 Hubbs-0437-Tt F 247 Gulf St. Joseph Bay
3/16/2004 PCNMFS 04-8 M 277 Gulf St. Joe Beach
3/17/2004 SJP0317-15 M 249 Gulf St. Joseph Bay
3/18/2004 SJP0318-17 F 207 Gulf St. Joseph Bay
3/25/2004 SJP0325-32 M 268 Gulf St. Joseph Bay
3/25/2004 SJP0326-34 F 245 Gulf St. Joseph Bay
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