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A B S T R A C T   

Florida red tide is a natural phenomenon caused by the dinoflagellate, Karenia brevis. Karenia brevis blooms 
produce potent toxins (brevetoxins) that can cause neurotoxic and respiratory illness in humans and marine life. 
Red tides were recorded by Spanish explorers as early as the 17th century, however published red tide studies 
before 1940 are unavailable. Recent studies have suggested that red tide events may be becoming more frequent, 
intense, and longer lasting, which may be linked to modern land development and changing water quality. While 
the scientific record of modern red tides is relatively short, the distributions and concentrations of chemical 
biomarkers (e.g., brevetoxins produced by K. brevis) in coastal-marine sediments can potentially be used to study 
historic red tides. This study aims to quantify the concentration and vertical distribution of brevetoxins in coastal 
Southwest Florida (SWFL) sediment cores in order to determine if downcore brevetoxins may potentially be used 
to reconstruct historic red tide events. Sediment samples were radiometrically dated using 210Pb and subsamples 
were analyzed utilizing liquid chromatography/triple quadrupole mass spectrometry (LC–MS/MS) for brevetoxin 
congeners, namely, PbTx-1, PbTx-2, PbTx-3, and PbTx-5. The 210Pb–dated sediment cores represent ~60–80 
years of brevetoxin accumulation and total brevetoxin (ΣPbTx) concentrations in sediment cores varied from 
below detection limits to 25.3 ng g − 1 of dry sediments. Highest concentrations were found in surficial sediments 
(top 0–3 cm) and may indicate brevetoxin preservation from the 2017–2019 red-tide event. The down-core 
preservation and variability of brevetoxin indicate its potential use as a chemical biomarker to assess long- 
term red tide intensities and frequencies. This research is a first step towards reconstructing historic red tide 
events from sedimentary chemical biomarkers and may allow for future assessment of the human impacts on red 
tide frequency, intensity and duration.   

1. Introduction 

Blooms of the toxic marine dinoflagellate (Karenia brevis) reoccur 
nearly annually in the coastal regions along the Gulf of Mexico. Karenia 
brevis is well known for producing extensive algal blooms in Southwest 
Florida (SWFL) commonly referred to as red tides. Red tide causes sig-
nificant ecological and economic loss, largely through the creation of 
oxygen-deficient “dead zones” and the production of potent neurotoxins 
(Anderson et al., 2000; Dupont et al., 2010; Morgan et al., 2007). The 
fragile and unarmored dinoflagellate (K. brevis) lyses due to wind-driven 
wave action, releasing neurotoxins (brevetoxins, PbTx) into the water 
column (Pierce et al., 1990, 2000). Once lysed, brevetoxins can be 
transported to the surface as droplets and subsequently aerosolized into 
the atmosphere when bubbles burst (Pierce et al., 1990, 2000, 2003). 
Water column and atmospheric (aerosolized) brevetoxins cause neuro-
toxic and respiratory effects to human and marine life (Baden et al., 
2005; Fleming et al., 2007; Kirkpatrick et al., 2006). The aerosolized 

toxins affect human respiration by exacerbating asthma and inducing 
bronchoconstriction in otherwise healthy individuals (Fleming et al., 
2007; Kirkpatrick et al., 2006). Recent studies suggest that airborne 
brevetoxins may be more harmful than health officials previously 
thought, with the toxin side effects extending beyond initial acute re-
actions (Backer et al., 2005; Fleming et al., 2005, 2011). Ingesting 
shellfish contaminated with brevetoxins may result in neurotoxic 
shellfish poisoning, paresthesia (the reversal of hot and cold tempera-
ture sensation), vertigo, and ataxia in humans (CDC, 2019). In marine 
animals such as manatees, ingestion of large amounts of brevetoxins 
from eating contaminated seagrass, or breathing in aerosolized toxins, 
can result in symptoms such as seizures that result in drowning (Dom-
ingo et al., 2001). In large blooms, brevetoxin exposure can result in 
substantial fish kills, depleting local fish populations (Dupont et al., 
2010). As these blooms progress, the sinking and decay of dead organ-
isms, predominantly K. brevis cells, leads to an increased biochemical 
oxygen demand (BOD), ultimately resulting in hypoxic conditions 
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(Dupont et al., 2010; Joyce, 2000). Such hypoxic waters create a positive 
feedback loop killing more organisms due to a lack of dissolved oxygen 
(Conley et al., 2009; FDEM, 2018). 

Red tide events have occurred for centuries, having been recorded by 
Spanish explorers as early as the 17th century, with preserved written 
accounts from the 1840s (Ingersoll, 1881; Kusek et al., 1999; Magaña 
et al., 2003; Rounsefell and Nelson, 1966). Though red tides are a nat-
ural phenomenon, studies in Southwest Florida are beginning to show 
that they may have become more frequent, intense, and longer-lasting 
over the last several decades (Brand and Compton, 2007; Burns, 
2008). It has been reported that Karenia brevis was approximately 13–18 
times more abundant in 1994–2002 than in 1954–1963, though this 
could be due to improvements in our ability to detect blooms (Brand and 
Compton, 2007). In addition to a general increase in abundance, this 
study also noted changes in cell density. The top 22 samples (out of 2158 
samples) for 1954–1963 averaged 2.5 million cells L − 1, while the top 33 
samples (out of 3312 samples) for 1994–2002 averaged 34.7 million 
cells L − 1 (Brand and Compton, 2007). Population growth and subse-
quent increase in nutrient runoff are considered to be the major causes of 
the recent increase in global harmful algal bloom (HAB) frequency, in-
tensity, and duration (Brand and Compton, 2007; Kennish et al., 2007; 
Paerl and Barnard, 2020; Xu et al., 2010). The population of Florida 
increased from 4 to 6 million to 22 million between 1960 and 2020; 
however, the scientific data to correlate historic red tide events to 
increasing human activity are not available (Heil et al., 2014; Macro-
trends, 2021). 

In October of 2017, an unprecedented red tide event began in the 
coastal waters of SWFL and persisted through February of 2019. By 
August of 2018, the bloom covered approximately 150 miles of coast-
line, resulting in more than 2000 tons of dead fish being removed from 
public beaches (US Department of Commerce, 2019). In addition to the 
mass mortality of fish, a large number of marine mammals died. Be-
tween 2017 and 2019, 600 sea turtles, more than 200 manatees, and 204 
dolphins were killed by the red tide (FWC, 2018, 2021). With many of 
these dead marine animals washing onshore, tourism (Florida’s largest 
industry) was disrupted, with the direct red tide event impacts 
exceeding $184 million in economic losses (Court et al., 2021). 

Brevetoxins produced by red tides (K. brevis) are lipid soluble poly-
cyclic polyethers. This suite of toxins is broken down into two groups, 
Type A and Type B, based on their polyether backbones (Fig. S1). Type A 
consist of PbTx-1, 7, and 10 and Type B consist of PbTx 2, 3, 5, 6, 9, 11 
and 12 (Ishida et al., 2004; Nakanishi, 1985). Four of the nine conge-
ners, namely, PbTx-1, PbTx-2, PbTx-3, and PbTx-5 have been frequently 
reported in previous studies. Among them, PbTx-1, PbTx-2, and PbTx-3 
are the most toxic forms (Pitt, 2007). Moreover, PbTx-2 is the most 
prevalent toxin within a Karenia cell and PbTx-3 is the primary breve-
toxin recovered from marine aerosols that affect both marine mammals 
and human respiratory function (Pierce et al., 2007, 2003). In 2007, 
Brand and Compton reported that brevetoxins may persist in the envi-
ronment longer than previously thought. Kieber et al. (2010) investi-
gated the effects of photodegradation, oxygen levels, colored dissolved 
organic matter (CDOM), and trace metals on the fate of brevetoxins 
(PbTx-2) in seawater. PbTx-2 exhibited a half-life of approximately 3 h 
in surface seawater under relevant conditions; however, this degrada-
tion of PbTx-2 was not due directly to photolysis (Kieber et al., 2010). 
concluded that an indirect photochemical pathway, under relevant 
conditions (in terms of CDOM, molecular oxygen and trace metals), 
could be an important sink for the dissolved brevetoxins in seawater. In 
the absence of sunlight, degradation of PbTx-2 stops regardless of the 
organic matter, oxygen, or trace metal concentrations (Kieber et al., 
2010). Therefore, CDOM rich coastal waters with low light penetration 
may exhibit long-term preservation of brevetoxins (Hardman et al., 
2004). 

Even though red tides have been recorded and monitored for a long 
time, the records tend to be relatively short and discontinuous. How-
ever, it may be possible to assess historic red tide intensities and 

frequencies by analyzing chemical biomarkers (i.e., brevetoxins) pre-
served in seafloor sediments. Brevetoxins readily sorb onto suspended 
particles such as fine-grained sediments and sink to the seafloor (Pierce 
et al., 2007). Sediment cores have been previously used to develop 
harmful algal bloom signatures, including other toxins, dinoflagellate 
cyst assemblages, and diatom valves (Pseudo-nitzschia spp.) (D’Silva 
et al., 2012; Hobbs et al., 2021; Parsons et al., 2002; Zastepa et al., 
2017). In 2008, Mendoza et al. demonstrated that toxins are present in 
surface sediments but to date a time series record of downcore breve-
toxins has not been reported. Consequently, the long-term fate of bre-
vetoxin in SWFL coastal-marine sediments is still unknown. This 
research aims to quantify the concentrations, distribution, and accu-
mulation rates of brevetoxins in shallow SWFL coastal sediments in 
order to determine if brevetoxins preserved in sediments can be used to 
reconstruct historic red tide events. 

2. Materials and Methods 

2.1. Site selection 

Sediment cores were collected from five shallow water (0.5–1 m) 
coastal sites near Sanibel and in Estero Bay in SWFL (Fig. 1) for breve-
toxin analysis and sediment dating. Sampling sites were selected based 
on the 2017–2019 red tide bloom locations and intensity as reported by 
the Florida Fish and Wildlife Commission (FWC, 2020). While these sites 
do not represent the distributions and accumulation rates of brevetoxins 
for the offshore West Florida Shelf, the selected sites represent general 
red tide accumulations for frequently affected inshore SWFL. All the 
sites were void of seagrass and other visible benthic macrofauna. Sam-
pling sites were subject to tidal fluctuations but generally protected from 
human and boat traffic, allowing for the movement of brevetoxins into 
the sites but minimizing the amount of potential human sediment 
disturbance. Satellite views of sites can be found in the supplemental 
document (Fig. S2). Sites 1, 2, and 3 were directly adjacent to the Estero 
Bay inlets, and Site 4 was adjacent to an inlet south of Estero Bay that 
leads into a series of canals. Site 5 was located on the leeward side of 
Sanibel Island. Each site was located near a barrier island and had 
predominately very fine to fine-grained sandy sediments. Our sampling 
locations in Estero Bay (Sites 1 and 2) were near the sampling locations 
(BCP and BHP) from Mendoza et al. (2008). 

2.2. Sample collection and preservation 

At each site, two sediment cores were collected using a push corer 
with 7.6 cm diameter aluminum tubes and handles. The first core from 
each site was used for brevetoxin analysis and was sliced at 1 cm in-
tervals for the top 5 cm, and then at 2 cm intervals to a total depth of 11 
cm. The second core from each site was used for 210Pb-based sediment 
dating and was sliced at 1 cm intervals to 11 cm, followed by 2 cm in-
tervals until a depth of 30 cm. All of the extruded sediment samples were 
collected in amber jars and then frozen at −20 ◦C until lab analysis 
(Fig. S3). 

2.3. Laboratory analyses 

2.3.1. Sediment dating 
The sample preparation, radioactive counting, and modeling for 

210Pb–based sediment dating have been previously described by Adhi-
kari et al. (2016). Briefly, the sediment samples (with known volume in 
graduated vials) were weighed to determine the wet weight followed by 
drying at 60 ◦C for 24 hr. The weights were then recorded before being 
placed in the oven for an additional 24 hr. Samples were then weighed 
again upon removal and the difference measured until a constant 
weight, to ensure that the samples were completely dry (Martin and 
Muller, 2021). Using dry weight and volume, sediment density was 
calculated. Following this, the aliquots were ground with a mortar and 
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pestle. Approximately 28 to 32 g of dried ground sediments were placed 
into counting vials of known geometry and sealed (using epoxy) before 
measuring for 210Pb and 226Ra (via 214Pb) through direct counting using 
SAGe High-Purity Germanium Detectors (Adhikari et al., 2016). All 
activities were decay corrected to the midpoint of sample collection. 
Unsupported 210Pb (210Pbex) was calculated as the difference between 
the measured total 210Pb at 46.5 keV and the estimate of the supported 
210Pb activity given by its parent nuclide 214Pb at 351 keV [210Pbex =
210Pbtot − 214Pb]. The sedimentation and sediment accumulation rates 
were calculated using the CRS (constant rate of supply) model. The CRS 
model allows sedimentation rates to vary over time and is thus more 
applicable for shallow coastal areas (Adhikari et al., 2016; Appleby and 
Oldfield, 1992; De Souza et al., 2012; Lubis, 2006) like Southwest 
Florida coastal-marine environments where large anthropogenic activ-
ities can alter the sediment loads. Errors represent counting statistics 
(Adhikari et al., 2016). The details about radioactive counting using 
germanium gamma detectors and modeling using CRS are presented in 
the Supplemental Document (ST: Sediment Dating). 

2.3.2. Brevetoxin extraction and analysis 
The sample extraction and analysis was performed using a previously 

described method (Pierce et al., 2003; Mendoza et al., 2008), with slight 
modification. Briefly, before the extraction of brevetoxins, the frozen 
sediments samples were thawed overnight in a refrigerator and ho-
mogenized by mixing with a solvent-cleaned steel stirring spoon. Ali-
quots of approximately 30 g of wet sediments from each layer were 
placed into a pre-cleaned 250 mL beaker and mixed with 
solvent-cleaned anhydrous sodium sulfate to absorb moisture in the 
sediments. The dry sediment/sodium sulfate mixture was transferred to 
a solvent-cleaned cellulose extraction thimble. The samples were then 
extracted with acetone for 24 hr using Soxhlets (Guerin, 1999; Pierce 
et al., 2003). The solvent (acetone) was evaporated to dryness using a 
Bucchi rotary evaporation system and then the dried sample extracts 
were dissolved in methanol for solvent exchange. This was followed by 

further concentration of the sample extracts using nitrogen blow-down 
to a final volume of 5 mL. The sample extracts were then transferred 
into a 5 mL amber vial, capped, and stored at −20 ◦C until lab analysis 
(Pierce et al., 2003). 

The sample extracts were analyzed for brevetoxins using a Thermo 
Electron Quantum Access Liquid Chromatography/Tandem Mass Spec-
trometry (LC-MS/MS) at Mote Marine Laboratory, Sarasota, Florida. The 
LC consists of an Accela Ultra-High-Performance Liquid Chromatog-
raphy (UHPLC) pumping system coupled with the Accela Autosampler 
and Degasser. Mass spectral detection was obtained using a Quantum 
Access triple quadrupole (MS/MS) mass spectrometer. The analytical 
column was a Phenomenex Kinetex 2.6 µm particle size with dimensions 
of 100 × 2.1 mm. The solvent gradient was composed of acetonitrile 
with 0.1% formic acid (A) and HPLC water with 0.1% formic acid (B) 
with initial conditions of 50:50 (A:B) for 10 min to 95:5 for 5 min and a 
holdback to 50:50 for 5 min for a total sample run time of 20 min at a 
flow rate of 200 µl min−1. The reagent grade (>99.9%) acetone and 
methanol used in this study were purchased from Sigma-Aldrich. The A. 
C.S. certified sodium sulfate (anhydrous, 10–60 mesh) was purchased 
through Fisher Scientific, Waltham, MA. Ultra-High Purity Nitrogen 
(99.99%) was obtained from Matheson Gas, Fort Myers, Florida. PbTx-1, 
−2, −3 and −5 standards for the calibration of the LC-MS/MS were 
obtained from the University of North Carolina Wilmington (UNCW), 
Center for Marine Science/MARBIONC. The sum of the four congeners 
analyzed in this study, namely, PbTx-1, PbTx-2, PbTx-3, and PbTx-5, are 
presented as 

∑
PbTx. The reported concentrations of brevetoxins are in 

nanograms of toxin per gram of dry sediments (ng g − 1 dry sediments). 
The detection limits for each congener were PbTx-1 0.323 ng g − 1, PbTx- 
2 0.170 ng g − 1, PbTx-3 0.028 ng g − 1 and PbTx2-CA 0.239 ng g − 1. 
Brevetoxin concentrations are not recovery-corrected as surrogate 
standards (e.g., PbTx-9) were not available. 

2.3.3. Grain size analysis 
Studies have demonstrated that marine contaminants sorb more 

Fig. 1. Sampling locations in Southwest Florida. Sediment cores were collected from three sites in Estero Bay, one site south of Estero Bay, and one site behind 
Sanibel Island in Southwest Florida. 
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efficiently to the finer grain fraction of sediments, yet other work has 
shown little correlation between lipophilic marine phycotoxins and 
grain size (Guven and Akinci, 2013; Liu et al., 2019). To account for this, 
grain size data was collected and compared to toxin concentrations. 
Subsamples (10 g) of dried sediments (from the core sliced for 210Pb 
analysis) were placed into plastic weigh boats and dried for 24 hr at 
60 ◦C. They were then stored in sealed sample bags until further anal-
ysis. Each sample bag was massaged for 20 s to disaggregate sediments, 
then shaken for another 20 s to achieve a homogenized mixture. A 
representative sample from this homogenized sediment was weighed 
and then combusted at 450 ◦C in a muffle furnace for 12 hr to burn off 
organic matter. The samples were then weighed immediately after they 
were removed from the furnace to determine the total organic carbon 
(Schumacher, 2002). 

Grain size analysis was performed using a Malvern Mastersizer 3000 
with a HydroEV attachment that has minimum and maximum grain size 
detection limits of 0.01–2500 µm. A 2 g aliquot was taken from the 
homogenized and combusted sediment sub-sample and sieved through a 
2000 µm sieve. The weight of any grains above this size was recorded. 

The Mastersizer was instructed to sample for 30 s using the red laser 
(632.8 nm) and an additional 30 s using the blue laser (470 nm). Five 
replicate measurements were taken to calculate an average. The grain 
sizes were binned in increments of 0.25 Phi ranging from 11 Phi (0.49 
µm) to −1 Phi (2000 µm). 

3. Results 

3.1. 210Pb-based sediment dating and sediment accumulation rates 

The activities of excess 210Pb at all sampling locations were low, even 
after running each sample in the germanium detector for ~3 days. 
Previous sedimentary studies from the SWFL region showed 210Pb 
sediment dating in this region to be challenging; however, in this study 
we were able to date cores from Sites 1, 3, and 4 (Fig. 2). Sediment 
accumulation rates are 0.04–1.11, 0.03–0.78, and 0.03–0.65 g cm−2 

yr−1 for Sites 1, 3, and 4 respectively (Tables 1, and S1). Another study 
by (Savarese et al., 2004) also showed similar sedimentation accumu-
lation rates (0.25 g cm−2 yr−1) in this area, corroborating our results. 

Fig. 2. The age of the sediments (years) and total brevetoxins (
∑

PbTx) accumulation rates (ng cm−2 yr−1) for sediment cores collected from Site 1, Site 3, and Site 4. 
The upper x-axis represents sediment accumulation rate and the lower x-axis represent sediment age. 
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Dating estimates from Site 1 indicate that it is representative of ~55 
years of sedimentation. Dating estimates from Site 3 indicate that the top 
1–3 cm of sediments tends to be modern in age, and the top 11 cm of the 
sediment represents ~72 years of sedimentation, and consequently ~72 
years of brevetoxin accumulation. Dating estimates from Site 4 indicate 
that it is representative of ~75 years of sedimentation. Site 1 demon-
strated the highest average sediment accumulation rate (0.04–1.11 g − 1 

cm−2 yr−1) followed by Site 4 (0.03–0.65 g − 1 cm−2 yr−1) and Site 3 
(0.03–0.78 g − 1 cm−2 yr−1). 

3.2. Concentrations and accumulation of brevetoxins 

The concentrations of total brevetoxins (
∑

PbTx), the sum of PbTx-1, 
PbTx-2, PbTx-3, and PbTx-5 congeners, varied from 0.3 to 25.3 ng g − 1 

of dry sediments (Fig. 3). Generally, sediment cores exhibited 
∑

PbTx 
peaks at different depths (Fig. 3) however, some similarities can be seen. 
For example, all sites except Site 3 noted highest 

∑
PbTx in the top 0–3 

cm. At Site 3, highest concentrations are noted between 2 and 5 cm. Site 
1 exhibited an additional smaller peak in 

∑
PbTx at a depth of 9–11 cm 

(Fig. 3). 
The concentrations of individual brevetoxin congeners varied 

Fig. 3. Concentrations of total brevetoxins (
∑

PbTx) in ng g − 1 of dry weight of sediments (summation of all congeners analyzed in this study) at each depth.  
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between ND and 13.5 ng g − 1 throughout the sampling locations (Fig. 4). 
Out of the four congeners analyzed, two congeners (PbTx-2 and PbTx-3) 
were detected at all sites (Fig. 4). PbTx-3 was detected in all cores and at 
all depths. PbTx-2 was absent only in the deeper sediments (4–11 cm) at 
Site 5. Among the four brevetoxin congeners, PbTx-2 showed the highest 
concentrations (0.7–13.5 ng g − 1) in four out of five study sites (Fig. 5). 
PbTx-2 contributed 39% to 69% of the total brevetoxins at those sites 
(Fig. 5). PbTx-5 had the lowest concentrations, with a range of 0–3.8 
(avg. 0.83) ng g − 1 dry sediment and contributed 0–48% (avg 8%) of the ∑

PbTx. 
At Sites 1, 3, and 4, PbTx-2 showed higher concentrations 

(1.64–13.5 ng g − 1) in the top 5 cm of the sediments compared to un-
derlying sediments. At these sites, PbTx-1 and PbTx-3 were also in 
higher concentrations, reaching up to 7.8 and 6.7 ng g − 1 dry sediment, 
respectively (Fig. 4, Table S2). As seen with 

∑
PbTx the individual 

congeners at Site 2 were in low concentrations and PbTx-1 is completely 
absent. At Site 5, concentrations of individual congeners are also rela-
tively low, in comparison to Sites 1, 3, and 4, however some peaks in 
PbTx-2, PbTx-3 and PbTx-5 are seen in the upper sediments (0–4 cm). 
Similar to Site 2, PbTx-1 is completely absent at Site 5. 

The 210Pb-based sediment accumulation rate was used to estimate 
total brevetoxin accumulation rates with the following equation. 

Fig. 4. The concentrations of the individual brevetoxin congeners (PbTx-1, PbTx-2, PbTx-3, PbTx-5) measured in each core. The open markers for each congener 
represent the concentration of congeners below detection limits. 
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∑
PbTx accumulation rates = Ci × Ai 

Where Ci (ng g − 1) and Ai (g cm−2 y − 1) represent 
∑

PbTx concen-
trations and sediment accumulation rates of each segment, respectively. 

The accumulation rates of 
∑

PbTx at Sites 1, 3, and 4 were found to 
vary between 0.3–28 (avg: 6.1), 0.1–4.4 (avg: 2.0), and 0.1–8.8 (avg: 
3.8) ng cm−2 year−1 respectively (Table 1). Site 1 exhibited the higher 
brevetoxin accumulation rates followed by Sites 3 and 4 (Fig. 2). The top 
4 cm of all cores showed higher brevetoxin accumulation rates than the 
underlying sediments (Fig. 2). 

3.3. Sediment characteristics and correlation with brevetoxins 

The sediments were mainly composed of very fine to medium sands 
(0.0625–0.5 mm, < 4 Phi) which contributed 41.19–69.61% of the total 
grain size distribution. The grain size across sampling locations and 
along the core depths was not normally distributed (Fig. S4). Site 5 had 
nearly no detectable clay-sized (< 0.0039 mm, > 8.0 Phi) particles in the 
core (<1%). Similarly, Site 4 had no detectable clay-sized particles. In 
contrast, Site 3 had the highest concentration of clay-sized particles, 
with a range of 0.42 to 1.67% (avg: 1.07%). Site 2 had a minimum of 
0.07% and a maximum of 0.6% (avg: 0.11%) of clay-sized grains. Site 1 
had a minimum of 0.01% and a maximum of 0.5% (avg: 0.09%) of clay- 
sized grains. Silt-sized grains were more common, with a range of 
0.18–16.86% (avg: 4.4%) (Fig. 6, Table S2). Across all sites, the con-
centration of clays (> 8.0 Phi) was minimal at each site, ranging from 
0 to 1.67% (avg: 0.25%). The concentration of silts (8.0 Phi > x > 4.0 
Phi) was higher ranging from 0.18 to 16.86% (avg: 4.4%). 

The total organic carbon (TOC) ranged from 0.5 to 13.4% across all 
sites (avg: 2.4%). There were four TOC peaks, one at Site 3 at 3–4 cm, 
Site 4 at 0–1 cm and 4–5 cm, and one at Site 5 at 0–1 cm (Fig. 7). If we 
discount for these four outliers, the range was generally 0.5 to 3.4% 
(avg: 1.7%). Concentrations of the total, as well as individual breve-
toxins, did not show a significant correlation with sediment grain size 
(Fig. 6). Similarly, the concentrations of total brevetoxin were not 
significantly correlated with organic carbon, except for Site 5 
(p<0.0005) (Fig. 7). The low concentrations of TOC and fine-grained 
sediments create difficulties in determining the influence of grain-size 
and TOC on brevetoxin accumulation in sediments from this study 
(Baumard et al., 2001). 

4. Discussion 

4.1. 210Pb-based sedimentation rates 

As reported in previous studies, low excess 210Pb is typical of sedi-
ments in this region of Southwest Florida (Jenkins, 2018; Martin and 
Muller, 2021; Savarese et al., 2004). It is due in part to the composition 
and grain size of sediments and the lower sedimentation rates, unlike 
other Gulf of Mexico coastal regions, such as the Mississippi River delta. 
210Pb adsorbs more readily to organic-rich fine particles with higher 
surface areas, leading to higher excess 210Pb in sediments that have a 
higher concentration of fine-grained particles (Appleby and Oldfield, 

Fig. 5. The percentage of each congener of brevetoxin (PbTx-1, PbTx-2, PbTx-3, PbTx-5) found at each depth at each site. The values (%) on the y-axis represent the 
contribution of each congener to the total brevetoxin concentrations. 

Table 1 
The age (years), sediment accumulation rates (g cm−2 yr−1), and 

∑
PbTx 

accumulation rates (ng cm−2 yr−1) at sampling Sites 1, 3, and 4.   

Depth ΣPbTx 
concentrations 

Estimated 
age 

Sed. 
accumulation 
rates 

∑
PbTx 

accumulation 
rates  

(cm) (ng g − 1) (yr) (g cm−2 yr−1) (ng cm−2 

yr−1) 
Site 
1 

0–1 25.3 2 1.11 28  

1–2 22.8 4 0.62 14.2  
2–3 7.2 5 0.48 3.4  
3–4 5.2 7 0.32 1.7  
4–5 3.3 9 0.22 0.7  
5–7 1.8 19 0.12 0.2  
7–9 5.9 35 0.08 0.5  
9–11 8.6 55 0.04 0.3 

Site 
3 

0–1 4.6 3 0.78 3.6  

1–2 13.1 7 0.34 4.4  
2–3 13.8 11 0.22 3.1  
3–4 12.2 17 0.16 1.9  
4–5 15.0 25 0.10 1.5  
5–7 12.2 44 0.07 0.8  
7–9 10.1 52 0.04 0.4  
9–11 3.7 72 0.03 0.1 

Site 
4 

0–1 12.9 4 0.65 8.4  

1–2 20.0 6 0.44 8.8  
2–3 20.9 6 0.39 8.2  
3–4 10.2 8 0.30 3  
4–5 8.2 15 0.19 1.6  
5–7 5.7 24 0.11 0.6  
7–9 2.3 53 0.05 0.1  
9–11 3.5 75 0.03 0.1  
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Fig. 6. The concentration of total brevetoxin (
∑

PbTx) plotted against the percent of clays (green squares) and silts (blue circles) at each site. The top x-axis rep-
resents the concentration of toxin (ng g − 1 of dry weight of sediments), and the bottom x-axis is representative of the percent of clay and silts in the sediments. 

J. Javaruski et al.                                                                                                                                                                                                                               



Harmful Algae 114 (2022) 102222

9

1978; He and Walling, 1996; Singleton et al., 2017). Generally, SWFL 
coastal sediments, and specifically the sample sites for this study, are 
mostly composed of quartz silt and sand-sized sediments (Fig. S4). As a 
result, the cores had relatively low excess 210Pb activities (Table 1), 
which is the reason why we were able to date only three out of five cores 
(Sites 1, 3, and 4) in this study. While the sampling locations in 

back-barrier islands were generally protected, potential mix-
ing/bioturbation cannot be ignored, which affects excess 210Pb activities 
and the sediment dating. Highest sediment accumulation rates are noted 
at Site 1, which may be due to its location by a major tidal inlet, 
receiving sediment from both the Gulf of Mexico and the nearby Estero 
River (Fig. S2). Sediment accumulation rates are lowest at Site 4, which 

Fig. 7. The concentration of total brevetoxins (
∑

PbTx), in ng g − 1 of dry sediments, in relation to total organic carbon (% organic carbon).  
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may be due to its protected nature, far away from tidal inlets (Fig. S2). 

4.2. Downcore concentrations and accumulation of brevetoxins 

General trends are noted in the downcore concentrations of breve-
toxin congeners across sites and age (Figs. 4 and 8). The PbTx-2 was 
detected in all sites (Fig. 4). This might be expected since PbTx-2 is the 
most prevalent brevetoxin in the K. brevis cell (Pierce et al., 2007). 
PbTx-3 is the second most dominant congener after PbTx-2 at Sites 1, 2 
and 3. In fact, these two congeners represent 48% and 33% of the total 
toxin at each site, respectively (Fig. 5). As blooms age and older cells 
break down, the concentrations of PbTx-2 tend to decrease, however 
research shows that this is in part due to the conversion of PbTx-2 to 
PbTx-3 (Pierce et al., 2007; Poli et al., 2000). This is due to the cells 
degrading and releasing their contents into the water column as they are 
exposed to enzymatic activity. In this case, we might expect PbTx-2 
concentrations to be highest, but then PbTx-3 concentrations to also 
be high due to some initial breakdown of cells in the water column 
before deposition. We also see relatively low concentrations of PbTx-5 at 
all sites (averaging 0.75 ng g − 1) while other congeners are typically 
double to triple of these PbTx-5 concentrations (PbTx-1, PbTx-2, and 
PbTx-3 averaging 1.37, 3.41 and 1.88 ng g − 1 respectively). As PbTx-2 
and PbTx-3 are the primary congeners within K. brevis cells and marine 
waters, lower quantities of PbTx-5 and PbTx-1 are to be expected 
(Pierce et al., 2005). Consequently, PbTx-5 is not generally addressed by 
red tide studies, generally making up a smaller, nearly insignificant 
fraction of toxin produced by K. brevis (Shea, 1997). 

In 2008, Mendoza et al. detected brevetoxins in surface sediments 
taken from Estero Bay. They used homogenized surface grab samples; 
therefore, they did not report vertical profiles of brevetoxins in the 
sediments. We note slightly higher concentrations of total brevetoxins 
(0.13–12.91 ng g − 1) than those values (0.8–9.7 ng g − 1) previously 
reported by Mendoza et al. (2008). The brevetoxin congeners also 
showed similar trends, with generally higher concentrations in the 
present study compared to Mendoza et al. (2008). Mendoza et al. (2008) 
collected their samples in 2006 and our samples were collected in 2019, 
thus, the higher concentrations of 

∑
PbTx in the sediments from our 

study sites may indicate additional deposition of toxins during the 
2017–2019 red tide event. 

We also noted increased toxin concentrations with increased 

sediment accumulation rates. For example, at Sites 1 and 4, overall toxin 
concentrations and sediment accumulation rates have positive correla-
tions R2=0.85 (P = 0.07) and R2=0.72 (P<0.03)) respectively (Fig. S5). 
This might be expected considering that a bloom event would likely 
increase water column productivity and therefore fluxes to the seafloor 
(Gobler and Sañudo-Wilhelmy, 2003). Highest 

∑
PbTx are noted in the 

top 0–3 cm at sites 1, 2, 4, and 5 (Fig. 3). At Site 3, highest concentra-
tions are noted between 2 and 5 cm. At Site 1, the upper 2 cm extend ~4 
years into the past (~2017–2021) demonstrating a clear peak of 28 ng g 
− 1 dry sediment during that period. If we apply similar sedimentation 
rates (from Sites 1, 3 & 4) to undated Sites 2 and 5, similar brevetoxin 
accumulation in the top 2 cm is noted. This may suggest deposition 
during the 2017–2019 red tide event. Interestingly, some cores show 
additional peaks further downcore such as at 11 cm at Site 1 (Fig. 4, 
Fig. 8). Sites 4 and 5 also showed smaller peaks at 11 and 9 cm 
respectively. This may indicate older, historic red tide events preserved 
in the sedimentary record. The toxin peak noted at 11 cm at Site 1, which 
was deposited approximately 60 years ago (calculated from 210Pb 
dates), may potentially correlate to a historic red tide event that took 
place in 1953. This event was the longest single red-tide episode 
recorded at that time and persisted for at least 18 months along the 
Florida Gulf Coast (Feinstein et al., 1955). 

The presence of detectable levels of brevetoxin congeners at all sites 
and all depths indicates that brevetoxins (e.g., PbTx-2 and PbTx-3) are 
stable enough to accumulate and be preserved in sediment over time 
(Fig. 4). Such downcore preservation of brevetoxin congeners indicate 
that brevetoxins in sediments are promising biomarkers for past red tide 
events. This is a first step in correlating known red tide events, such as 
the 2017–2019 bloom, with sedimentary brevetoxin concentrations 
downcore. We analyzed downcore toxin concentrations to 11 cm only; 
thus, future studies on longer, higher resolution cores are needed to 
determine the viability of downcore studies in reconstructing historic 
red tide events. For example, Zastepa et al. (2017) showed a large in-
crease in the concentration of microcystins since the 1985 using 0.5 cm 
intervals. Thus, higher resolution sampling may allow for better tracking 
of brevetoxin peaks in the sedimentary record. 

4.3. Other potential factors affecting brevetoxin concentrations 

Not all total brevetoxin (
∑

PbTx) profiles, nor individual brevetoxin 

Fig. 8. Total brevetoxins (
∑

PbTx) concentrations (ng g − 1) plotted against age of the sediments for Sites 1, 3 and 4.  
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congener profiles, look the same across all five-field sites. This indicates 
that either historic red tide exposure was not the same at all sites, and/or 
post-depositional processes may be at play. Most likely, the brevetoxin 
concentrations observed at our field sites were affected by more than 
one environmental factor. These may include: 1) site exposure to 
K. brevis blooms; 2) water clarity; 3) diagenesis, and 4) brevetoxin post- 
depositional resuspension. While all of our sites are located behind 
barrier islands, some sites are comparatively less protected than others 
(Fig. S2). In addition, sites that are located behind barrier islands are 
adjacent to tidal inlets, thus, they may experience increased exposure to 
offshore red tide toxins brought by tidal currents. As tidal currents move 
through inlets during rising tides, the offshore and coastal blooms can be 
transported into the estuary (Figueiras et al., 2006). This may explain 
the higher brevetoxin concentrations observed at Sites 1, 3 and 4 (Fig. 3) 
as these sites are close to tidal inlets (Figs. 1 and S2). The relatively low 
concentrations of brevetoxins observed at Site 2 may be due to its 
greater distance from tidal inlets (Figs. 1 and S2). 

Physical attributes of water such as clarity can have an effect on 
harmful algal bloom formation and toxin preservation (Donaghay and 
Osborn, 1997; Huisman et al., 1999). Before burial in the seafloor, 
brevetoxins that are sensitive to light undergo photodegradation. After 
24 hr under natural sunlight in a laboratory, Hardman et al. (2004) 
reported that PbTx-2 concentrations were reduced by 35%. In the 
darkness, PbTx-2 was shown to be very stable, exhibiting only 3% 
degradation after 24 hr (Hardman et al., 2004). The darker nearshore 
waters of SWFL have high concentrations of tannins, which cause sig-
nificant light attenuation (Ott et al., 2006). Therefore, in SWFL coastal 
waters, with an average Secchi depth of 1.1 m, the photodegradation of 
the brevetoxins is likely to be minimal (Hardman et al., 2004). This may 
allow for increased sorption of brevetoxins onto suspended sediments 
and the subsequent increase in vertical flux of brevetoxins to the seafloor 
where they can be preserved (Mendoza et al., 2008). At Site 5, toxins 
may have been more susceptible to photodegradation (even once settled 
on the seafloor) due to the shallower water depth and higher trans-
parency (Secchi disk completely visible at the bottom). Lower breve-
toxin concentrations at Site 5 may also be due to site exposure, due to the 
adjacent boat channel and higher wave energy. 

Diagenesis could also influence sedimentary toxin accumulation. 
However, to date no published studies examine the effects of sedimen-
tary brevetoxin diagenesis. Thus, more work on brevetoxin diagenesis is 
needed. As discussed above, cores taken for this research were inten-
tionally sourced from protected back-barrier sites and indicate preser-
vation of brevetoxin in sediments as deep as 11 cm (~60–80 years). 
However, it is worth noting that less protected, open nearshore and 
offshore locations, may be susceptible to resuspension events, which 
could potentially release sedimentary brevetoxins back to the overlying 
water column (Roberts, 2012). Resuspension could be caused by sedi-
ment entrainment from strong tidal flows or storms (Latimer et al., 
1999). Storm events, such as hurricanes, can produce waves that quickly 
resuspend sediments. Previous studies have shown that tropical 
storm-generated currents are capable of resuspending sediments as deep 
as 100 m below the surface and translocating them over many kilome-
ters (Dickey et al., 1998; Flaherty and Landsberg, 2011; Xu et al., 2016). 
Perkins (2019) found that Tropical Storm Gordon (September of 2018) 
may have intensified the SWFL 2017–2019 red tide event. Studies from 
as far back as the 1800s have shown that red tides are often intensified 
directly after hurricanes (Hu et al., 2006; Ingersoll, 1881). Therefore, if 
the research goal is to reconstruct brevetoxin back through time we 
argue that site selection is key (protected sites). 

5. Conclusions 

The primary goal of this research was to determine the longevity and 
preservation of brevetoxins in the sediment record and to explore 
whether brevetoxins preserved in sediments can be used to reconstruct 
historic red tide events. We found that brevetoxins were preserved in the 

protected back-barrier sediments of SWFL going back as far as 60–80 
years (concentrations ranged from 0.2 to 25.3 ng g − 1 of dry sediments). 
We found highest brevetoxin concentrations in uppermost core sedi-
ments (0–3 cm) perhaps indicating the recent 2017–2019 red tide 
bloom. We also note additional peaks downcore that may be correlated 
with older historic red tide blooms. This study is a first step in red tide 
event reconstruction using sediment cores. Future studies on longer, 
higher resolution cores may provide more detailed evidence of historic 
red tide intensity and frequency through time. Future studies should be 
cognizant of site selection as this research found best preservation in 
protected back-barrier sediments. 
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