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ABSTRACT 

PHYCOTOXIN LOADS IN BOTTLENOSE DOLPHINS (TURSIOPS 

TRUNCATUS) FROM THE INDIAN RIVER LAGOON ESTUARY  

SYSTEM AND COASTAL ATLANTIC WATERS,  

FLORIDA: 2002 – 2011. 

 

by Jeremy Alan Browning, B.S., CSU Long Beach 

Chairperson of Advisory Committee: Spencer E. Fire, Ph.D. 

 

Harmful algal blooms (HABs) are dramatic increases of algae that produce 

phycotoxins, and these toxins lead to subsequent neurological dysfunction with 

symptomatic illness leading, in extreme cases, to mass mortalities of marine mammals.  

This presents a conservation challenge since the frequency and severity of HABs are 

increasing on a global scale.  Two HAB species that impact marine mammals residing 

in and utilizing an eastern Florida estuary and surrounding coastal Atlantic waters are 

Karenia brevis (K. brevis) and Pyrodinium bahamense (Pyrodinium); these HAB 

species produce the neurotoxins brevetoxin (PbTx) and saxitoxin (STX), respectively.  

These toxins are present at times in high concentrations during a HAB and in almost all 

trophic levels in the food web of bottlenose dolphins (Tursiops truncatus), a sentinel 

marine mammal species in the Florida’s Indian River Lagoon estuary system (IRL) and 

coastal Atlantic waters.  Ecological impacts of present HAB toxins in this region are 

not well understood.  In 2007 a rare and toxic K. brevis HAB event in the coastal 

Atlantic waters bordering Mosquito Lagoon (a water basin bordering the northern 
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Indian River Lagoon) resulted in the detection of PbTx (liver; 11 – 89 ng·g-1)  in most 

of the dead-stranded dolphins analyzed in this region.  However, lack of baseline 

concentrations for HAB toxins in dolphins from this region prevented a full 

understanding of the impact of phycotoxins in this event on a regional scale.  The IRL 

is also an emerging area of concern for STX contamination of other marine organisms. 

In this study, we used an enzyme-linked immunosorbent assay (ELISA) method to 

analyze PbTx and STX in liver tissue from bottlenose dolphins recovered from the IRL 

from 2002–2011 (n = 119).  This tissue aided in completing our primary objective 

establishing preliminary baseline concentration values and concentrations for HAB 

toxin exposure in these animals. For dolphins recovered during baseline conditions, 

toxin concentrations ranged between 0.27 – 1.2 ng·g-1 and 0.41 – 1.9 ng·g-1 for PbTx 

and STX, respectively.  For liver samples from dolphins recovered during exposed 

conditions detected maximum concentrations of 12.1 ng·g-1 and 9.9 ng·g-1 for PbTx 

and STX.  This research also involved attempting to model the probability of detecting 

HAB toxins in dolphins at a given cell abundance; which is a key component when 

determining a dolphins chance of receiving a toxin if its distribution overlaps with a 

‘hot-spot’ for HABs within a period of time.  The detection probability may be useful 

in predicting future HAB impacts on dolphins in this region.  Although HABs in 

eastern Florida are infrequent, cell concentrations approach densities large enough to 

pose significant health risks for both dolphins and human inhabiting this region.  

Continued biomonitoring of HAB toxins is therefore warranted and can aid resource 

managers in assessing future impacts and risks to bottlenose dolphins, a sentinel 

species which inhabits both the IRL estuary and adjacent coastal Atlantic waters 
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INTRODUCTION 

 Marine mammals are frequently described as sentinel marine organisms 

and serve as indicators of ocean health typically because of their long life spans, 

coastal residence, role as top predators, and propensity to accumulate bioavailable 

contaminants and toxins in their tissues (Wells et al. 2004; Stolen & Barlow 2003; 

Odell et al. 1990; Wells et al. 2004; Durden et al. 2007, Fire et al. 2007, Wang 

2008, Bossart 2011, Twiner et al. 2011).  Unfortunately, marine mammal 

populations that live in close proximity to growing human coastal populations are 

at a higher risk for harmful anthropogenic effects (e.g., boat-strikes, fishery 

interactions, and contaminants) than non-coastal populations (Rabalais 2002, 

Burgan & Engle 2006, Durden et al. 2007, Bossart 2011, Hart et al. 2012).  

Therefore coastal marine mammals can provide valuable scientific information on 

the overall quality of the marine environment and can be studied as indicators of 

stress in coastal marine systems.   

Threats to marine mammal health are frequently linked to human health 

because the burdens imposed on marine environments are shared (Kirkpatrick et 

al. 2004, Bossart 2011, Fire & Van Dolah 2012).  Marine mammals are also 

subject to large scale die-offs, or mass mortality events (referred to hereafter as 

MMEs), that can result from a number of factors, including infectious disease, 

ecological disturbance, human interactions, and naturally occurring biotoxins that 

are produced by marine microalgae (Fig. 1).  Over the last 40 years the frequency 
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of MMEs has increased along with a corresponding deterioration of marine 

mammal health.  Harmful Algal Blooms (HABs) are the major factor contributing 

to the exposure of animals to natural toxins produced by HABs (Gulland & Hall 

2007).  The exposure impacts on marine mammals is exacerbated by a global 

increase in the severity and frequency of HABs, and especially in regions where 

marine mammals and HAB toxins co-occur (Hallegraeff 2003; Bejarano et al. 

2008; Scholin et al. 2000; Fire & Van Dolah 2012). 

The source of toxins produced during HABs (phycotoxins) is from 

naturally-occurring, single-celled microalgae present in seawater and often 

common members of the phytoplankton community. Of 5000 known 

phytoplankton species, roughly 80 produce known toxins (Hallegraeff 2003).  In 

many regions, and under most conditions, these toxic algae exist at background 

densities, which are too low to affect organisms living in the marine environment 

(Wang 2008).  However, various biotic and abiotic changes in the environment 

can favor the growth, proliferation, and accumulation of these algae, resulting in 

HABs (Glibert et al. 2005, Masó & Garcés 2006).  Due to their widespread 

impacts on wildlife, human health and marine economies, HABs are generally 

considered a global epidemic (Fig. 2; Hallegraeff 2003, Glibert et al. 2005, Masó 

& Garcés 2006, Gulland & Hall 2007, Wang 2008, Fire & Van Dolah 2012).  

HABs can be initiated by natural oceanographic processes, as well as from over 

enrichment by anthropogenic sources that occur near densely populated coastal
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areas (Howarth et al. 2002, Rabalais 2002, Hallegraeff 2003, Badylak & Phlips 

2004, Glibert et al. 2005, Vargo 2009). Thus some of the impacts of HABs 

inflicted on marine mammal health occur as an indirect result of anthropogenic 

activity, leading to HABs and increased phycotoxin exposure (Gulland & Hall 

2007, Vargo 2009). Toxin-producing HABs can cause detrimental impacts to 

coastal marine communities including massive fish kills, hypoxia, contamination 

of marine food webs, loss of seagrass beds and coral reefs (Smith 1975, Abbott et 

al. 2003, Landsberg 2003, Gannon et al. 2009), and mortalities involving 

humpback whales (Geraci et al. 1989), Mediterranean monk seals (Reyero et al. 

1999), California sea lions (Bejarano et al. 2008), bottlenose dolphins, and 

manatees (Scholin et al. 2000, Fire et al. 2007, Fire & Van Dolah, 2012; 

Flewelling et al. 2005, Fire et al. 2015). 

   

Figure 1.  The number of marine mammal mortality events (MMEs) by year [left] 

and causes [right]; adapted from nmfs.noaa.gov. 
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One region of particular interest where HAB species and marine mammal 

populations co-occur are the coastal waters of Florida, USA. This expansive area 

has a long history of HAB-associated marine wildlife mortality events, and 

because of the frequency of toxic blooms occurring along the west coast, from the 

Panhandle to Sarasota, HAB impacts on marine mammals have been well studied 

(Flewelling et al. 2005, Landsberg et al. 2005, Gulland & Hall 2007, Fire et al. 

2007).  The Indian River Lagoon estuary system (hereafter referred to as “IRL”) 

and adjacent coastal Atlantic waters (hereafter referred to as “coastal Atlantic”) 

are located along the central east coast of Florida (Fig. 3), and have been 

Figure 2.  Sites of described global infiltration of HAB toxins (Fire & Van Dolah 

2012). 
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negatively impacted by HAB species; though not with the same frequency or 

ecological consequences as reported for Florida’s Gulf of Mexico coast (Badylak 

& Phlips 2004, Burgan & Engle 2006, Landsberg et al. 2006, Phlips & Badylak 

2013; Fire et al. 2015, Wolny et al. 2015).  The IRL region is also home to marine 

mammals (i.e., dolphins and manatees) that may access both inshore and coastal 

waters. While ecological and genetic differences may possibly exist between IRL 

and coastal recovered animals and presumably toxin concentrations, this was not a 

focus in this research as a primary objective. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ponce de Leon Inlet 

Mosquito Lagoon 

Northern Indian River 

North Central Indian River 

Sebastian Inlet 

Banana River 

Figure 3.  Portion of the 

250 km long 

Indian River 

Lagoon 

estuary 

system; water 

basins and 

inlets are 

listed.  
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However, despite the co-occurrence of toxin-producing algae and marine 

mammals in the IRL and adjacent Atlantic coastal waters, the relationship 

between HAB exposure and marine mammal health is poorly understood in this 

region.  Likewise, data on toxin concentrations in marine mammals are limited for 

this area. 

The common Atlantic bottlenose dolphin (Tursiops truncatus), hereafter 

referred to as ‘dolphin(s)’, is a long-lived apex predator, is distributed throughout 

Florida waters, and is commonly impacted by HABs.  Of the 21 reported global 

HAB-associated MMEs from 1987–2015, 11 (46%) involved dolphin intoxication 

and mortality, and nine events occurred in Florida waters (Gulland & Hall 2007).  

IRL dolphins are long-term residents, and have a mean population size of 662 

individuals, and a mean annual mortality of 46 dolphins (Durden et al. 2011, 

Waring et al. 2015b).  The federally recognized IRL dolphin stock is composed of 

a number of discrete communities inhabiting four interconnected water basins 

within the IRL: Mosquito Lagoon, Indian River, Banana River, and St. Lucie 

River (Waring et al. 2015b; Mazzoil et al. 2008, Durden et al. 2011, Titcomb et 

al. 2015).  IRL dolphins have been found to bio-accumulate heavy metals within 

the marine environment (e.g. mercury; Durden et al. 2007).  The propensity for 

dolphins to accumulate harmful chemicals from the ecosystem makes them a 

sentinel species and an indicator of the ecological impacts of HAB toxins as well 

as the potential associated threats to dolphin health (Wells et al. 2004, Bossart 

2011, Fire et al. 2015).  Two marine HAB species, Karenia brevis and 
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Pyrodinium bahamense (referred to hereafter as K. brevis and Pyrodinium) 

inhabit the IRL and coastal Atlantic and produce phycotoxins and are associated 

with past MMEs (Fire & Van Dolah 2015).  These two species have often been 

referred to as ‘ecosystem disrupting HABs’ (EDHABs; Glibert et al. 2005).  K. 

brevis (previously Gynodinium brevis), commonly known as the ‘Florida red-tide’ 

organism, is a dinoflagellate endemic to Florida, which has been known to occur 

since the 1840s.  It is distributed predominantly found in the Gulf of Mexico 

(GoM) where it blooms almost annually from mid-summer to late fall (Smith 

1975, Kirkpatrick et al. 2004).  K. brevis produces brevetoxin (PbTx), a lipophilic 

poly-cyclic ether neurotoxin that causes the illness known as neurotoxic shellfish 

poisoning (NSP) in humans (Wang 2008).  PbTx disrupts neuronal transmission 

by binding to voltage-gated sodium channels (VGSCs) in central nervous system 

tissue as well as nerves controlling respiratory muscles and gastrointestinal 

function and causing continuous depolarization (Wang 2008).  Symptoms of 

brevetoxicosis in mammals include chills, headache, diarrhea, muscle fatigue, 

nausea, and vomiting (Hallegraeff 2003).  Two K. brevis-associated MMEs in the 

Florida panhandle in 1999 and 2004 resulted in the deaths of 115 and 107 

dolphins, respectively, with high concentrations of PbTx detected in their tissues 

(Mase et al. 2000; Flewelling et al. 2005).  In 2005-2006, another K. brevis-

associated MME with high levels of PbTx detected spanned much of Florida’s 

Gulf of Mexico coast, and resulted in the deaths of nearly 300 dolphins (Waring 

et al. 2011, Twiner et al. 2012).  PbTx can persist in the marine food web for up 
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to a year in the absence of a K. brevis bloom, and biomonitoring efforts 

demonstrate that dolphins commonly have at least some degree of baseline or 

background PbTx exposure, even during non-bloom periods (Flewelling et al. 

2005, Fire et al. 2007, Landsberg et al. 2009, Twiner et al. 2011).  Although K. 

brevis blooms are rare outside of the GoM, PbTx has been documented in 

stranded dolphins as a concern for contributing factors for increasing mortalities 

along the east coast of Florida (Fire et al. 2015).  A 2007 K. brevis bloom in this 

region co-occurred with elevated numbers of dead-stranded dolphins, in what was 

the first report of a HAB-associated marine mammal MME along the east coast of 

Florida.  During this event, 92% of dolphins sampled tested positive for PbTx, 

and were recovered in areas of high K. brevis cell abundance in the coastal 

Atlantic (Fire et al. 2015).  Furthermore, monitoring indicated K. brevis 

infiltration at inlets along the north and southern IRL (Wolny et al. 2015). 

However, since PbTx biomonitoring efforts have not previously been undertaken 

for dolphins in this region, data that might serve as a reliable reference point to 

estimate the impact of PbTx exposure for this MME do not exist. It is therefore 

necessary to generate toxin data sets that describe exposure of dolphins to PbTx 

during K. brevis blooms as well describe exposure during non-bloom periods 

(baseline). 

Pyrodinium, despite being a dinoflagellate endemic to Florida waters and 

a commonly reported phytoplankton species, was not known to be a toxin 

producer until its involvement in a 2002 outbreak of seafood poisoning involving 
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pufferfish harvested from the IRL (Badylak & Phlips 2004; Landsberg et al. 

2002). Following this event, it was determined that Pyrodinium produces a 

neurotoxin known as saxitoxin (STX), a potent alkaline hydrophilic compound 

responsible for the illness known as paralytic shellfish poisoning (PSP) in humans 

(Gerssen et al. 2010, Stevens et al. 2011).  STX also affects voltage gated sodium 

channels (VGSCs) in neurons and prevents neuronal transmission in the central 

and peripheral nervous system by blocking the channel and conduction; it can also 

destroy heart nerve cells by this same mechanism in respiratory paralysis 

(Gerssen et al. 2010, Stevens et al. 2011).  Symptoms of STX exposure include 

perioral numbness, headache, nausea, vomiting, diarrhea, respiratory distress, 

disorientation; with severe intoxication resulting in death by respiratory paralysis 

(Levin 1992, Hallegraeff 2003, Wang 2008).  The impacts of STX exposure on 

marine mammals include baleen whale and phocid seal mortalities, but these 

mortalities have come as a result of STX production by other phytoplankton 

species (Alexandrium spp.), and generally only along the Pacific coast and 

northeastern waters of the U.S. (Geraci et al. 1989, Reyero et al. 1999).  

However, a die-off of 29 dolphins was reported in the IRL several months before 

the 2002 IRL pufferfish STX outbreak, and retrospective analysis of gastric 

samples from these dolphins detected low levels of STX in stomach contents of at 

least two individuals (Landsberg et al. 2002, Fire & Van Dolah 2012).  Although 

Pyrodinium blooms in the IRL annually (late spring – late fall), biomonitoring for 

STX exposure in IRL dolphins has not been diligently implemented, and the 



10 
 

 

impacts of this toxin on IRL dolphins is unknown (Landsberg et al. 2009, Phlips 

& Badylak 2013, Fire & Van Dolah 2012).  In order to assess potential impacts, 

dolphin STX levels must be known for periods of high Pyrodinium abundance as 

well as during intervals between blooms, later these levels can be monitored long-

term in dolphin communities possibly. 

 There is at current a lack of biomonitoring data for HAB toxins in IRL 

dolphins.  Therefore the aims of this study were to: 1) retrospectively assess PbTx 

and STX exposure in dolphins over a multi-year period, 2) establish a point of 

reference for baseline toxin concentrations, and 3) determine the range of toxin 

exposure during exposed conditions.  Given the likelihood of future HABs 

occurring in the IRL and coastal Atlantic, investigations of future MMEs will 

benefit from a toxin exposure baseline to aid researchers in determining if 

stranded dolphins present toxin levels in excess of a baseline, which could 

potentially be attributed to PbTx and/or STX intoxication.  In western Florida, 

where blooms are frequent and PbTx can persist in the food-web months after a 

HAB, comparing baseline PbTx exposure to event-response exposure has proven 

useful for assessing the severity of HAB impacts on affected dolphins in other 

locations (Fire et al. 2007).  Our study seeks to establish similar baselines for 

PbTx and STX exposure along the east coast of central Florida by analyzing liver 

tissue samples from dolphins recovered from this region from 2002–2011.  This 

period covers several HAB events as well as several intervening periods with no 

HAB activity.  This will allow investigators and resource managers to make 
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comparisons between baseline conditions in this region.  It will also allow for 

comparison of toxin exposure between the dolphins in our sample set and 

dolphins from other locations of HAB occurrence, such as the GoM and western 

Florida coast.   

After establishing baseline PbTx exposure values from our sample set, we 

expect to observe a significant difference in PbTx concentrations between animals 

recovered during K. brevis blooms (Kb-Exposed) and those recovered during 

baseline conditions (Kb-Baseline).  We similarly expect to observe a difference in 

STX concentrations between animals recovered during Pyrodinium blooms (Pb-

Exposed) and those recovered during baseline conditions (Pb-Baseline).  For this 

comparison, our sample dolphins will be grouped according to the K. brevis or 

Pyrodinium abundance observed during the date of stranding and subsequent 

sampling.  Lastly, we expect that as cell abundance increases in a specific area for 

these two HAB species, so will the probability of detecting either PbTx and/or 

STX in dolphins stranding in the same area.  Results will help in understanding 

and possibly mitigating the effects of future HAB-associated MMEs and other 

health related issues in the region.  Likewise these data will inform resource 

managers regarding potential health risks to dolphins in the IRL and surrounding 

coastal waters. 
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METHODS AND MATERIALS 

STUDY AREA  

 Our study site includes both the IRL and coastal Atlantic to about 2 km 

offshore (29°05’N, -80°88’W to 26°58’N, -80°08’W) the IRL is a shallow water 

estuary system located on the Atlantic coast of central Florida shown in Fig. 3 

(pg. 5). It covers a linear distance of 250 km and encompasses 876 km2 (Titcomb 

et al. 2015).  The IRL is divided into several distinct water basins for management 

purposes, including Mosquito Lagoon (ML), northern Indian River (NIR), north-

central Indian River (NCIR), south-central Indian River (SCIR), and Banana 

River (BR) (Woodward-Clyde 1994).  The IRL has five inlets that are connected 

to the Atlantic coast providing limited exchange of ocean seawater to portions of 

the lagoon (Gilmore 1977).  We defined our study area as the spatial extent of 

dolphin strandings received in our sample set; which includes both inshore 

estuarine waters (IRL) as well as nearshore Atlantic-facing beaches (coastal 

Atlantic), out to a distance of 2.0 km. This was the furthest stranding from an 

immediate IRL inlet in our samples received from HSWRI. 

DOLPHIN SAMPLE COLLECTION  

We utilized an existing dolphin-tissue collection as the source of sample 

material for toxin analysis in this study.  This tissue archive consisted of samples 

from reported dolphin carcasses collected by Hubbs-SeaWorld Research Institute 

(HSWRI) from the central eastern Florida waters during 2002–2011.  Due to 

missing FWC data for HAB phytoplankton sampling of K. brevis and Pyrodinium 
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(or classified in this research as “no event” or 0 cells·L-1) we did not request 

2004–2005 dolphin liver samples (n = 20), however, these are available to be 

tested at a later date.  All recovered carcasses were processed following cetacean 

protocols for necropsy and sampling for biotoxin analysis (Geraci & Lounsbury 

2005).  Data associated with each processed carcass included length and other 

morphometric data, sex and estimated age class, date of stranding, geographic 

location of stranding (including water basin), state of decomposition, gross 

pathology, evidence of human interaction and any associated pathological or 

infectious disease findings.  Samples used in this study were primarily from 

carcasses categorized as “fresh dead” or “moderate decomposition”.  Our sample 

set consisted of liver tissue from 119 dolphins, including liver samples from 

dolphins with documented human interaction prior to demise (n = 21).  Although 

other dolphin tissue and fluid types were available, liver tissue was selected 

because it was the most common type of sample readily available from this 

collection, as well as a detoxifying organ expected to concentrate PbTx and STX.  

After tissue samples were processed at necropsy they were stored frozen at -20°C 

or -80°C in labeled Whirl-Pak® bags until extraction. 
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Figure 4.  Map of the Florida Indian River Lagoon and Atlantic Ocean 

(AO) illustrating recovered dolphin strandings (2002–2011) 

included in this study. 
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TOXIN EXTRACTION 

 BREVETOXIN (PbTx).  A 2 g sample of liver tissue was excised from the 

center of the lobe, while frozen, and prepared for PbTx extraction, following 

methods described by Fire et al. (2007).  The sample was mechanically 

homogenized (PRO250 homogenizer and 7 mm probe, PRO Scientific Inc., 

Oxford, CT) in 6 volumes of acetone (1:3 w/v), sonicated for 120 s, and 

centrifuged at 3400 x g at 15°C for 15 min (Allegra X-30R centrifuge, Beckman-

Coulter®, Brea CA).  The supernatant was collected, and the remaining pellet was 

homogenized and centrifuged as above, and the second extraction supernatant was 

combined with the first supernatant fraction, then chilled at -20°C for 1-2 h to 

precipitate particulate matter.  After chilling, the supernatant was filtered through 

a 0.45 µm glass fiber syringe filter membrane (GFx/GHP Acrodisc®, Pall Life 

Sciences, East Hills, NY), then evaporated using a speed vap concentrator (Savant 

SPD131DDA, Thermo®, Waltham, MA) at 75°C, and at 1Torr for 1 h 20 min.  

The dried residue was re-suspended in 90% aqueous MeOH, after which 8 mL of 

hexane was added and mixed with the re-suspended extract to remove lipids and 

other organic particulates.  The MeOH fraction was retained after the hexane 

layer was discarded, and the extract was again evaporated to dryness at 80°C and 

0.1 Torr for 2 h.  The dried residue was re-suspended in 2 mL 100% MeOH, 

resulting in a 1:1 (w/v) extract relative to the original sample mass. Extracts were 

stored in glass vials at -20°C for later analysis. 
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 SAXITOXIN (STX).  Extraction of dolphin liver samples in preparation 

for STX analysis was carried out using methods adapted from Landsberg et al. 

(2006).  A 2 g sample of liver tissue was mechanically homogenized in 0.1 N 

HCl, and the homogenate was adjusted to a pH of 2-4.  The resulting slurry was 

then boiled for 5 min, allowed to cool to room temperature, and centrifuged at 

3400 x g at 15°C for 15 min.  The supernatant was collected and deproteinated 

following methods adapted from Yu et al. (2013).  Briefly, a volume of 400 µL of 

30% (w/v) trichloroacetic acid (TCA) was added to 8 mL of supernatant, vortexed 

for 30 s and the mixture was centrifuged (3400 x g) again for 15 min.  The 

supernatant was collected and adjusted to a pH of 2-4 by addition of 500 µL of 

1.0 M NaOH vortexed for 30 s and centrifuged again (3400 x g, 15 min).  The 

supernatant was collected, and chilled at -20°C for 60 min and filtered with a 0.45 

µm GFx/GHP Acrodisc® syringe filter membrane.  The final extract was 

collected in a glass vial and stored at -20°C for later analysis. 

ANALYSIS OF EXTRACTS 

 BREVETOXIN (PbTx). Dolphin liver extracts were analyzed for PbTx 

using a competitive enzyme linked immunosorbent assay (ELISA) specific for 

this toxin.  Analyses were carried out using commercially available microplate 

ELISA kits, according to protocols developed by the manufacturer (Abraxis, 

Warminster, PA, USA).  Dolphin liver extracts were pre-diluted to 1:10 and 1:20 

dilutions using phosphate-buffered saline and analyzed alongside PbTx standard 

reference material, at concentrations ranging from 0.01 to 2.00 ng·mL-1 (including 
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a blank standard).  The assay was carried out in a 96-well microtiter plate pre-

coated with anti-PbTx antibodies (Ab-PbTx).  A toxin-enzyme conjugate, PbTx-

horseradish peroxidase (PbTx-HRP), was added to each well and allowed to 

incubate in the presence of an equal volume of sample extract (or standard)  for a 

period of 1 h, during which time free PbTx in the extract (or standard) competes 

with PbTx-HRP for binding sites on Ab-PbTx.  After the incubation period, the 

wells were rinsed with 300 mL of PBS-Tween buffered detergent to discard any 

unbound PbTx and PbTx-HRP.  The enzyme substrate tetramethylbenzidine 

(TMB) was added to each well and incubated in the presence of PbTx-HRP bound 

to the well, producing a colorimetric endpoint. After the incubation period of 30 

min the reaction was stopped with 0.3 M sulfuric acid and the absorption was read 

with a spectrophotometer (Spectra Maxi3, Molecular Devices, Sunnyvale, CA) at 

450 nm.   

SAXITOXIN (STX).  Dolphin liver extracts were analyzed for STX using 

commercially available microplate ELISA kits for STX, according to the 

manufacturer’s recommended protocols (Abraxis, Warminster, PA, USA).  Liver 

extracts were pre-diluted to 1:10 and 1:20 and added alongside standards at 

concentrations ranging from 0.02 to 0.4 ng·mL-1 (including a blank standard).  

The assay was carried out in 96-well microtiter plate pre-coated with a secondary 

antibody that binds to primary, anti-STX antibodies (Ab-STX) and immobilizes 

them on the plate. Similar to above, a toxin-enzyme conjugate, STX-horseradish 

peroxidase (STX-HRP), was added to each well and allowed to incubate in the 
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presence of an equal volume of sample extract (or standard) for a period of 30 

min, during which time free STX in the extract (or standard) competes with STX-

HRP for binding sites on Ab-STX.  Following incubation, each well was rinsed 

with 300 mL of buffer and TMB was added and incubated for 30 min.  The 

reaction was stopped with 0.3 M sulfuric acid and the plate was read at 450 nm by 

a spectrophotometer.   

Values for in-assay toxin concentrations (reported in PbTx-3-eq.·mL-1 and 

ng STX-eq.·mL-1) and standard curves were generated by the plate reader 

software  SoftMax® Pro (Molecular Devices, Sunnyvale, CA, USA), and then      

plotted using a 4-parameter logistic dose response curve algorithm                                                        

(e.g., 𝑎𝑏𝑠 =  𝑚𝑖𝑛 +𝑚𝑎𝑥−𝑚𝑖𝑛 1+
𝑐𝑜𝑛𝑐.(

𝑛𝑔
𝑚𝐿)

𝐸𝐶50

−𝐻𝑖𝑙𝑙𝑠𝑙𝑜𝑝𝑒

⁄ ).  After fitting standard curves, the EC75 

value from the ratio of sample absorbance to maximum absorbance was chosen as 

the lower limit of detection for both toxins.  Each confirmed positive sample was 

quantified if in that particular assay it fell between the EC75 and EC20 on our fitted 

curve (the linear portion).  The method limit of detection varied from assay to 

assay, but under ideal conditions in the original liver tissue was approximately 

0.20 ng PbTx-eq.· g-1 for PbTx, and 0.30 ng STX-eq.· g-1 for STX.  

HAB PHYTOPLANKTON MONITORING SAMPLES 

 Data for K. brevis and Pyrodinium abundance in the IRL and coastal 

Atlantic waters during our study period were taken from a historical database for 

phytoplankton monitoring maintained by the Florida Fish and Wildlife 
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Conservation Commission (FWC) since 1997.  The subset of this data archive 

used in the present study consisted of samples for K. brevis (n = 3,456) and 

Pyrodinium (n = 3,379) collected between the years 2000–2014, from intercoastal 

and nearshore waters queried from around 29°05’N, -80°52’W to 27°27’N,           

-80°05’W (FWC, HAB historical database 2015).  Data included sample date, 

species, abundance (cells·L-1) and latitude/longitude.  Coordinates were converted 

to decimal degrees for later use in a geographic information systems (GIS) 

database program, ArcMap 10.2® (ArcGIS 10.2, Environmental System Resource 

Institute (ESRI), Redlands, CA, USA). 

GIS DATA MANAGEMENT  

 ArcMap 10.2 was used to construct digital maps of phytoplankton 

abundance to categorize animals from our sample set as either “exposed” 

dolphins, or “baseline” dolphins.  Phytoplankton data were also used to 

investigate the relationship between cell abundance and the probability of 

detecting PbTx and/or STX in dolphins inhabiting the IRL and surrounding 

waters, and used to qualify the possible location specific toxin exposure.  All 

spatial data were assigned to the geographic coordinate system ‘GCS_North 

American 1983_HARN’ used in small area analysis from the ArcMap 10.2 

catalog of GCS systems with HARN_Albers projection.   

A Kriging interpolation raster display function showing historical 

maximum cell abundance (i.e., aggregate hot spots; density contours) was also 

applied to the phytoplankton data using the Geostatistical Wizard package in 
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ArcMap 10.2.  This function interpolates new phytoplankton abundance values 

using semivariogram information from the original data set.  One value-option set 

manually was the choosing of max cell abundance samples (historical high 

abundance) as the centroid in analysis if FWC samples overlapped in proximal 

location.  Therefore, max values were chosen from the original data to build the 

model only at any one location for our model input data.  This spatial algorithm 

then displays interpolated data from the original data as a ‘raster’ image using 

nearest neighbor joining statistics displayed as quantified density contours across 

the study area classified as a gradient using original data units (i.e., cells·L-1)  and 

color schemes (Fig. 5).  This feature can be used qualitatively to help describe and 

interpret possible spatial trends in quantitative data and dolphin recovery locations 

(i.e., ELISA results and phytoplankton ‘hot-spots’). 
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DEFINING EXPOSURE GROUPS 

 In order to categorize each dolphin as either “exposed” or “baseline” with 

respect to K. brevis or Pyrodinium, a representative value for HAB exposure was 

assigned to each dolphin based on its temporal and spatial proximity to available 

phytoplankton data.  For temporal proximity, we chose the subset of 

phytoplankton data sampled from the IRL and nearshore (within 2 km) that fell 

within a 30-day window, prior to each dolphin’s stranding date.  We assumed the 

stranding date to also be the date of death, and the end of possible toxin exposure. 

We selected the 30-day period as means of accounting for lag time between toxin 

production, trophic transfer through prey, and subsequent intoxication of the 

dolphin (Fire et al. 2007).  

For spatial proximity, the above subset of phytoplankton data was filtered 

further by selecting only those data points that occurred within each dolphin’s 

estimated home range (i.e., the long-term, spatial distribution of all observations 

of an individual; Burt 1943).  We assumed the stranding location to be the 

location of death and center of the home range, and that post-mortem migration of 

the carcass due to surface currents was negligible.  Published sighting history 

data, and calculated home ranges for individual IRL dolphins are available for 

some, but not all the dolphins included in our study (Mazzoil et al. 2008; personal 

communication W. Durden, HSWRI).  We therefore used existing home range 

data to estimate a mean-home range representative of all dolphins in our sample 

set, assuming similar travel behavior patterns, regardless of individual variation 
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within a 30-day period.  We selected 40 km as the ‘ideal’ maximum linear 

distance across each dolphin’s 30-day home range, and used a 20 km (half the 40 

km maximum distance) radius centered on each stranding location, to select 

phytoplankton data associated with each dolphin recovered (Mazzoil et al. 2008; 

unpublished data & per. comm. W. Durden).  ArcMap 10.2 (Buffer Tool) was 

used to construct a polygon buffer as a digital feature with a 20 km radius around 

each dolphin stranding location.  The GIS layer containing phytoplankton spatial 

data was then intersected (Intersect Tool), and filtered for each unique temporal 

buffer (Fig. 6).  The resulting filtered subset of data was retained as each 

dolphin’s set of associated values for phytoplankton abundance (Appendix, Table 

1).  We chose the maximum cell abundance (cells·L-1) value for K. brevis and 

Pyrodinium a period of time prior to the death of the dolphin.  We then 

categorized each dolphin’s representative values for exposed (or baseline).   

Based on criteria established by FWC phytoplankton monitoring efforts 

for categorizing the severity of K. brevis blooms, we chose a threshold cell 

abundance of  ≥100,000 cells·L-1 as the minimum value for a K. brevis bloom for 

this study (personal communication D. Blackwood, FWRI).  Similarly, based on 

phytoplankton monitoring data describing HABs in Costa Rica (a region with 

frequent Pyrodinium blooms), we chose a threshold cell abundance of  ≥15,000 

cells·L-1 as the minimum value for a Pyrodinium bloom for this study (Harmful 

Algae Event Data Base (HAED); Vargas-Montero & Freer 2002).  We compared 

the representative values for each dolphin’s HAB exposure to the appropriate 
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threshold cell abundance level as a way to assign dolphins to either the exposed 

group or the non-exposed group for each phytoplankton species.  Dolphins with a 

maximum associated K. brevis value of ≥100,000 cells·L-1 were assigned to the 

“Kb-Exposed” group, and those with values <100,000 cells·L-1 were assigned to 

the “Kb-Baseline” group.  Similarly, dolphins with a maximum associated 

Pyrodinium value of ≥15,000 cells·L-1were assigned to the “Pb-Exposed” group, 

and those with values <15,000 cells·L-1were assigned to the “Pb-Baseline” group.  
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Figure 6.  Example of a single dolphin stranding (Lab ID: SxL44) [above left] in 

2008 and the buffer created from the estimated home range surrounding 

it (grey) while intersecting Pyrodinium HAB data points (dark green). 

SxL44        
 
Pyrodinium 

(FWC data)  
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DATA ANALYSIS 

After assigning each dolphin to an exposure group according to the 

procedures outlined above, we investigated the difference in detected toxin 

concentrations between dolphins in exposed vs. baseline conditions for both K. 

brevis and Pyrodinium.  We compared our two sets of exposure groups for toxins 

using a student’s two-sample t-test, carried out using R (R core team 2016; 

Vienna, Austria) statistical programming software ‘t.test’ function with 

μ=baseline.  A power analysis (G*power3© 2014, Universität Düsseldorf, 

Germany) was also implemented to quantify our ability to detect a difference in 

our t-test analysis (1-β).  Considering unequal sample sizes between our groups 

(exposed vs. baseline) and larger expected variation within exposed groups 

describing post hoc statistical power was warranted. 

We also created a probabilistic model predicting the probability of 

detecting PbTx or STX in an individual dolphin based on the magnitude of its 

exposure to K. brevis or Pyrodinium cell abundance.  When either of these algal 

species increases within the dolphin’s estimated home range, we predicted that the 

likelihood of a ‘positive’ result will increase with cell abundance.  For this 

procedure we applied a simple logistic regression to our data, which was binary, 

positive for a toxin (success=1), or negative for a toxin (failure=0).  We included 

cell abundance as a discrete continuous predictor variable for this model.  Using 

the R generalized linear model function, with the link ‘logit’ from the binomial 

family, for success/failure analysis in odds ratio calculation, the objective for our 
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model is to test if there is a significant increase in the probability of positive 

group affiliation as cell abundance increase (e.g., P(𝑑𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛) =  1 [1+𝑒
−𝛽1(

𝑐𝑒𝑙𝑙𝑠
𝐿 )+𝛽0]⁄ ).  

The model determines at what cell abundance is there a 50 % chance for 

phycotoxins presented here to be detected in dolphin liver tissue.  Toxins enter 

marine mammals mainly through food web contamination and trophic transfer, 

and so as a ‘bloom’ occurs and dissipates we expect the toxin to make its way into 

dolphin prey items.  This infiltration will likely increase as cell abundance 

increases in marine areas with elaborate food webs such as the IRL which has 5-6 

trophic levels (Abbot et al. 2003, Landsberg et al. 2006). 
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RESULTS 

PHYTOPLANKTON DATA 

 K. BREVIS. A time series of the K. brevis abundance data shows 

evidence of two bloom events during our study period, occurring in 2002 and 

2007 (Fig. 7).  Both blooms occurred in late fall to early winter and make up a 

bulk of the HAB data set for the Kriging interpolative analysis, with cell 

abundance exceeding 12,000,000 cells·L-1 in 2002 and 5,000,000 cells·L-1 in 2007 

(Fig. 7), and displayed as red in Fig. 5 (pg. 21).  The 2002 bloom occurred near 

Sebastian Inlet, from October to December of that year.  The 2007 bloom 

occurred in the northern part of Mosquito Lagoon and Banana River as well as in 

coastal Atlantic waters, from September to December that year.   
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Figure 7.  K. brevis cell abundance and dolphin strandings analyzed for brevetoxin 

(PbTx) for the 2002-2011 study period. Solid black line is threshold for 

bloom-level abundance; dotted line is background abundance.  
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 PYRODINIUM. A time series of the Pyrodinium abundance data 

demonstrates eight blooms exceeding 15,000 cells·L-1 occurring annually from 

2005–2012, with peak abundances typically occurring in September (Fig. 8).  

These blooms predominantly occurred in the central portions of the northern 

Indian River and Banana River, during late summer to early fall (Badylak & 

Phlips 2004), with a maximum cell abundance of ≥ 9,000,000 cells·L-1 being 

observed during the August 2012 bloom (Fig. 8).  The lowest observed ‘peak’ 

event was 166,000 cells·L-1 occurring 14 April 2003.   
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Figure 8.  Pyrodinium cell abundance and dolphin strandings analyzed for saxitoxin 

(STX) for the 2002-2011 study period. Solid black line is threshold for 

bloom-level abundance; dotted line is background abundance.  
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COMBINING IRL AND COASTAL SAMPLES 

The stranding locations for the dolphins included in this study were 

broadly distributed across nearly the full range of the study area (Fig. 4).  Nearly 

all dolphins were recovered from beaches or shallow nearshore (< 100 m) 

locations, with only one individual recovered ~2 km offshore.  Of the 119 

dolphins in our sample set, 66% (n = 78) were recovered from inshore IRL waters 

and 34% (n = 41) were recovered from coastal Atlantic beaches.  Prior to analysis 

we made a decision to combine IRL and Atlantic coastal samples for both PbTx 

and STX toxin analysis to evaluate the study area broadly for 

temporal/geographical patterns. Dolphins from the two water basins (Indian River 

Lagoon and coastal Atlantic Ocean) can later evaluated by water basin in order to 

provide baseline concentrations for each area. 

Based on the maximum representative K. brevis cell abundances for each 

individual, the dolphins in our sample set were grouped as follows: 8 % (10 of 

119) dolphins stranded in association with K. brevis blooms (100,000 to 

1,246,000 cells·L-1) and were assigned to the Kb-Exposed group, while 92 % (109 

of 119) stranded during non-bloom conditions (0 to 1000 cells·L-1), and were 

assigned to the Kb-Baseline group (Table 1).   

Based on the maximum representative Pyrodinium cell abundances for 

each individual, the dolphins in our sample set were grouped as follows: 13 % (16 

of 119) dolphins stranded in association with Pyrodinium blooms (17,600 to 

688,800 cells·L-1) and were assigned to the Pb-Exposed group, while 87 % (103 
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of 119) stranded during non-bloom conditions (0 to 13,000 cells·L-1), and were 

assigned to the Pb-Baseline group (Table 2).   

ELISA RESULTS 

BREVETOXIN.   Overall, 12 % (n = 14) of the 119 dolphin liver samples, 

included in this study, tested positive for PbTx; the remaining 88 % (n = 109) 

were below the limit of detection (< dl; Table 1).  Toxin concentrations detected 

in PbTx-positive dolphins ranged from 0.22 to 12.3 ng·g-1 in liver tissue.  For the 

Kb-Exposed group, 80% (n = 8) of the 10 individuals analyzed were positive for 

PbTx, at concentrations ranging from 0.22 to 12.3 ng·g-1 (mean = 6.3 ng·g-1).  For 

the Kb-Baseline group, 6% (n = 6) of the 109 individuals analyzed were positive 

for PbTx, at concentrations ranging from 0.27 to 1.2 ng·g -1 (mean = 0.62 ng·g-1), 

only four positive-animals came from estuarine waters, near inlets.  Using a 

Welch two sample t-test to compensate for unequal variances and sample sizes 

(McDonald 2009) we found a significant difference (t-test; t0.05,119 = 2.9106, df = 

9.002, P = 0.0086; power = 0.998) in toxin concentrations detected between the 

Kb-Baseline and the Kb-Exposed groups (Fig. 9). 
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SAXITOXIN.  Overall, 13 % (n = 16) of the 119 dolphin liver samples included 

in this study, tested positive for STX; the remaining 87 % (n = 104) were below 

the limit of detection (< dl; Table 2).  Toxin concentrations detected in STX-

positive dolphins ranged from 0.83 to 9.5 ng·g-1 in liver tissue.  For the Pb-

Exposed group, 57 % (n = 9) of the 16 individuals analyzed tested positive for 
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Kb-Exposed Kb-Baseline 

Dolphins (n =) 10 109 

% Positive 80 % (8/10) 6 % (6/109) 

Range cells·L-1 100,000 - 1,246,000 0 - 1000 

Range PbTx (ng·g-1) 0.22 - 12.3 0.27 - 1.2 

Mean PbTx (ng·g-1) 6.3 0.62 

Table 1.  Summary statistics of dolphin exposure groups with different K. 

brevis exposure, and concentrations of PbTx detected by ELISA 

in dolphin liver tissue. 

* 

Figure 9.  Comparison of PbTx concentrations between exposure groups (� ± S.E.); 

* denotes significant difference. 
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STX, at concentrations ranging from 1.0 to 9.9 ng·g-1 (mean = 3.2 ng·g-1).  For 

the Pb-Baseline group, 7 % (n = 7) of the 103 individuals analyzed tested positive 

for STX, at concentrations ranging from 0.45 to 1.9 ng·g -1 (mean = 0.92 ng·g-1).  

Using a Welch two sample t-test we found a significant difference (t-test; t0.05,119 

= 14.045, df = 14.045, P = 0.0132; power = 0.983) in toxin concentrations 

detected between the Pb-Baseline and the Pb-Exposed groups (Fig 10). 

 

 
  

 
Pb-Exposed Pb-Baseline 

Dolphins (n =) 16 103 

% Positive 57 % (9/16) 7 % (7/103) 

Range cells · L-1 17,600-688,800 0-13000 

Range STX(ng · g-1)  1.0-9.9 0.41-1.9 

Mean STX (ng · g-1) 3.2 0.92 
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Figure 10.  Comparison of STX concentrations between exposure groups (𝑥 ± S.E.); 

* denotes significant difference. 

 

Figure 9.  Comparison of STX concentrations between exposure groups (𝑥± S.E.); 

(*) denotes significant difference. 

Pb-Baseline 
 

Pb-Baseline 

Pb-Exposed 
 

Pb-Exposed 

Table 2.  Summary statistics of dolphin exposure groups with different 

Pyrodinium exposure, and concentrations of STX detected by 

ELISA in dolphin liver tissue. 

 

Table 2.  Distribution of dolphins into differen P. bahamense exposure 

groups and concentrations of STX detected by ELISA in 

dolphin liver. 

* 

 

* 
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MODELING TOXIN DETECTION FOR PBTX.  Our logistic regression model 

demonstrated that as the representative K. brevis cell abundance value, associated 

with each stranded dolphin increases, there was a significant increase in the 

probability of detecting PbTx in that individual (chi-square; X2
0.05,119 = 10.657, df 

= 1, R2=0.33, P = 0.0011; Fig. 11).  For every additional 1 cell·L-1 increase, the 

increase in probability of detecting toxin is 3.697 x 10-6.  Therefore at a K. brevis 

abundance of 6.25 x 105 cells·L-1, there is a 0.5 probability of detecting toxin in 

the animal; this represents a 131 % increase in the probability of being associated 

with the positive group at this cell abundance.  As cell abundance increases the 

odds a stranded dolphin being tested is positive also increases. 

 

 

 

𝜋(𝑥) =
1

1 + 𝑒−0.000003697𝑥+2.282
 

 

 

𝜋(𝑥) =
1

1 + 𝑒−0.000003697𝑥+2.282
 

 

Figure 11.  Logistic regression model and probability of detecting PbTx with 

increasing K. brevis abundance. 50 % probability of detection occurs 

at or greater than 625,000 cells · L-1 (indicated by black lines). Black 

markers are PbTx-positive (probability 1.0) and PbTx-negative 

(probability 0.0) dolphins. 
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MODELING TOXIN DETECTION FOR STX.  Similarly, the logistic regression 

model demonstrated that, as the representative Pyrodinium cell abundance value 

associated with each dolphin increases, there is a significant increase in the 

probability of detecting STX in that individual (chi-square; X2
0.05,119 = 14.975, df 

= 1, R2 = 0.42, P = 0.00011; Fig. 12).  For every additional 1 cell·L-1 increase, the 

increase in probability of detecting toxin is 2.903 x 10-5.  Therefore at a 

Pyrodinium abundance of 8.2 x 104 cells·L-1 there is a 0.5 probability of detecting 

toxin in the animal.  This is a 191 % increase in probability of being associated 

with the positive group at this cell abundance, as well as increase in odds of a 

positive detection for STX. 

 

 

 

𝜋(𝑥) =
1

1 + 𝑒−0.00002903𝑥+2.340
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1

1 + 𝑒−0.00002903𝑥+2.340
 

Figure 12.    Logistic regression model and probability of detecting STX at 

increasing Pyrodinium abundances. 50 % probability of 

detection occurs at or greater than 82,000 cells · L-1 (indicated 

by black lines). Black markers are dolphin samples either 

positive or negative for STX. 

 

 

 

Figure 11.   Logistic regression model showing probability of detecting STX 

at increasing P. bahamense abundances. 50% probability of 

detection occurs at or greater than 82,000 cells · L-1 (indicated by 
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DISCUSSION 

Overall, our results are consistent with previous work demonstrating 

baseline PbTx exposure in dolphins from regions with a known history of K. 

brevis blooms.  Despite not being associated with any detectable Kb bloom, 6 % 

of our Kb-Baseline group dolphins, tested positive for PbTx in liver tissue.  This 

is somewhat lower than the frequency of detection reported for dolphins in 

Sarasota, Florida, where 38 % of animals were PbTx-positive when sampled 

between K. brevis blooms (Fire et al. 2007).  This lesser proportion of toxin-

positive animals in the IRL and coastal Atlantic is possibly a result of the lower 

frequency of occurrence of K. brevis blooms in the region compared to the GoM 

coast, where the nearly annual K. brevis blooms may serve as a constant 

reintroduction of PbTx into the food web (Steidinger et al. 1998).  The range of 

PbTx concentrations we detected in Kb-Baseline dolphin liver (0.22–1.2 ng·g-1) 

was also lower than that reported for the Sarasota population, which ranged from 

8 – 21 ng·g-1 in dolphins sampled outside of a K. brevis bloom.  This may be due, 

in part, to the differences in bloom frequency mentioned above and/or the lesser 

severity of such blooms in the study site along the coastal Atlantic compared to 

the Gulf of Mexico coast (Fig. 13; Wolny et al. 2015).  Differences in prey choice 

are also a common factor influencing HAB toxin exposure, however this is 

unlikely to be responsible for the differences in toxin exposure observed between 

the IRL/coastal Atlantic and the GoM coast dolphins, since both populations have 

similar foraging habits (Barros & Wells 1998).  In fact, this similarity in diet may  
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Figure 13.  Kriging interpolative maps visible through study area for 

historical K. brevis data; dolphin samples included with PbTx 

displayed at 25% transparency in four concentration density 

categories; <dl samples are not transparent. 

 

Figure 13.  Kriging interpolative maps visible through study area (Volusia 

– Indian River County) for historical K. brevis data; dolphin 

samples included with PbTx displayed at 25% transparency in 

four concentration density categories; <dl samples are small 

dark grey circles (AO dolphins). 
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help explain why PbTx is detected in IRL/coastal dolphins in the absence of a K. 

brevis bloom, given that the primary prey fish of both populations can be vectors 

of PbTx for months post-bloom  (Doucette et al. 2006; Fire et al. 2008, Worthy & 

Worthy 2008). 

Our study also demonstrates that the degree of PbTx exposure in our Kb-

Exposed dolphins was an order of magnitude greater than that of our Kb-Baseline 

dolphins, both in terms of frequency of exposure and maximum concentrations 

detected.  PbTx in Kb-Exposed dolphins reached concentrations of 12.3 ng·g-1 

(compared to 1.2 ng·g-1 in Kb-Baseline dolphins), and was detected in 80 % of 

individuals (compared to 6% in Kb-Baseline dolphins).  This difference in 

exposure between groups was somewhat greater than that reported for Sarasota 

dolphins, where PbTx in ‘exposed’ dolphins reached concentrations of 71 ng·g-1 

(3.4 times greater than the 21 ng·g-1 in ‘baseline’ dolphins), and was detected in 

63 % of individuals (compared to 38 % in ‘baseline’ dolphins; Fire et al. 2007).  

These data may be useful for official investigative teams and resource 

managers in their efforts to assign a cause for large-scale dolphin mortality 

events, especially when those events are rare, but also associated with K. brevis 

blooms (Fire et al. 2015).  Assigning PbTx exposure as a cause of death is often 

complicated by multiple lines of evidence, such as gross pathological, 

histopathological, and toxicological findings in a dolphin as well as the abundance 

of K. brevis co-occurring at the time of stranding (Landsberg 2002).  Given that 

Sarasota and the east central Florida are the only two dolphin populations with 
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data for PbTx exposure both for baseline and exposed-conditions, we suggest a 

three to ten-fold increase above baseline concentrations as an additional metric by 

which to evaluate PbTx exposure as a contributing cause of death during future 

investigations of dolphin mortality events in our study area. 

When compared with large-scale dolphin MMEs associated with K. brevis 

blooms along the GoM coast, the degree of PbTx exposure in our study area Kb-

Exposed dolphins is relatively modest.  In a 1999-2000 die-off in the Florida 

panhandle, 32 % of dolphin livers tested positive (7 of 22), with PbTx 

concentrations of up to 138 ng·g-1 (Mase et al 2000).  In the same region in 2004, 

100 % of livers (13 of 13) tested positive, with up to 104 ng·g-1 PbTx detected 

(Flewelling 2005).  In the most recent panhandle mortality event in 2005-2006,   

34 % (12 of 35) of livers tested positive, with up to 278 ng·g-1 PbTx detected 

(Twiner et al. 2012).  Although each of these MMEs resulted in over 100 dolphin 

mortalities, it remains unclear whether the maximum PbTx concentrations in liver 

tissue are an accurate metric ultimately comparing the relative degree of overall 

PbTx exposure between events.  This is evident given the wide variability of 

PbTx detected in other sample types from these animals (Twiner et al. 2012). 

Unfortunately, since the only data for PbTx exposure in Florida dolphins are from 

event-response efforts to die-offs, baseline PbTx exposure values in this region 

are unknown, preventing useful comparisons to our regional baseline data.  Future 

efforts investigating PbTx exposure in bottlenose dolphins would benefit from 

establishing baseline values in these regions with frequent die-offs, in order to 
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complement the IRL/coastal Atlantic and Sarasota datasets, and to use this 

‘increase in exposure above baseline’ as an evaluative tool during investigations 

of future mortality events.  

The present study represents the first report of STX exposure in bottlenose 

dolphins, as well as describing the baseline and range of STX accumulation in 

dolphins from a region with frequent Pyrodinium blooms.  For IRL dolphins 

stranding outside of a detectable Pyrodinium bloom (Pb-Baseline group), 7 % 

tested positive for STX in liver tissue, compared with 57 % of Pb-Exposed 

dolphins testing positive.  Pb-Exposed dolphins had STX concentrations (1.0 – 

9.9 ng·g-1) significantly greater than those detected in Pb-Baseline dolphins (0.41 

– 1.9 ng·g-1), up to a 5-fold difference in maximum concentrations.  A noteworthy 

finding among our Pb-Baseline group was a female dolphin and her fetus (Hubbs-

0916-Tt and fetus) which had STX concentrations of 1.8 and 0.41 ng·g-1, 

respectively.  This is an indication that STX can cross the placental barrier, and 

may have serious implications for in utero exposure of dolphins during 

Pyrodinium blooms.  Three cases that tested positive for STX (0.83 – 5.9 ng·g-1) 

had also died from a source human interaction.  Unfortunately, no other published 

data for STX exposure in dolphins are available for comparison to the rest of our 

sample set, however STX concentrations up to 280 ng·g-1 have been reported in 

liver from Mediterranean monk seals (Monachus monachus) involved in mass 

mortality event occurring in NW Africa in 1997 (Hernandez 1998; Reyero 1999).  

In the IRL specifically, Pyrodinium has only recently been identified as a 
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toxigenic species during the 11-year span of our phytoplankton dataset since 

regular monitoring for Pyrodinium began (c. 2002).  Blooms have occurred in 8 

of these 11 years (FWC; Landsberg et al. 2006).  

The region of the IRL from Titusville to south of Melbourne in Brevard 

County Florida containing NIR, NCIR, and BR water basins are a series of 

connected ‘hot-spots’ within the IRL for HABs of Pyrodinium (Fig. 14; Badylak 

& Phlips 2004, Phlips & Badylak 2013).  This combined with our toxicological 

results suggests that Pyrodinium blooms are an emerging health risk for IRL 

dolphins, or more critically, communities of dolphins in the IRL (Mazzoil et al. 

2008, Titcomb et al. 2015).  STX-related mortality events may pose a health risk 

to these animals inhabiting the IRL; these dolphin communities have already been 

listed as a health compromised community, respectively.  Should such an event 

occur, we propose a five-fold increase above baseline STX concentrations as an 

additional metric by which to evaluate STX exposure as a contributing cause of 

death during future investigations of IRL dolphin mortality events 

Interestingly comparing our quantitative data and qualitative data an 

aspect of our results indicated that certain regions of our study area tended to have 

more frequent and/or greater presence of either K. brevis or Pyrodinium shown in 

Fig. 13 (pg. 37) & Fig. 14 (pg. 42).   For example, Pyrodinium bloomed almost 

exclusively within the inshore waters of the IRL, in the central part of the study 

area.  In contrast, K. brevis tended to bloom primarily along the coastal  
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Figure 14. Kriging interpolative maps visible through study area for 

historical P. bahamense data; dolphin samples included 

with STX displayed at 25% transparency in four 

concentration density categories; <dl samples are not 

transparent. 
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Atlantic-facing beaches of the study area, and was generally restricted to the 

southernmost third of the IRL/Atlantic region.  Possibly as a consequence of this 

heterogeneous distribution, a greater proportion of dolphins (20 %) recovered 

from the beaches were PbTx-positive compared to those recovered inshore (8 %).  

Since these two groups of dolphins are classified as distinct stocks with different 

movement and feeding habits (Waring et al. 2015a), we might expect to see 

greater toxic impacts from future K. brevis blooms on coastal Atlantic dolphins 

versus those that are resident to the inshore IRL water basins exposed to 

Pyrodinium blooms; trophically through prey items which accumulate 

phycotoxins in the wake of a current or previous bloom (Landsberg 2002). 

Due to the event-response nature of the phytoplankton and stranding-

based datasets employed in this study, our data incurred some degree of sampling 

bias, both spatially and temporally as not every carcass can be recovered.  Also, 

the distribution of dolphins in our sample set was not homogenous across all years 

of our study period, or across seasons (i.e., 16 dolphins sampled for liver tissue 

during 2002–2006 vs. 103 during 2007–2011); in 2008 particularly there was a 

declared UME within the northern Indian river of the IRL in which case a number 

of dolphins were recovered (unpublished data).  In addition, the majority of 

dolphins in this study were recovered from the central portion of the study area, 

which tends to have a higher reporting rate for dolphin carcasses due to the 

increased density of boaters and marinas in this region (Stolen et al. 2016). 
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An additional methodological limitation of this study was selecting a 

single threshold value for cell abundance as criteria for categorizing dolphins as 

either ‘exposed’ vs ‘baseline’ animals.  This necessarily ignores cell abundance as 

a continuous variable and treats it as a presence/absence factor, resulting in an 

oversimplification of natural processes.  In addition, the 30-day window and 40 

km buffer used to assign cell abundance data with individual dolphins were based 

on assumptions from limited data describing dolphin movement habits within the 

IRL and residence time of toxins within a given food web.  Further study of the 

impacts of HAB toxins on IRL and central eastern Florida coastal Atlantic 

dolphins would be much improved with the availability of individual home ranges 

for known dolphins, as well as experimental data describing the trophic transfer 

rates of HAB toxins from primary producers to possible vector organisms to 

dolphins (Naar et al. 2007).  

Our predictive model for detecting toxins in an individual dolphin at a 

given abundance of phytoplankton may serve as a useful tool for evaluating which 

proportion of blooms occurring over a given period are likely to have impacts on 

IRL dolphins.  In particular, the model can be used as a metric to estimate 

exposure to live, free-ranging dolphins in the absence of stranding-based toxin 

data.  If phytoplankton abundance data (as a proxy for exposure) are collected in 

concert with boat-based focal animal behavioral data (as a proxy for response), 

one can compare the frequency of behaviors that may, indicate neurotoxic 

symptoms or disturbance behavior, and investigate ecological responses to 
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toxigenic blooms (Fire 2007, McHugh et al. 2011).  The predictive model may 

also be useful as a way to determine the most relevant sample type to test for 

toxin exposure during HAB-associated dolphin mortality events.  Since gastric 

contents and feces tend to accumulate much higher concentrations of HAB toxins 

compared to liver (Fire 2007; Flewelling et al. 2005), we would expect the 0.5 

probability threshold in our model to correspond to increased phytoplankton cell 

abundances if this model was applied using toxin concentrations detected in 

gastric and feces samples.  Future studies may combine toxin analysis of several 

types of tissues from exposed dolphins and apply the predictive model to each 

tissue type, and use the sample type with the lowest 0.5 threshold as the most 

“sensitive” tissue in terms of toxin accumulation. 

In conclusion, we have demonstrated that IRL/coastal Atlantic dolphins 

are exposed to low levels of PbTx and STX even in the absence of associated 

blooms of K. brevis or Pyrodinium – our baseline. We have also documented 

differences in exposure for PbTx and STX in coastal Atlantic vs. IRL recovered 

dolphins and found that PbTx exposure is generally much lower in IRL dolphins 

compared with GoM, possibly due to the infrequency of K. brevis blooms along 

the east coast of Florida. Post hoc evaluations allude to differences in exposure 

for PbTx and STX by comparing the coastal Atlantic recovered animals to the 

IRL recovered animals.  This comparison suggests that PbTx received on the 

Atlantic coast is higher than within the IRL due to the location of previous K. 

brevis HABs occurring mainly on the coast or at inlets that exchange with the 
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Atlantic ocean waters (t-test; t0.05,14 = 2.631, df = 9.012, P = 0.0136).  Conversely, 

STX concentrations in IRL dolphin tissue are significantly different from those in 

coastal Atlantic waters (t-test; t0.05,17 = 1.761, df = 14.027, P = 0.017); which can 

be due to toxic Pyrodinium that is mainly detected in the IRL, primarily in the 

NIR, NCIR, and BR (Badylak & Phlips 2004).  Future analysis of the years 2012–

2016 would be needed to increase our sample size and precision, and potentially 

establish different baselines for STX within each water basin where Pyrodinium is 

predominantly found.  Future studies should further develop these baseline 

datasets as criteria for evaluating the association of HABs as contributors to 

dolphin mortality events in Florida waters.  Likewise, baseline data can be used to 

assess the impact of low concentrations of toxin exposure over prolonged periods 

and the potential association with decreasing IRL and coastal Atlantic dolphin 

health.  This is a species already known to be immunosuppressed with observed 

prevalence of skin lesions and histopathological assessment that shows a high rate 

of bacterial and fungal infections in the lungs and on the epidermis (Bossart et al. 

2003).  HAB toxins may exacerbate the process and low exposures of STX have 

been correlated with an increase in infection rates of marine mammal culture cells 

to viral infections.  Therefore, saxitoxin may serve as a natural chemical stressor 

in Indian River Lagoon dolphins. Continued GIS data collection and analysis may 

allude to future impacts on marine mammal health in this region (Bossart et al. 

2003; Bogolmoni et al. 2016; Pierce & Henry 2008; Gulland 2006, Gulland & 

Hall 2007). 
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APPENDIX A 

A-1)  Data for analysis in this research; bold-underlined field numbers represent 

dolphins that perished from final human interaction causes. 

Field  

Number 
County 

Water  

basin 
Date 

Pb                     

(cells/L) 

STX                  

(ng/g) 

Kb                

(cells/L) 

PbTx                    

(ng/g) 

Hubbs-0202-Tt Brevard AO 1/27/2002 17,600 <dl 0 <dl 

Hubbs-0206-Tt Brevard AO 3/18/2002 13,000 <dl 0 <dl 

Hubbs-0218-Tt Brevard BR 4/27/2002 12,300 <dl 0 <dl 

Hubbs-0219-Tt Brevard NCIR 6/1/2002 12,000 <dl 0 1.2 

Hubbs-0222-Tt Brevard NIR 6/12/2002 166,000 1.4 0 <dl 

Hubbs-0226-Tt Brevard BR 7/5/2002 10,600 <dl 0 <dl 

Hubbs-0236-Tt Volusia Halifax River 8/5/2002 10,000 <dl 0 <dl 

Hubbs-0237-Tt Brevard BR 8/8/2002 10,000 <dl 0 0.27 

Hubbs-0246-Tt Brevard NIR 10/4/2002 9,000 <dl 0 1 

Hubbs-0249-Tt Brevard BR 11/24/2002 8,000 <dl 1,150,000 <dl 

Hubbs-0301-Tt Brevard BR 1/22/2003 8,000 <dl 0 <dl 

Hubbs-0303-Tt Brevard NCIR 2/2/2003 7,600 <dl 0 <dl 

Hubbs-0304-Tt Brevard NCIR 2/9/2003 7,000 <dl 1000 <dl 

Hubbs-0338-Tt Brevard AO 8/1/2003 6,600 <dl 1000 <dl 

Hubbs-0607-Tt Brevard AO 2/4/2006 6,000 <dl 0 <dl 

Hubbs-0630-Tt Brevard NIR 5/24/2006 109,000 <dl 0 <dl 

Hubbs-0701-Tt Brevard BR 1/1/2007 5,500 <dl 0 <dl 

Hubbs-0709-Tt Brevard NCIR 1/18/2007 5,300 <dl 100,000 0.22 

Hubbs-0714-Tt Brevard NIR 2/3/2007 4,000 <dl 0 <dl 

Hubbs-0717-Tt Brevard NIR 2/11/2007 3,600 <dl 0 <dl 

Hubbs-0720-Tt Volusia AO 2/22/2007 3,300 <dl 0 <dl 

Hubbs-0723-Tt Volusia ML 3/12/2007 3,300 <dl 0 <dl 

Hubbs-0730-Tt Volusia Halifax River 4/4/2007 3,000 <dl 0 <dl 

Hubbs-0754-Tt Volusia Halifax River 8/25/2007 2,600 <dl 0 <dl 

Hubbs-0760-Tt Volusia ML 9/5/2007 2,000 <dl 0 <dl 

Hubbs-0766-Tt Brevard BR 11/27/2007 2,000 <dl 242,600 <dl 

Hubbs-0771-Tt Volusia AO 12/12/2007 2,000 <dl 1,246,000 11.7 

Hubbs-0773-Tt Volusia AO 12/12/2007 1,600 <dl 1,246,000 8.5 

Hubbs-0774-Tt Volusia AO 12/12/2007 1,300 <dl 333,000 7.1 

Hubbs-0775-Tt Volusia AO 12/13/2007 667 <dl 171,300 10.1 

Hubbs-0776-Tt Brevard AO 12/12/2007 1,300 <dl 228,600 12.3 

Hubbs-0805-Tt Brevard NIR 1/30/2008 667 <dl 0 <dl 
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Field  

Number 
County 

Water  

basin 
Date 

Pb                     

(cells/L) 

STX                  

(ng/g) 

Kb                

(cells/L) 

PbTx                    

(ng/g) 

Hubbs-0806-Tt Volusia BR 2/2/2008 667 <dl 0 <dl 

Hubbs-0808-Tt Brevard NIR 2/4/2008 667 <dl 0 <dl 

Hubbs-0825-Tt Brevard BR 4/19/2008 333 <dl 0 <dl 

Hubbs-0827-Tt Brevard NIR 4/25/2008 333 <dl 0 <dl 

Hubbs-0828-Tt Brevard NIR 5/2/2008 333 <dl 0 <dl 

Hubbs-0831-Tt Brevard BR 5/12/2008 43,000 5.5 0 0.69 

Hubbs-0837-Tt Brevard NIR 5/31/2008 19,000 1.4 0 <dl 

Hubbs-0838-Tt Brevard NIR 6/2/2008 333 <dl 0 <dl 

Hubbs-0848-Tt Brevard NIR 6/26/2008 688,000 9.9 0 <dl 

Hubbs-0851-Tt Brevard BR 6/30/2008 333 <dl 0 <dl 

Hubbs-0852-Tt Brevard BR 6/30/2008 109,000 <dl 0 <dl 

Hubbs-0853-Tt Brevard NCIR 7/4/2008 333 <dl 0 <dl 

Hubbs-0854-Tt Volusia ML 7/7/2008 333 <dl 0 <dl 

Hubbs-0857-Tt Brevard NIR 7/19/2008 109,000 <dl 0 <dl 

Hubbs-0859-Tt Brevard BR 7/19/2008 43,000 3.3 0 <dl 

Hubbs-0861-Tt Brevard NIR 7/23/2008 333 <dl 0 <dl 

Hubbs-0863-Tt Brevard BR 7/25/2008 41,000 1.9 0 <dl 

Hubbs-0864-Tt Brevard NCIR 7/26/2008 333 <dl 0 0.36 

Hubbs-0865-Tt Brevard BR 7/28/2008 333 <dl 0 <dl 

Hubbs-0866-Tt Brevard ML 8/6/2008 20,000 <dl 0 <dl 

Hubbs-0867-Tt Brevard BR 8/8/2008 333 <dl 0 <dl 

Hubbs-0868-Tt Brevard NIR 8/9/2008 333 <dl 0 <dl 

Hubbs-0871-Tt Brevard BR 8/14/2008 63,000 1.0 0 <dl 

Hubbs-0875-Tt Brevard NIR 8/18/2008 36,000 1.0 0 <dl 

Hubbs-0876-Tt Brevard NIR 8/20/2008 0 <dl 0 <dl 

Hubbs-0878-Tt Brevard ML 8/30/2008 0 <dl 0 <dl 

Hubbs-0879-Tt Volusia AO 9/3/2008 0 <dl 0 <dl 

Hubbs-0882-Tt Volusia AO 10/9/2008 0 <dl 0 <dl 

Hubbs-0887-Tt Brevard NIR 11/27/2008 0 <dl 0 <dl 

Hubbs-0889-Tt Brevard NIR 12/25/2008 0 <dl 0 <dl 

Hubbs-0901-Tt Brevard NIR 1/9/2009 0 <dl 0 <dl 

Hubbs-0903-Tt Brevard NCIR 1/22/2009 0 <dl 0 <dl 

Hubbs-0904-Tt Volusia AO 1/26/2009 0 <dl 100,000 0.32 

Hubbs-0907-Tt Volusia AO 2/18/2009 0 <dl 0 <dl 

Hubbs-0908-Tt Brevard AO 2/26/2009 0 <dl 0 <dl 

Hubbs-0908-Ttf Brevard AO 2/26/2009 0 <dl 0 <dl 
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Field  

Number 
County 

Water  

basin 
Date 

Pb                     

(cells/L) 

STX                  

(ng/g) 

Kb                

(cells/L) 

PbTx                    

(ng/g) 

Hubbs-0909-Tt Brevard AO 2/27/2009 0 <dl 0 <dl 

Hubbs-0910-Tt Brevard NIR 3/6/2009 0 <dl 0 <dl 

Hubbs-0915-Tt Brevard NIR 3/22/2009 0 <dl 0 <dl 

Hubbs-0916-Tt Brevard AO 4/5/2009 0 0.41 0 <dl 

Hubbs-0916-Ttf Brevard AO 4/5/2009 0 1.8 0 <dl 

Hubbs-0924-Tt Brevard NIR 5/6/2009 0 <dl 0 <dl 

Hubbs-0927-Tt Volusia AO 5/19/2009 10,000 <dl 0 <dl 

Hubbs-0928-Tt Volusia AO 5/20/2009 12,000 <dl 0 <dl 

Hubbs-0931-Tt Brevard AO 6/18/2009 0 <dl 0 <dl 

Hubbs-0940-Tt Brevard BR 8/27/2009 63,000 2.9 0 <dl 

Hubbs-0942-Tt Brevard NIR 9/10/2009 20,000 <dl 0 <dl 

Hubbs-0945-Tt Volusia AO 10/16/2009 0 <dl 0 <dl 

Hubbs-0949-Tt Volusia AO 12/13/2009 0 <dl 0 <dl 

Hubbs-0950-Tt Volusia AO 12/16/2009 0 <dl 0 <dl 

Hubbs-0955-Tt Brevard BR 12/23/2009 0 <dl 0 <dl 

Hubbs-1002-Tt Brevard NCIR 1/10/2010 0 <dl 0 <dl 

Hubbs-1007-Tt Volusia AO 1/29/2010 0 <dl 0 <dl 

Hubbs-1008-Tt Brevard AO 1/29/2010 0 <dl 0 <dl 

Hubbs-1012-Tt Brevard AO 2/2/2010 0 <dl 100,000 <dl 

Hubbs-1013-Tt Brevard AO 2/3/2010 0 <dl 0 <dl 

Hubbs-1014-Tt Volusia AO 2/3/2010 0 <dl 0 <dl 

Hubbs-1015-Tt Brevard AO 2/3/2010 0 <dl 0 <dl 

Hubbs-1017-Tt Brevard NCIR 2/14/2010 0 <dl 333 <dl 

Hubbs-1018-Tt Brevard AO 2/15/2010 0 <dl 0 <dl 

Hubbs-1019-Tt Brevard BR 2/17/2010 0 <dl 0 <dl 

Hubbs-1020-Tt Brevard AO 2/19/2010 0 <dl 0 <dl 

Hubbs-1024-Tt Brevard BR 3/7/2010 0 <dl 1000 <dl 

Hubbs-1030-Tt Brevard NCIR 3/21/2010 0 <dl 1000 <dl 

Hubbs-1037-Tt Volusia Halifax River 3/25/2010 0 <dl 0 <dl 

Hubbs-1038-Tt Brevard AO 4/3/2010 0 <dl 0 <dl 

Hubbs-1039-Tt Volusia AO 4/3/2010 0 <dl 0 <dl 

Hubbs-1041-Tt Volusia Halifax River 4/6/2010 0 <dl 0 <dl 

Hubbs-1045-Tt Brevard NCIR 4/22/2010 6,300 1.9 0 <dl 

Hubbs-1048-Tt Brevard AO 5/5/2010 0 <dl 0 <dl 

Hubbs-1051-Tt Volusia AO 5/12/2010 0 <dl 0 <dl 

Hubbs-1071-Tt Brevard NIR 10/19/2010 0 <dl 0 <dl 
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