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INTRODUCTION

Harmful algal blooms are known to occur in the Gulf of
Mexico (GOM) throughout recorded history (Brand and Comp-
ton 2007). Harmful algal blooms in the GOM are commonly
caused by the dinoflagellate Karenia brevis, which, through the
production of brevetoxin, can impact aquatic and terrestrial
life (Pierce and Henry 2008, Landsberg et al. 2009). Brevetoxin
can be transmitted by ingestion, either directly or through prey
consumption, or inhalation of the aerosolized toxin. At popu-
lation bloom densities, brevetoxin can reach toxic levels and
cause detrimental impacts on wildlife and fisheries, which in
turn may also cause human intoxication through consumption
of contaminated seafood and large economic losses for the sea-
food industry (Anderson et al. 2000). Blooms of K. brevis can
also represent a direct risk to human health through toxin in-
halation (Flewing et al. 2005, Anderson et al. 2007).

Blooms of K. brevis are common along the coast of Texas
and the southern Gulf coast of Florida, but less frequent along
the Mississippi (MS), Alabama (AL), and Florida (FL) pan-
handle coasts (Tester and Steidinger 1997, Soto et al. 2018).
More frequent K. brevis blooms on the southern Gulf coast of
Florida may be due to higher nutrient inputs from the main-
land (Brand and Compton 2007, Medina et al. 2022), whereas
more frequent blooms on the Texas coast may be due to pro-
longed salinity increases (Tominack et al. 2020). Because of
their lower occurrence, K. brevis blooms in the northcentral
GOM have been less studied, and are less understood, than in
other areas in the GOM. Yet, K. brevis blooms may still have a
significant impact on the fisheries and economy of the north-
central GOM (Anderson et al. 2000).

Here we use public data sets on K. brevis blooms collected
by the states of MS (Mississippi Department of Marine Re-
sources), AL (Alabama Department of Public Health), and FL
(Florida Fish and Wildlife Conservation Commission) to ex-
amine the temporal and spatial occurrence of these blooms in
the northcentral GOM from the Louisiana (LA)—Mississippi
state line to Apalachee Bay in FL over an ~ 15 year period (Oc-
tober 2005-July 2020). Based on previous reports that have
shown K. brevis blooms originating in the northeast GOM
may migrate westward (Catlson and Clarke 2009, McCulloch
et al. 2013, Kamykowski et al. 2013, Waters et al. 2015, Soto
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et al. 2018), we expect to find evidence of such migration in
our study given its spatial and temporal reach. The results con-
tribute to the characterization and understanding of K. brevis
blooms in this understudied region of the GOM.

MATERIALS AND METHODS

The National Oceanographic and Atmospheric Adminis-
tration (NOAA) National Centers for Environmental Infor-
mation’s (NCEI) Harmful Algal BloomS Observing System
(HABSOS; Hall et al. 2006, NOAA National Centers for Envi-
ronmental Information 2021) database contains over 180,000
K. brevis cell counts obtained by GOM states. Data was gen-
erated using state sampling protocols (Alabama Department
of Public Health 2016, Mississippi Department of Marine
Resources Shellfish Bureau 2016, Florida Fish and Wildlife
Conservation Commission 2019, 2020). Briefly, water samples
were collected in the field with bottles, fixed with Lugol’s lo-
dine, stored out of sunlight, and transported to the labora-
tory. In the laboratory, the bottles were gently shaken and a
subsample pipetted out of the bottle into a counting chamber.
The volume of the subsample varied between 0.1 and 200 ml.
The subsample was then allowed to settle for 15—30 minutes.
Depending on the concentration of cells in the subsample,
the entire chamber or only a section of it was counted. The
number of cells counted per subsample varied between 0 and
1,400. Cell density was calculated as cells per liter based on the
volume of the subsample and the area of the chamber counted.
Upon completion of sample processing, the states submit the
data to HABSOS at NCEI, where the database is archived and
updated annually. The data set is available at https://www.
ncei.noaa.gov/archive/archive—management—system/OAS/
bin/prd/jquery/download/120767.5.5.tar.gz (version 5.5).

We use the value of 5,000 cells of K. brevis per liter as the
threshold to define a population bloom. The justification is
that shellfish harvesting closures in GOM waters due to K. bre-
vis are triggered at cell counts higher than this value (Interstate
Shellfish Sanitation Conference and US Food and Drug Ad-
ministration 2007). We realize this is a lower bloom threshold
than used in many other studies, where bloom thresholds are
set at values from which detrimental impacts on wildlife and
humans start to occur. However, in an effort to be overly con-
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servative and avert any potential risks to humans from con-
sumption of contaminated seafood, the GOM states have set
this low bloom threshold value to execute shellfish harvesting
closures. Since one of the main intents of this work is to pro-
vide agencies and other stakeholders with relevant information
to manage their oyster fisheries, we also use this same thresh-
old throughout the paper.

We start our comparison in 2005 because this is the earli-
est year where K. brevis records are available for the 3 states
included in this study. Records of K. brevis in MS prior to Hur-
ricane Katrina were lost due to the devastation inflicted by the
hurricane. The state resumed its monitoring program in 2005
after the hurricane and, throughout the study period, the pro-
gram has remained as a reactive effort except during in—season
shellfish harvesting openings. That is, during in—season shell-
fish harvesting months, samples for K. brevis cell counts were
preemptively collected in the harvesting areas on a monthly ba-
sis. This monitoring frequency could be increased if warranted
by reports and/or observations from citizen scientists or from
other state agencies that K. brevis blooms as defined by ;-

compared, and using the Mann—Whitney (MW) test when
2 states were compared. We used non—parametric testing be-
cause both raw and transformed data failed to comply with
the assumptions of ANOVA. Normality was evaluated with
the Shapiro—Wiilk test, and homogeneity of variance with the
Levene’s test. All tests were done using IBM SPSS Statistics ver-
sion 27.0.0.0 and considered significant if p < 0.05.

ResuLts

To best combine the data sets from the 3 states for an ex-
amination of the temporal and spatial variability of K. brevis
blooms in the northcentral GOM, we graphed the number of
samples with bloom values (i.e., >5000 cells per liter) obtained
per day with each state’s monitoring program across the dura-
tion of the study (Figure S1). Blooms were observed in 7 years
throughout the ~ 15—year period covered in the study. Blooms
were irregularly distributed in time, with blooms occurring in
consecutive years or being spaced out as much as 7 years. In ad-
dition, blooms could be ephemeral and restricted to one state,

cell densities > 5,000 cells may be forming. However,
during off—season shellfish harvesting closures, the state
triggered a monitoring effort at a number of stations
along its coast only upon reports and/or observations
from citizen scientists. These reports of potential K.
brevis bloom formation came through the phytoplank-
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ton monitoring network and from other state agencies
through their own environmental monitoring programs
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(e.g., through measurements of chlorophyll a content
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and/or total population cell densities). If bloom values
>5,000 cells/L were not found, the effort continued for
a period of time deemed safe to conclude that there were
no blooms forming in coastal MS at that time. If bloom
values were detected, the effort continued until bloom
values were not detected anymore for a period of time
deemed safe to conclude that the bloom had vanished.
The K. brevis state monitoring program in FL was
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started in 1964 and it has evolved over time. In 1995

the state adopted a recurring K. brevis monitoring pro-
gram where cell counts were continuously recorded
at a number of locations along its coast regardless of
whether blooms levels were observed or not. In AL, the
K. brevis state monitoring program started in 1996. It re-
mained as a reactive effort similar to the one described
for MS until 2015, at which time it became a recurring
effort similar to the one described for FL.

t\v’i A VS

Bloom values were compared among states using the

Kruskal Wallis (KW) test, followed with post—hoc pair—
wise Dunn’s tests if pertinent when the 3 states were

FIGURE 1. Location of profusive Karenia brevis blooms (defined
as >5,000 cells/L) in 2005, 2007, 2015 and 2018 along the
northcentral Gulf of Mexico. Solid blue triangles correspond to
Mississippi (MS), solid red squares to Alabama (AL), and solid
green circles to Florida (FL).
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or profusive and extended through 2 or 3 states (Figure 1).
Chronologically from the start of the study period we found
profusive blooms in FL and AL in 2005, and in all 3 states in
2007. A bloom—less stretch of 7 years was followed by blooms
in 3 consecutive years, i.e., an ephemeral bloom in FL in 2014,
profusive blooms in all 3 states in 2015, and an ephemeral
bloom in AL in 2016. Finally profusive blooms were seen in FL
and AL in 2018, and ephemeral blooms in FL in 2020.

Regardless of the year of occurrence and whether blooms
were restricted to one state or extended through 2 or 3 states,
blooms occurred in fall/early winter (Figure S1). To further
portray the marked season—specific occurrence of the blooms,
we computed the number of years in the study period where
blooms occurred in a given month for each state (Figure 2).
Blooms occurred from October to December in MS and AL,
and from September to March in FL.

Bloom cell density ranged from 5,300-14,000,000 cells/L
across the 3 states and all years covered in the study. Differenc-
es in the magnitude of bloom values among states depended
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Figure 2. Number of years in the study period where Karenia brevis
blooms occurred in a given month for each state. Solid black triangles cor-
respond to Mississippi (MS), solid black squares to Alabama (Al), and
solid black circles to Florida (FL).
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Figure 3. Box plots comparing Karenia brevis bloom values (i.e., cells/L)
among northcentral Gulf of Mexico states for profusive blooms in 2005,
2007, 2015, 2018, and the entire data set (i.e., also including ephemeral
blooms). Only 2 bloom values were registered in MS in 2005 and, thus,
those values have been removed from the comparison for that year. Each
box with a median bar starts in the first quartile (25%) and ends in the
third quartile (75%) of the data. Open circles represent outliers. Vertical
lines on either side of the box represent the minimum and maximum data
values (without counting outliers). Lower case letters indicate significant
differences among states.

on the year considered (Figure 3). We did not find significant
differences among states in 2005 (MW42,100= 1.618, p = 0.106)
and 2015 (KWa4z7,74234 = 1.75, p = 0.417). In 2007 we found
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higher values in FL than in AL, which in turn were higher
than in MS (KW 75103 = 30.248, p < 0.001, Dunn’s post—hoc
tests, MS vs. AL, p = 0.001, MS vs. FL, p <0.001, AL vs. FL,
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p = 0.001). In 2018 we found higher values in FL than in AL
MWi2,120= 2.693, p = 0.007). For the overall data set we found
higher values in FL than in AL and MS, with AL and MS not
differing from each other. (KWse203566 = 13.217, p = 0.001,
Dunn’s post—hoc tests, MS vs. AL, p = 0.377, MS vs. FL, p =
0.008, AL vs. FL, p = 0.004).

DiscussioN

Our results help characterize and understand K. brevis
blooms in the northcentral GOM. In our study area, which
extended from the LA—MS state line to Apalachee Bay in FL,
blooms occurred irregularly over the period of October 2005
through July 2020. Regardless of whether they were ephem-
eral or profusive blooms, they occurred in fall/early winter.
Similarly, previous studies have shown that K. brevis blooms
occurred irregularly over the years in the western GOM (i.e.,
Texas and northeastern Mexico; Magafia et al. 2003, Tominack
et al. 2020), and that K. brevis blooms tended to occur in fall/
winter in southwest Florida (Brand and Compton 2007, Weis-
burg et al. 2019).

The profusive blooms in 2007, 2015 and 2018 first oc-
curred in FL. We cannot determine if this was also the case for
2005 since our study period started after blooms had first ap-
peared in that year. In 2007, blooms were first reported on 24
September in FL, and on 16 October and 19 November in AL
and MS, respectively. In 2015, blooms were first reported on 7
September in FL, and on 13 November and 12 October in AL
and MS, respectively. In 2018, blooms were first reported on
4 September in FL and on 8 November in AL. This is consis-
tent with westward migration events of K. brevis blooms from
areas in the northeast GOM that have been reported in the
past, where blooms that originate in central or northern FL are
transported westward (Carlson and Clarke 2009, McCulloch
et al. 2013, Kamykowski et al. 2013, Waters et al. 2015, Soto et
al. 2018). Our results suggest that these migrating blooms may
propagate through AL, such as the blooms in 2005 and 2018,
and MS, such as the blooms in 2007 and 2015, and as the
blooms migrate they can either maintain similar cell concentra-
tions (i.e., 2005 and 2015), or reduce their cell concentrations
(i.e., 2007 and 2018). The ephemeral blooms in FL in 2014
and 2020 could represent outskirts of migrating blooms that
did not propagate farther into AL and MS or, alternatively,
they could be independent of bloom migration events such as
the seemingly ephemeral bloom in AL in 2016.

Sampling was recurring in FL regardless of the cell density
values throughout the duration of the study. In MS it was re-
active, except during in—season oyster harvesting openings,
throughout the duration of the study, whereas in AL it was
similar to MS until 2015 and then similar to FL through the
remainder of the study. These differences in sampling regime
among states should not affect the suggestion that K. brevis
blooms formed in central or northwestern FL and may migrate
westward into AL and MS and, as they do so, cell concentra-
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tions may be reduced. Indeed, reactive sampling could have re-
sulted in delayed detection of bloom values in AL and MS, but
such delay is highly unlikely to be as long as the time elapsed
between the date of first bloom detection in FL and the date of
first bloom detection in AL or MS. Similarly, by missing incipi-
ent bloom values, we may be excluding from the analyses newly
formed blooms with cell densities lower than mature blooms
in AL and MS, but this would not call into question the signifi-
cantly lower bloom cell densities in AL and MS than in FL in
2007 and 2018. Additionally, missing incipient blooms should
not affect the lack of differences in bloom cell densities among
states in 2015, and, if anything, it may result in significantly
lower bloom cell densities in AL than in FL in 2005.

Unfortunately, the data set with bloom cell density values
does not have sufficient concomitant measurements of envi-
ronmental values (e.g., riverine flow, turbidity, temperature,
salinity, depth, and nutrients) to provide a more robust analy-
sis. These additional data could provide unequivocal evidence
that K. brevis blooms may indeed migrate from their origin in
the northeast GOM into AL and MS, as well as what mecha-
nisms may be responsible for bloom dilution (i.e., decrease in
cell density). Thus, more work is needed to robustly test our
hypothesis regarding the possible westward migration of K.
brevis blooms along the northcentral GOM into AL and MS,
and possible reduction in cell density as the blooms migrate.
Similarly, the data set does not allow for mechanistic analysis of
what environmental conditions may cause the blooms. While
the data set does allow us to report the blooms occur in fall/
late winter in irregular years, it does not allow us to examine
reasons for why this is so.

In summary, our results provide a previously unreported
analysis of the spatial and temporal occurrence of K. brevis
blooms in the northcentral GOM, and it suggests blooms
originated in the northeast GOM may migrate into AL and
MS. Additionally, our data point to ephemeral blooms inde-
pendent of possible migration events. Nevertheless, more stud-
ies are needed for a deeper characterization and understand-
ing of the dynamics of K. brevis bloom formation, dispersion,
and fate in the northcentral and other regions of the GOM.
The data and findings provided in this study may prove use-
ful in informing and conducting future studies. In this regard,
we encourage coordination and collaboration among federal
and state agencies, academic units, non—governmental orga-
nizations, and other stakeholders regarding K. brevis monitor-
ing programs. In particular, complementing the K. brevis cell
density data sets compiled by the states with measurements
of additional targeted environmental variables through such
partnerships would be very beneficial for our understanding
and management of K. brevis blooms. For instance, the state of
Mississippi has recently shifted from a reactive to a recurring
monitoring program similar to those in AL and FL, and this
may open new opportunities for coordination and collabora-
tion in the region.
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