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Projected water temperatures at six sites in the Gulf of Mexico and Caribbean Sea were used to fore-
cast potential effects of climate change on the growth, abundance and distribution of Gambierdiscus and
Fukuyoa species, dinoflagellates associated with ciguatera fish poisoning (CFP). Data from six sites in the

Accepted 3 August 2015 Greater Caribbean were used to create statistically downscaled projections of water temperature using

an ensemble of eleven global climate models and simulation RCP6.0 from the WCRP Coupled Model
Keywords: Intercomparison Project Phase 5 (CMIP5). Growth rates of five dinoflagellate species were estimated
glgr::tts;iﬁange through the end of the 21st century using experimentally derived temperature vs. growth relationships

for multiple strains of each species. The projected growth rates suggest the distribution and abundance
of CFP-associated dinoflagellate species will shift substantially through 2099. Rising water tempera-
tures are projected to increase the abundance and diversity of Gambierdiscus and Fukuyoa species in
the Gulf of Mexico and along the U.S. southeast Atlantic coast. In the Caribbean Sea, where the highest
average temperatures correlate with the highest rates of CFP, it is projected that Gambierdiscus carib-
aeus, Gambierdiscus belizeanus and Fukuyoa ruetzleri will become increasingly dominant. Conversely, the
lower temperature-adapted species Gambierdiscus carolinianus and Gambierdiscus ribotype 2 are likely
to become less prevalent in the Caribbean Sea and are expected to expand their ranges in the northern
Gulf of Mexico and farther into the western Atlantic. The risks associated with CFP are also expected to
change regionally, with higher incidence rates in the Gulf of Mexico and U.S. southeast Atlantic coast,
with stable or slightly lower risks in the Caribbean Sea.

Harmful algal bloom
Benthic dinoflagellate
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1. Introduction CTXs enter marine food webs primarily via ingestion by herbiv-
orous and surface-feeding fish and invertebrates (Bagnis et al.,
1980, 1985; Chinain et al., 2010; GEOHAB, 2012). Growth, distri-

bution and abundance of CFP-associated dinoflagellates are largely

Ciguatera fish poisoning (CFP) is a pantropical illness caused
by the bioconcentration of algal toxins, known as ciguatoxins

(CTXs), in marine food webs. CTXs are produced by benthic and/or
substrate-associated dinoflagellates in the genus Gambierdiscus
(and potentially, Fukuyoa, see below). There is a consensus that

Abbreviations: CFP, ciguatera fish poisoning; CTX, ciguatoxins; GCR, Greater
Caribbean Region; u, growth rate; GCM, global climate model.
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temperature driven and expected to shift in response to climate
induced changes as ocean temperatures rise (Tester et al., 2010;
Kibler et al., 2012). Historically, CFP has been more prevalent at low
latitudes (~35° N-35° S), but recent evidence indicates some Gam-
bierdiscus species also occur in subtropical-temperate locations
where their abundance will likely increase as ocean temperatures
rise (Litaker et al., 2009; Nascimento et al., 2010; Nishimura et al.,
2013, 2014). In the Atlantic, CFP is most common in the Greater
Caribbean Region (GCR), a broad area bounded by the coastlines
of the Gulf of Mexico, Caribbean Sea, the tropical western Atlantic
adjacent to the Bahamas, and the southeastern coast of the United
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Fig. 1. Map of Caribbean region showing the six buoy sites (@ ) where temperature and growth were projected through the end of the 21st century. Details for each site are

given in Table 1.

States as far north as Cape Hatteras, North Carolina (after Gledhill
et al., 2008) (Fig. 1). Average sea surface temperatures are high-
est and most stable in the eastern Caribbean Sea (~24 to 29°C),
very near the optimum growth temperatures for Caribbean Gam-
bierdiscus and Fukuyoa species (25-30°C; Gordon, 1967; Bomber
etal.,, 1988a; Morton et al., 1992; Gallegos, 1996; Tester et al., 2010;
Kibler et al., 2012). The highest CFP incidence rates also occur in the
eastern Caribbean, supporting the hypothesis that CFP occurrence
is associated with optimal growth conditions for Gambierdiscus and
Fukuyoa cells (Tester et al., 2010; Radke et al., 2013).

Although systematic data on cell distribution across the GCR are
scarce, a review of historical records indicates Gambierdiscus and
Fukuyoa cell densities tend to be greatest in warm, shallow bays
and where temperatures are high and relatively stable through-
out the year (Taylor and Gustavson, 1985; Bomber et al., 1989;
Faust et al., 2005; Okolodkov et al., 2014; Tester et al., 2014). The
case is similar in the Pacific, where CFP incidences are positively
correlated with water temperatures and are highest when temper-
atures remain at 28-30°C (Hales et al., 1999; Chateau-Degat et al.,
2005; Llewellyn, 2010). However, the temperature-CFP relation-
ship weakens at temperatures >30 °C, suggesting an upper thermal
limit may restrict Gambierdiscus occurrence (Llewellyn, 2010). An
upper threshold is supported by experimental data showing a
precipitous decline in Gambierdiscus and Fukuyoa growth rates at
temperatures approaching ~31°C (Kibler et al., 2012). Like many
tropical organisms, these dinoflagellates exhibit maximum growth
rates within ~5-10°C of their upper thermal growth limits, T,
the point at which temperatures are too high to support cellular
growth. This means that even small (1-2°C) increases in ocean
temperatures may yield relatively large increases in Gambierdis-
cus/Fukuyoa growth rates, but more substantial warming may
cause cell mortality (Kibler et al., 2012). Such lethal temperatures
are unlikely in oceanic waters, where evaporative and convective

processes prevent temperatures from exceeding ~31°C (i.e., the
ocean thermostat; Kleypas et al., 2008). However, water tempera-
tures may approach or exceed T, in protected coastal environments
with limited vertical circulation, and coincidently, where Gam-
bierdiscus and Fukuyoa cells reach highest abundances (Carlson,
1984; Faust et al.,, 2005; Tester et al., 2014).

To better understand how rising water temperatures may affect
the distribution and abundance of Gambierdiscus and Fukuyoa
species in the GCR, we used experimental temperature vs. growth
data in combination with projected water temperatures at six rep-
resentative sites to predict how the growth rates of these species
will change as oceans warm through the 21st century. Specifically,
we examined the effect of rising ocean temperatures on growth of
five dinoflagellate species common across the GCR (Vanderseaetal.,
2012): Gambierdiscus belizeanus, Gambierdiscus caribaeus, Gam-
bierdiscus carolinianus, Gambierdiscus ribotype 2 (undescribed), and
the closely related species Fukuyoa ruetzleri (formerly Gambierdis-
cus ruetzleri; Gomez et al., 2015). Because these species co-occur
and may produce toxins causing CFP, henceforward they will be
collectively referred to as CFP-associated dinoflagellates. Experi-
mental growth data were compiled from the study by Kibler et al.
(2012), together with our unpublished temperature vs. growth data
from a variety of experiments completed over the last decade.
Global climate model projections indicate ocean temperatures in
the GCR will rise by 1-3°C by 2100 (Good et al., 2007; Strong et al.,
2008; Chollett et al., 2012). Gambierdiscus species are sensitive
to even small increases in temperature; therefore it is likely that
ocean warming will prompt changes in species abundance, diver-
sity and distribution. It is hypothesized these changes will include
(1) northward progression of species currently restricted to lower
latitude environments, (2) increased abundance of species already
present in subtropical to temperate areas, and (3) reduced occur-
rence of some species in the Caribbean Sea as temperatures exceed
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their upper thermal growth limits. Because some Gambierdiscus
species are inherently more toxic than others (Chinain et al., 1999,
2010; Lartigue et al., 2009; Litaker et al., 2010), temperature-driven
shifts in species composition and abundance can affect flux of
CTXs into marine food webs. It is also probable that previously
unaffected areas will experience increased CFP risks (Hales et al.,
1999; Chateau-Degatetal.,2005; Seliget al., 2006; Hoegh-Guldberg
and Bruno, 2010; Litaker et al., 2010; Skinner et al., 2011). While
this study is focused on the first order effects of temperature on
Gambierdiscus growth, itis understood there are other environmen-
tal factors that impact Gambierdiscus distribution and abundance
(salinity, irradiance, turbulence, substrate availability). Some of
these factors and interactions will be considered in future studies.

2. Methods
2.1. Study sites and water temperature observations

Six oceanographic buoy stations were selected to represent geo-
graphically dispersed regions within the Caribbean and Gulf of
Mexico based on the availability of relatively long-term water tem-
perature data. Surface water temperatures were used to project
growth rates of benthic species in the absence of sufficient data
on bottom water temperatures in the GCR. While this is less
than ideal, it is important to note that CFP-associated, benthic
dinoflagellates are most common in shallow environments (<3 m).
Water temperature data were downloaded from the website of
the National Data Buoy Center (NDBC, 2015). These data were
comprised of hourly surface water temperatures from oceano-
graphic buoys located in the western Gulf of Mexico at an inshore
station (WGOM/N, 29.232° N, 94.413° W) and an offshore station
(WGOM/S, 29.968° N, 96.694° W), in the eastern Gulf of Mexico
(EGOM, 26.044° N, 85.612° W), at a site just south of the Yucatan
Strait (YUCT, 19.802° N, 84.857° W), in the central Caribbean Sea
(CCAR, 14.923° N, 74.918° W) and in the eastern Caribbean Sea just
west of the Lesser Antilles (ECAR, 16.332° N, 63.240° W) (Fig. 1,
Table 1). The longest water temperature record was available at
EGOM (1976-present), while records at stations WGOM/N and
WGOM/S included data from 1993 to present and 1990 to present,
respectively (Fig. 2A-C, Table 1).

Datasets from buoys at stations YUCT (2005-2013), CCAR
(2005-2013) and ECAR (2009-2013) were each comprised of <10
years of data and deemed insufficient for accurate temperature pro-
jections (Table 1). To increase the length of the time series at these
locations, the observed water temperature records were hindcast
to 01 Jan 1990 using NOAA'’s Extended Reconstructed Sea Surface
Temperature (ERSST) v3b gridded dataset (Smith et al., 2008; NCEI,
2015) (Fig. 3). The nearest ERSST grid point to each buoy site was
selected for the hindcast water temperatures, after adjusting for the
mean differences for the period when in situ and reconstructed data
overlapped. The resulting reconstructed time series for the three
Caribbean Sea stations are shown in Fig. 2D-F. Data from 2014 had
not yet undergone the complete quality control procedures used
by the NDBC, so were not included in this study.

2.2. Water temperature projections

Future scenarios for water temperature at the six stations in
the Caribbean region were generated using a series of climate
model simulations coordinated by the World Climate Research
Programme’s Working Group on Coupled Modeling (WCRP, 2015),
an organization sponsored by the World Meteorological Organiza-
tion (WMO), the International Council for Science (ICSU) and the
Intergovernmental Oceanographic Commission (I0C) of UNESCO.
Although we projected changes in ocean temperature using data

from sites only in Caribbean Sea and Gulf of Mexico, connectivity
among the GCR subregions via ocean currents makes the forecasted
changes in ocean temperature applicable across the entire GCR. In
all, simulations from eleven global climate models (GCMs) from the
WCRP consortium were selected to project water temperatures at
each station in the Greater Caribbean (Fig. 3; Table 2) (Flato et al.,
2013).

These GCM simulations were performed as part of the WCRP
Coupled Model Intercomparison Project Phase 5 (CMIP5), which
provided a standard experimental protocol for studying GCMs. The
CMIP5 simulations use a set of scenarios called Representative Con-
centration Pathways (RCPs), based on radiative forcing trajectories.
Simulations for the RCP6.0 scenario were utilized in this study.
Water temperature projections were constructed by comparing
the projected water temperatures with the buoy observations,
and then adjusting the projected data by the difference (bias)
between the observed data and the model output. The observed
temperature data from each buoy [T,,s(y,m)], monthly mean
values [Typs,(mM)] and monthly standard deviations [£0 ops(m)]
were computed by averaging the data for the period of record
(Ybeg — Yend), where m=month and y=year, Ypes =beginning year
of data and Y.,q =ending year of data. Then monthly anomalies
[T ops(y,m)] were computed by subtracting the monthly means:

T[/,bs(y, m) = Tops(Y, M) = Tobs, mean(MM) (1)

For each model, we identified the nearest grid point to each buoy
and used those data in subsequent calculations. We then applied
similar calculations to the model data [Tygei(¥,m)] monthly
mean values [Tiodelmean(m)] and monthly standard deviations
[£0 modei(m)] for the same period of record as the observed buoy
data. Monthly anomaly values [T ,0g4e1(¥,m)] were then calculated
by subtracting the monthly mean value:

Tr,nodel(y’ m) = Tinodel(ys M) — Tmodel, mean (M) (2)

The modeled temperatures were computed in the following
way. For each month, a trend [Ap,ode1(m)] was computed for the
model’s Ypeg — 2099 time series. The model values were de-trended
by subtracting the trend line values for each month:

Tr/nodel,detrend(y’ m) = Tr/nodel(y’ m) — Amodel (M) x (¥ — Ybeg) (3)

Each detrended value [T'podeldetrend(¥>1)] Was then adjusted
for biases in the variability of the model data, as compared to the
observed data. This bias adjustment was the ratio of the standard
deviations for the model and observed data. The future value of
temperature for month (m)and year (y) incorporated the detrended
anomaly that was adjusted for the variability bias plus the trend.
The forecasted monthly temperature [Tesc(y,m)] was then com-
puted by:

Test(y, m) = Tobs,mean(m) + Tr,nodel,detrend(y’ m)

X £ Oops(M)/ £ Tmodel(M) + Amodel(M) x (¥ — Ybeg) (4)

The above downscaling approach assumes the future trend
in temperature is linear, and thus a simple linear trend adjust-
ment (A) is appropriate. An examination of the model projections
(not shown) indicates that future temperature changes are indeed
highly linear. This is a consequence of the choice of scenario,
RCP6.0, which is characterized by an approximate linear increase
in greenhouse gas forcing over the 21st century and assumes that
greenhouse gas emissions will stabilize after 2080 (IPCC, 2013).
Choice of another scenario with non-linear changes in greenhouse
gas forcing, such as RCP4.5, would necessitate the use of a non-
linear fit to the temperature change. Justification for the use of
RCP6.0 follows below.
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Fig. 2. In situ temperature data from buoys moored at six stations in the Gulf of Mexico and Caribbean Sea. Solid lines represent in situ data while dotted lines denote ERSST
reconstructed temperatures. See text for details about each location and data reconstruction. Note longer time scale in plot C and smaller temperature scale in plots D-F.

Table 1

List of stations where in situ data were used to project surface water temperatures to 2099 using the 11 models given in Table 2. Data were downloaded from the National

Data Buoy Center (NDBC).
Station NDBC number Latitude °N Longitude °“W Depth (m) Location Span
WGOM/N 42035 29.232 94.413 14 Western Gulf of Mexico off Galveston, Texas 1993-2013
WGOM/S 42020 26.968 96.694 80 Western Gulf of Mexico off Corpus Christi, Texas 1990-2013
EGOM 42003 26.044 85.612 3274 Eastern Gulf of Mexico 1976-2013
YUCT 42056 19.802 84.857 4684 Yucatan Basin 2005-2013
CCAR 42058 14.923 74918 4161 Central Caribbean Sea 2005-2013
ECAR 42060 16.332 63.240 1570 East Caribbean Sea west of the Lesser Antilles 2009-2013
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2.3. Gambierdiscus growth models

Detailed temperature vs. growth relationships were based on
experimental data from Kibler et al. (2012) for five CFP-associated
dinoflagellate species endemic to the Atlantic Ocean: G. belizeanus,
G. caribaeus, G. carolinianus, Gambierdiscus ribotype 2 (undescribed
species; see Litaker et al., 2010), and F. ruetzleri (previously G.
ruetzleri). The temperature vs. growth relationships in the 2012
study were based on only one strain of each species from a sin-
gle set of culture experiments. To make the growth models more

Table 2

representative of each species, the temperature-growth (T— )
data from Kibler et al. (2012) were supplemented with data
from multiple strains established from samples collected at sites
across the GCR: G. belizeanus (n=2), G. caribaeus (n=6), G. car-
olinianus (n=5), Gambierdiscus ribotype 2 (n=7) and F. ruetzleri
(n=2) (Table 3). Data were compiled from experiments con-
ducted between 2005 and 2014, with salinity (33), irradiance
(50-100 pmol photon m~2 s72) and culture media the same as the
2012 study. This range of light levels were within the optimum
growth range of each of the five species included within this study

Climate models used to project water temperature at each of the six stations in this study. Each model scenario was based on a global climate model (GCM) simulation
from the Coupled Model Intercomparison Project Phase 5 (CMIP5), a component of the World Climate Research Programme (WCRP) Working Group on Coupled Modeling

(WGCM). For details see Flato et al. (2013).

Model No. Climate modeling group/institution(s) Country
BCC-CSM1.1 1 Beijing Climate Center, China Meteorological Administration China
BCC-CSM1.1(m) 2 Beijing Climate Center, China Meteorological Administration China
CSIRO-Mk3.6.0 3 Commonwealth Scientific and Industrial Research Organisation in Australia
collaboration with the Queensland Climate Change Centre of
Excellence
GFDL-CM3 4 NOAA Geophysical Fluid Dynamics Laboratory USA
IPSL-CM5A-MR 5 Institut Pierre-Simon Laplace France
MIROC5 6 Atmosphere and Ocean Research Institute, The University of Japan
Tokyo/National Institute for Environmental Studies/Japan Agency for
Marine-Earth Science and Technology
MIROC-ESM 7 Japan Agency for Marine-Earth Science and Technology/Atmosphere Japan
and Ocean Research Institute, The University of Tokyo/National
Institute for Environmental Studies
MIROC-ESM-CHEM 8 Japan Agency for Marine-Earth Science and Technology/Atmosphere Japan
and Ocean Research Institute, The University of Tokyo/National
Institute for Environmental Studies
MRI-CGCM3 9 Meteorological Research Institute, Japan Meteorological Agency Japan
NorESM1-M 10 Norwegian Climate Centre Norway
NorESM1-ME 11 Norwegian Climate Centre Norway
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Table 3

Strains of the five Caribbean dinoflagellate species used to generate growth vs. temperature models shown in Table 5. Abbreviation FGBNMS, Flower Garden Banks National

Marine Sanctuary.

Species Strains Origin
Gambierdiscus CCMP399 St. Barthelemy, Caribbean
belizeanus ST1 Gam F4 St. Thomas, U.S. Virgin Islands
G. caribaeus Gam19 Carrie Bow Cay, Belize
BB4Gam1 Bathtub Beach Park, Stuart, Florida, USA
CCMP1651 Grand Cayman, Cayman Islands, Caribbean
Gam4 Southwater Cay, Belize

ElbowCayAlgae Gam1
BRPGam4 7/15/09

G. carolinianus BigFish Gam5

KenNew?2

Kenny6

RROV5

SE27-21 Gam7

Gambierdiscus ribotype CCMP1655

2 WL18Gam5

WL18Gam6
StMaartens Gam6
StMaartens Gam10
EL20T Gam3
MixedPR Gam3

Fukuyoa ruetzleri Gam1
NC ruetz

Elbow Cay, Belize

Southwater Cay, Belize

Blowing Rock Park, Jupiter, Florida, USA
North Carolina, USA

North Carolina, USA

North Carolina, USA

Puerto Rico, USA

North Carolina, USA

Martinique, Caribbean

FGBNMS, NW Gulf of Mexico

FGBNMS, NW Gulf of Mexico

Sint Maarten, Caribbean

Sint Maarten, Caribbean

Dry Tortugas National Park, SE Gulf of Mexico
Puerto Rico, USA

Southwater Cay, Belize

North Carolina, USA

(see Kibler et al., 2012, Table 5). Growth rates for each dinoflagel-
late strain were determined using a larger number of data points
than those in Kibler et al. (2012), yielding a more conservative
measure of growth for each replicate (i.e., average rate instead
of maximum rate). Experimental growth data were then fit to
third or fourth order polynomial equations using the curve fit-
ting toolbox in MATLAB (R2014a, The Mathworks, Inc., Natick,
MA, USA) (Fig. 4, Table 4). Inclusion of replicate growth measure-
ments from multiple strains increased variability somewhat, but
yielded more robust fit equations because of the much larger sam-
ple size (p<0.001,n=66 to 95, 1 — 8>0.999; Zar, 1996). The results
of these re-analyzed growth relationships are given in Fig. 4 and
Table 4, where tmax represents the maximum fitted growth rate,

Tmax denotes the corresponding maximum growth temperature,
Topt represents the range of temperatures where growth was at
least 80% of (imax, and T, and Ty denote the upper and lower ther-
mal limits of growth, respectively. These growth parameters (4 max,
Tmax, Topt, To, Tu) were estimated using the output of each poly-
nomial equation. The revised growth relationships yielded results
similar to those reported in Kibler et al. (2012), but with slightly
lower growth rates for G. caribaeus (ttmax 0.28 vs. 0.34d-1), G. car-
olinianus (ftmax 0.23 vs. 0.29d~1) and F. ruetzleri (ftmax 0.30 vs.
0.34d-1) (Table 4). Furthermore, Tmax decreased to 28.6°C in G.
caribaeus (from 31.4°C) and Ty increased in G. belizeanus, G. carib-
aeus and F. ruetzleri to ~35°C from 32 to 33°C in the earlier study
(Table 4).

Table 4
Polynomial growth vs. temperature models for five Caribbean dinoflagellate species. Relationships were adapted using data from Kibler et al. (2012).
Species Polynomial HMmax Tinax Topt To Ty
Gambierdiscus belizeanus 3rd order 0.21 28.2 24.5-31.7 20.0 35.0
Coefficients p1=-0.00010
p2=0.00478
p3 =—0.02002
pa=-0.67793
G. caribaeus 3rd order 0.28 28.6 24.5-31.9 16.5 35.0
Coefficients p1=-0.00028
p2=0.01840
p3=-0.37625
pa=2.43679
G. carolinianus 3rd order 0.23 27.1 23.5-30.0 15.8 32.5
Coefficients p1=-0.00033
p2=0.02134
p3=-0.42182
pa=2.65837
Gambierdiscus ribotype 2 4th order 0.15 27.4 24.5-30.1 19.8 33.0
Coefficients p1=1.816x 107
p2=-0.00214
p3 =0.08906!
pa=-1.56085
p5=9.78999
Fukuyoa ruetzleri 4th order 0.30 28.5 24.5-31.9 16.8 351

Coefficients p1=3.916x 1076

p2 =—0.00069
ps3=0.03458
ps=—0.64459

ps = —4.04444
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G. carolinianus, (D) Gambierdiscus ribotype 2, and (E) Fukuyoa ruetzleri. The solid circles are measured growth rates of replicate experimental cultures from multiple strains
of each species (Table 3), the solid lines represent polynomial curves fitted to the data (Table 4) and the broken lines denote upper and lower 95% confidence intervals (CI).
The regression coefficient (r2) and p-values are shown. Fit coefficients and growth model results are given in Table 4.

Seasonal variation in CFP-associated dinoflagellate growth was
evaluated using projected monthly composite temperatures at
each station. Composite temperatures were ranked by month and
the average for each station was calculated during four different
time intervals: “2010” (2005-2014), “2030” (2025-2034), “2050"
(2045-2054) and “2095” (2090-2099). Average monthly water
temperatures were then used to evaluate the growth potential for
each of the five dinoflagellate species during each time period.
The growth models were then combined with composite pro-
jected water temperatures at the six stations in the Caribbean
to estimate average daily, monthly, and yearly growth rates for
each of the dinoflagellate species. Daily projected temperatures
were also used to calculate the number of days per year when
temperature was <Tp, the number within the optimum growth

range, and the number when temperature was >T, for each
species.

3. Results
3.1. Study sites

The primary differences among observed water tempera-
tures at the six sites were in the mean annual temperatures
as well as the magnitudes of the seasonal temperature cycles.
The three Caribbean Sea locations were characterized by aver-
age temperatures (through 2013) 0f28.19+1.27°C,27.69+ 0.96°C
and 27.84+1.07°C for buoys at YUCT, CCAR and ECAR, respec-
tively. The average temperature at buoy EGOM was slightly lower
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Fig. 5. Mean projected annual surface water temperature +1 standard deviation (std) at six stations in the Greater Caribbean region (Fig. 1). Open circles denote observed
temperatures; solid circles represent projected temperatures and vertical reference lines denote the year 2013.

(27.04 +£2.12°C), while temperatures at the western Gulf sites were
substantially lower—24.95 + 3.54°C(WGOM/S) and 22.95 4+ 6.00°C
(WGOM|/N) (Fig. 5).

The magnitude of vernal warming and winter cooling across
the region was primarily determined by latitude, with some vari-
ation due to proximity to land and differences in ocean circulation
between the eastern and western Gulf of Mexico. Buoy WGOM/N
is only 30 km from shore. As a result, this site exhibited the great-
est range in winter-summer temperatures (>15 °C) compared with
buoys WGOM/S (~10°C) and EGOM (~6°C, Fig. 2A-C). In com-
parison, the Caribbean Sea buoys (YUCT, CCAR, ECAR) exhibited
relatively small seasonal temperature variations (<3.5°C), consis-
tent with their lower latitudes (15-20° N, Table 1, Figs. 1 and 2D-F).
Winter temperatures in the western Gulf were substantially lower
than observed at other sites, reaching February temperatures of
12-16°C and 17-21°C at WGOM/N and WGOM/S, respectively
through 2013 (Fig. 2A and B). In contrast, winter temperatures
never fell below 23°C at EGOM and 25°C at the three Caribbean
sites (Fig. 2C-F).

3.2. Projected temperatures
All eleven model simulations projected water temperatures to

increase at similar rates, although with some variability. For exam-
ple, mean annual water temperature at WGOM)|N is projected by

the 11 models to be 22.23-24.53°C by 2030, with a mean and
standard deviation of 23.44 4 0.66°C (Fig. 5A). By 2050 and 2099,
temperatures at this site are projected to be 23.69 +0.63°C and
25.17+£0.86°C, respectively (Fig. 5A). At station WGOM/S mean
water temperatures are expected to rise from 24.794+0.43°C in
2013 to 27.08 £1.07 °C by 2099 (Fig. 5B). Slightly lower temper-
atures are projected in the eastern Gulf of Mexico (EGOM), where
mean annual temperatures will increase from 26.65 +0.09 in 2013
to 29.19+£0.72°C by 2099 (Fig. 5C). The warmest conditions are
projected to occur at buoy YUCT by the end of the century, where
temperatures are expected to rise from 28.28 + 0.00 °C during 2013
to 30.18+0.57°C in 2099 (Fig. 5D). Comparatively, the more sta-
ble conditions in the central (CCAR) and eastern Caribbean Sea
(ECAR) are expected to yield temperature increases from 27.85
and 28.04°C in 2013 to 29.64 and 29.66°C in 2099 (Fig. 5E and
F). Over the entire forecast period, the average rate of tempera-
ture rise at WGOM/N was 0.27 °C decade~!, the most rapid rate of
warming among the six stations. In comparison, the mean projected
rise in temperatures at the other Gulf of Mexico sites were 0.23°C
decade~!and 0.20°Cdecade~! at WGOM/S and EGOM, respectively
through 2099. The warming rates among the three remaining sites
were almost identical: 0.20°C decade~! (YUCT), 0.20°C decade™!
(CCAR) and 0.19°C decade~! (ECAR). Overall, the regional warm-
ing rate among the six sites during the forecast period averaged
0.22+0.03°C decade1.
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Table 5

Comparison of model results. Percentage of months when the average projected
temperature predicted by each model was (A) the highest and (B) the lowest among
the 11 model scenarios. Model numbers are given in Table 2.

A Model No.

Station 1 2 3 4 5 6 7 8 9 10 11
WGOM/N 5 5 4 19 8 5 13 25 7 7 3
WGOM/S 5 4 16 27 11 7 7 7 9 7 5
EGOM 11 6 8 30 9 5 15 16 6 7 5
YUCT 6 5 7 43 5 5 16 25 4 4 4
CCAR 6 8 10 40 7 7 21 25 5 6 6
ECAR 8 9 10 40 9 8 21 25 7 7 6
B Model No.

Station 1 2 3 4 5 6 7 8 9 10 11
WGOM/N 9 12 14 4 7 11 6 3 8 7 19
WGOM/S 15 12 6 3 5 7 1 3 10 12 17
EGOM 13 13 10 5 9 9 5 5 16 14 19
YUCT 12 22 7 5 5 7 4 5 19 18 25
CCAR 15 16 10 6 10 8 5 6 22 21 28
ECAR 17 19 11 7 9 12 5 7 21 20 23

Variability among models increased gradually through the fore-
cast period as the climate models diverged. For example, the
projected average annual temperature at WGOM/S in 2030 was
25.50+0.30°C (CV3z030=1.2%), but increased to 27.08+1.07°C
(CV2p99=4.0%) by the end of the century (Fig. 5B). Variability
among projected average annual temperatures in 2099 was sim-
ilar at WGOM/N (CV5qg9 = 3.4%), lower at EGOM (CVqggg = 2.5%) and
lowest at YUCT, CCAR and ECAR (CVyggg = 1.8-2.2%). The diver-
gence among the model projections is evidenced by the increasing
size of the error bars in Fig. 5. Although CVs were generally low,
some models consistently projected higher temperatures than oth-
ers. For instance, model GFDL-CM3 projected water temperatures
slightly higher than the other ten models 19-43% of the time
(Table 5A). Conversely, model NorESM1-ME tended to project tem-
peratures that were lower than any other model 17-28% of the time
(Table 5B). The small scale differences in projected temperatures
are attributable to dissimilarities in the mechanics and complexity
of each model (Flato et al., 2013). Among GFDL-CM3 and NorESM1-
ME, for instance, the latter model includes components that were
used to estimate terrestrial and marine carbon, features lacking
in GFDL-CM3. For more information concerning the particular dif-
ferences among the eleven models and how these affect their
performance, see Flato et al. (2013).

3.3. Growth projections

The average of all 11 model simulations was used as the compos-
ite input variable in the growth vs. temperature equations for each
species. Compositing was done because of the similarity among
the modeled temperatures (and therefore high level of confidence
in the projections) and to simplify the forecasts of Gambierdiscus
growth (Fig. 5). Daily composite water temperatures were then
used to calculate monthly and yearly composite temperatures at
each site in the GCR. Average monthly and yearly growth rates
for each Gambierdiscus species were calculated using these com-
posite temperatures. The resulting growth projections for the five
CFP-associated dinoflagellate species were very different in the
western Gulf of Mexico compared to those in more tropical loca-
tions in the eastern Gulf and Caribbean Sea. At buoys WGOM/N
and WGOM/S, which were characterized by the lowest average
water temperatures before 2013, the average annual growth rates
of all five dinoflagellate species are projected to increase through-
out the remainder of the 21st century (Fig. 6A). Gambierdiscus
belizeanus, G. caribaeus and F. ruetzleri are projected to undergo the

greatest increases in average growth rate at WGOM/N of
0.08-0.1d~! between 2000 and 2099 (from 0.11t0 0.19d~!,0.16 to
0.24d-1,0.16t00.26 d~1, respectively) (Fig. 6A). At the same site, G.
carolinianus and Gambierdiscus ribotype 2 are expected to undergo
increases of ~0.07 d~! over the same period (0.15 to 0.22d-1, 0.07
to 0.14d-1, respectively).

Farther offshore at buoy WGOM/S, a smaller rise in average
annual water temperature is projected to prompt more modest
growth rate increases of 0.04-0.06d-! among G. belizeanus, G.
caribaeus, and F. ruetzleri (Fig. 6B). Both G. carolinianus and Gam-
bierdiscus ribotype 2 are projected to undergo lesser increases in
growth rate (~0.03d-1) through ~2080, after which growth rate
is projected to remain relatively constant. This stabilization of the
average annual growth rates of both species as temperatures rise is
curious, as mean temperatures at WGOM/S are expected to reach
~27°C by 2080 or so. These conditions should allow increasing
rates of growth in all five species (Table 4). However, monthly
water temperatures at this site are expected to reach 31°C dur-
ing the summer months after 2070 and approach 32°C in the
summer by 2099. Such high seasonal water temperatures exceed
Topt for G. carolinianus and Gambierdiscus ribotype 2 (23.5-30.0°C
and 24.5-30.1°C, respectively; Table 4), limiting growth of these
species during the summer and yielding constant average annual
growth rates (Fig. 6B). The high summer temperatures have a lesser
effect on G. belizeanus, G. caribaeus and F. ruetzleri, which have
higher Topt values (24.5-31.9°C, Table 4).

Despite the location of EGOM (~26° N) in the Gulf of Mexico,
water temperatures at this site bear more similarity to stations
in the Caribbean Sea than to those in the western Gulf. This simi-
larity is attributable to transport of Caribbean water into the Gulf
via the Loop Current, making average temperatures at EGOM only
slightly lower than those in the Caribbean Sea (Fig. 5). As a result,
station EGOM and the three sites in the Caribbean Sea (YUCT, CCAR,
ECAR) are projected to exhibit very similar growth rates among the
dinoflagellate species. With Topt values of 24.5-31.9°C, G. carib-
aeus and F. ruetzleri are projected to exhibit very little change in
growthrate (<0.01d~1)at EGOM, CCAR and ECAR despite gradually
increasing water temperatures (Figs. 6C, E and F). This relative con-
stancy is attributable to (1) the balance between elevated growth
rates as winter temperatures rise and depressed growth rates as
temperatures climb during the summer, (2) tolerance to high water
temperatures in these two species and, (3) the relatively small
degree of seasonal temperature change in the Caribbean Sea. A very
similar trend is expected in G. belizeanus, which has a slightly lower
Topt range (24.5-31.7 °C). At YUCT, the slightly higher water tem-
peratures projected to occur through the end of the century are
expected to prompt declining average annual growth rates in all
five dinoflagellate species (Fig. 6D). This decline is projected to be
most substantial in Gambierdiscus ribotype 2 and G. carolinianus
(0.03 to 0.06d"1, Fig. 6D).

3.4. Seasonality

Comparison of the seasonal temperature cycles at each site with
the thermal growth responses of the five dinoflagellate species
indicates higher summer water temperatures will likely have a
substantial impact on the assemblage at each site. Monthly mean
temperatures at WGOM/N currently average 30.2 °C during August
of each year, temperatures that are already >Topt for both G. car-
olinianus and Gambierdiscus ribotype 2 (Fig. 7A, Table 4). With the
increase of >2 °C projected to occur in the western Gulf by the end
of the century (Fig. 5A and B), water temperatures at WGOM/N
are expected to be >Typ¢ for these two species during a five month
period from mid-May through mid-September of each year. Peak
summer temperatures are even projected to approach or exceed
the thermal growth limit of both G. carolinianus (T, =32.5°C) and
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Fig. 6. Mean projected annual growth rates (open circles) and water temperature (solid line) for five CFP-associated dinoflagellate species at six stations in the Greater
Caribbean region: G. belizeanus (blue circle), G. caribaeus (black circle), G. carolinianus (pink circle), Fukuyoa ruetzleri (red circle), Gambierdiscus ribotype 2 (green circle).
Vertical reference lines denote the year 2013. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Gambierdiscus ribotype 2 (T, =33.0°C) by the end of the century
(Fig. 7A). Such high summer temperatures would tend to severely
limit the growth of these low temperature species and may cause
mortality. G. belizeanus, G. caribaeus and F. ruetzleri are also pro-
jected to be negatively affected by peak summer temperatures, but
only after ~2070 when temperatures at WGOM/N are projected to
exceed Topt for these three species.

Winter minimum temperatures also limit growth of CFP-
associated dinoflagellates in the Gulf of Mexico. Water tempera-
tures currently reach an average of 14.5-14.7°C in January and
February at WGOM/N. These temperatures are well below the
thermal growth optima for all five dinoflagellate species during
November-May, <Ty for G. belizeanus and Gambierdiscus ribo-
type 2 during early November through mid-March, and <T; for

the remaining species during December through mid-February
(Fig. 7A). Low water temperatures are projected to prevent growth
of these species during these periods. Despite warming conditions,
winter water temperatures at this site are not expected to rise
appreciably until the end of the century, when January-February
temperatures are projected to reach to ~17°C.

Located farther offshore, site WGOM]/S is less affected by
summer-winter temperature fluctuations than WGOM/N. As a
result, peak summertime temperatures are currently within the
Topt range for all five dinoflagellate species, but are projected
to exceed the thermal optimum range of G. carolinianus and
Gambierdiscus ribotype 2 after 2050 (Fig. 7B). Although summer
temperatures are projected to reach 31.4°C at this site by 2099,
the hottest projected temperatures are still within Tope for the
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Fig. 7. Projected seasonal water temperatures at six locations in the Greater Caribbean region during four time periods: 2010 (2005-2014), 2030 (2025-2034), 2050
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to color in this figure legend, the reader is referred to the web version of this article.)

high temperature species G. belizeanus, G. caribaeus and F. ruetzleri
(Table 4). Like the inshore site WGOM/N, winter temperatures at
WGOM/S are currently below the thermal optima for all Caribbean
species during early December through mid-April, although this
cold period is projected to shorten appreciably to only three months
(January-March) by the end of the century (Fig. 7B). Only during
February are current winter temperatures at WGOM/S <T for any

of the dinoflagellate species (G. belizeanus, Ty = 20.0°C, Table 4), but
temperatures are expected to remain within the growth limits of
all five species year round after 2050.

The seasonal cycle has an even smaller magnitude at EGOM
and YUCT, where average temperatures fluctuate between 24.2
and 30.3 °C (February, August) and 26.5-31.7 °C (March, August),
respectively (Fig. 7C and D). At EGOM, peak summer temperatures
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are currently high enough to limit growth rates of only G. car-
olinianus and Gambierdiscus ribotype 2, but are projected to affect
the high temperature species as well by 2099. A similar trend is
expected to occur at YUCT, where summer temperatures are pro-
jected to begin limiting growth of G. carolinianus and Gambierdiscus
ribotype 2 after ~2030 (Fig. 7D). During the winter, minimum
water temperatures (26.5 °C) are not low enough to limit optimum
growth of any of the five dinoflagellates at YUCT, but may slightly
limit the growth of all species except G. carolinianus in the eastern
Gulf during February (Fig. 7C and D).

The Caribbean Sea sites CCAR and ECAR exhibit nearly identical
seasonal temperature cycles characterized by peak water temper-
atures in September and October rather than the August high that
occurs at the other four sites. CCAR and ECAR are also character-
ized by a bimodal seasonal temperature cycle with a noticeable
mid-summer dip in water temperatures due to increasing wind and
convective activity that is characteristic of the Caribbean Sea (e.g.,
Magafa et al.,, 1999). Summer temperatures average 29.3-29.5°C
at both CCAR and ECAR and are projected to remain within Topt
for all three of the high temperature species year round despite
the steady regional rate of ocean warming. By 2099, peak sum-
mer water temperatures are projected to reach 30.9°C and 31.0°C
at CCAR and ECAR (respectively), high enough to limit growth of
G. carolinianus and Gambierdiscus ribotype 2 during July/August
through November (Fig. 7E and F). Although summer temperatures
would not likely be high enough to cause mortality, the net effect
will be to suppress growth of G. carolinianus and Gambierdiscus ribo-
type 2 while stimulating the growth of warm tolerant species like
G. caribaeus and G. belizeanus.

3.5. Optimum growth days

Projected water temperatures at each site and temperature vs.
growth data made it possible to estimate the optimum growth
days of each dinoflagellate species for the present-day, and how
this number might change by the end of the 21st century. Opti-
mum growth days (Dopt) were defined as the number of days
per year (dyr-!) when water temperatures were projected to
lie within the optimum growth range (Topt, >80% maximum
growth rate) for each dinoflagellate species (Table 4). Species tol-
erant of higher water temperatures—G. caribaeus/F. ruetzleri and G.
belizeanus—were delineated by optimum days at or near 365yr~!
at the three Caribbean Sea sites despite rising temperatures. Only
at the end of the century are Caribbean Sea temperatures pro-
jected to be high enough to suppress the growth of these three
species somewhat (YUCT, Fig. 8D). At station EGOM, sub-optimum
conditions for growth of the three high temperature species are
expected to persist during the winter months until after 2050, when
Dopt is projected to reach 365dyr~1. As conditions in the eastern
Gulf of Mexico continue to warm after ~2070, summer tempera-
tures are projected to exceed Top for G. caribaeus|F. ruetzleri and G.
belizeanus, reducing the number of optimum days to near 300 d yr—!
(Fig. 8C).

In the western Gulf of Mexico, where water tempera-
tures are somewhat lower and winter cooling is more intense
(Figs. 5A and 7A), Dopt is projected to increase for the three
high temperature species through at least 2060. Dopt values for
G. caribaeus/F. ruetzleri and G. belizeanus are expected to decline
again after ~2060 when summer temperatures begin to limit
growth (Fig. 8A). At the offshore site WGOM/S, this upward trend
is projected to continue through the remainder of this century
(Fig. 8B).

The low temperature species, G. carolinianus and Gambierdis-
cus ribotype 2, are expected to experience an overall reduction in
Dopt across the GCR by the end of the century, despite the pro-
jected increase in their average annual growth rates. The fewest

optimum growth days for G. carolinianus and Gambierdiscus ribo-
type 2 currently occur at WGOM/N, where Gambierdiscus growth
is limited by both winter temperatures <Topt and summer tem-
peratures >Tope (Fig. 8A). For instance, daily water temperatures
at WGOM/N during 2013 were <Top¢ for G. carolinianus (<23.5°C)
for 195d during the winter months and were >Top: for only 12d
during August and early September, leaving 158 d with optimum
growth temperatures. By 2050, rising temperatures at this site are
projected to reduce the number of suboptimal winter days to 173,
but to increase the number of suboptimal summer days to 82. The
net effect of these projected changes is an overall reduction in Dopt
for G. carolinianus at WGOM|/N to 110dyr~! by 2050 (Fig. 8A). By
the end of the century, Dopt is projected to decline even further
to 102dyr~! for G. carolinianus, despite an overall increase in its
projected annual average growth rate (Fig. 6A). This apparent con-
tradiction of increasing annual growth rates (Fig. 6A and B) but
decreasing optimum growth days (Fig. 8A and B) is attributable
to much higher dinoflagellate growth rates during spring and fall,
balanced by smaller decreases in growth during winter and sum-
mer. The net result is an overall increase in projected growth
rates.

A similar pattern of declining optimum growth days yr—! was
projected for the low temperature species G. carolinianus and Gam-
bierdiscus ribotype 2 at the offshore site WGOM/S, marked by a
reduction from ~200 to 130-150dyr~! by 2099 (Fig. 8B). Simi-
larly, the even warmer, but more stable conditions in the eastern
Gulf of Mexico are projected to prompt a decline in Doy for these
two species from ~300d yr—! at present to ~225d yr—! by the end
of the century (Fig. 8C). The most dramatic decline in yearly opti-
mum growth days for G. carolinianus and Gambierdiscus ribotype 2
is projected to occur at the Caribbean Sea sites, where optimum
temperatures currently persist year round (Dope=365dyr=1). As
temperatures rise, the number of optimum growth days for these
low temperature species are projected to decrease steadily after the
middle of the century to 169-171d yr—! at YUCT, to 228-252d yr~!
at CCAR, and to 187-199dyr~! at ECAR (Fig. 8D-F).

4. Discussion

By the end of the 21st century, it is likely that diversity, abun-
dance and distribution of CFP-associated dinoflagellate species will
undergo significant changes based on temperature-growth mod-
els and projected ocean temperatures in the Greater Caribbean
region (GCR). These changes are driven by the interactions between
increasing water temperatures and the upper thermal growth limit
(Ty), lower thermal growth limit (T ), and thermal optimum growth
range (Topt) for each species (after Kibler et al., 2012). As tempera-
tures rise, the effects will be most apparent on G. carolinianus and
Gambierdiscus ribotype 2. These two species have growth optima
of ~24-30°C and are better adapted to cooler temperatures, caus-
ing their prevalence in the Caribbean Sea to decline as temperatures
increase. In contrast, because of their tolerance to cooler conditions
itis projected these two species will become more abundant along
the northern Gulf of Mexico and expand their ranges farther into the
western Atlantic. Species tolerant of higher temperatures, such a G.
belizeanus, G. caribaeus and F. ruetzleri (Top; ~24.5-31.9°C) are pre-
dicted to become increasingly dominant in the Caribbean Sea and
surrounding areas. In the western Gulf of Mexico the abundance of
CFP-associated species is limited by low temperatures for much of
the year. During the months November through April water tem-
peratures are below Topt for all five species at WGOM/N and are
<Topt during December-April at WGOM/S. The model results pre-
dict that as the water temperatures increase 2-4°C this century
all five of the dinoflagellate species in this study that co-occur in
the Gulf are projected to increase in overall abundance, potentially
increasing the risk of CFP.
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Fig. 8. Average number of days when water temperature allows optimum growth (>80% maximum) at each station for five dinoflagellate species in the Caribbean region: G.
belizeanus (dotted blue line), Gambierdiscus caribaeus/F. ruetzleri (solid black line), G. carolinianus (dashed red line) and Gambierdiscus ribotype 2 (solid green line) (Table 4).
Vertical reference lines denote the year 2013. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

4.1. Effects of seasonality

Differences in seasonal temperature fluctuations among the dif-
ferent GCR sites are most apparent in Dopt, which represents a
balance between winter temperatures too low to support optimum
dinoflagellate growth and summer temperatures too high for opti-
mum growth. The greatest amount of seasonal water temperature
change occurs in the temperate waters of the northwestern Gulf of
Mexico (Fig. 7A and B), with a similar pattern along southeast U.S.
Atlantic coast. In both locations, the severity of summer-winter

temperature oscillation acts as a barrier to northward expansion
of Gambierdiscus and Fukuyoa species. This barrier is reflected in
the current distribution of CFP-associated dinoflagellates on the
North Carolina continental shelf. The northward transport of cells
in the Gulf Stream is a known mechanism for the introduction of
dinoflagellates and other tropical biota into more temperate shelf
environments, especially when temperatures are favorable during
the summer (Bomber et al., 1988b; Faust and Tester, 2004; Thiel and
Gutow, 2005). Those species best able to withstand low tempera-
tures during the winter and reach optimum growth rates during the
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summer are expected to dominate the CFP-associated dinoflagel-
late assemblage on the North Carolina shelf. This seasonal selection
process accounts for the overall low Gambierdiscus and Fukuyoa
abundance on the North Carolina shelf and the apparent dominance
of the more cold-tolerant species G. carolinianus (W. Freshwater,
unpublished data).

In the northwestern Gulf of Mexico, which lies ~7° further south
than the North Carolina shelf, low winter temperatures have a simi-
lar effect on CFP-associated dinoflagellate abundance and diversity.
Because of the low temperatures during the winter months, the
growth season for these dinoflagellates in the northwestern Gulf is
limited to May-October when water temperatures are within Top¢
for each of the dinoflagellate species (Fig. 7). At station WGOM/N,
inshore water temperatures average ~14°C in January-February
and reach ~30°C during July-August (Fig. 7A). A more moderate
seasonal pattern occurs further offshore at station WGOM/S, where
temperatures vary between 19 and 29 °C (Fig. 7B). The greater sea-
sonal variation and terrestrial runoff at inshore locations likely
prevents Gambierdiscus and Fukuyoa species from reaching high
abundances. This likelihood is supported by Tester et al. (2013),
who showed the five dinoflagellate species examined here occurred
at East and West Flower Garden Banks (~200 km offshore), but that
lower wintertime temperatures at Stetson Bank, an inshore site
located just 130 km off from the coast, probably limited the occur-
rence of these species. A subsequent survey for CFP-associated
dinoflagellates in 2013 confirmed only G. carolinianus was present
at Stetson Bank (W. Litaker, unpublished data).

The seasonal temperature cycle has a more moderate effect on
water temperatures in other portions of the GCR. In the eastern
Gulf of Mexico, Yucatan coastal region and northwestern Caribbean
Sea, where the annual water temperature range is ~6 °C (24-30°C
at EGOM) and ~3.5°C (26.5-30°C at YUCT), water temperatures
almost never dip below Top: for the five dinoflagellates. As a result,
temperatures are warm enough to support optimum growth from
March to early December in the eastern Gulf and year round in the
western Caribbean Sea (Fig. 7C and D). This pattern is not projected
to change at either site through the end of the century. Instead, the
main seasonal limitation on dinoflagellate growth in the Caribbean
Sea will be during mid-summer, when suboptimally high tempera-
tures are projected to restrict growth of some species. As a result, it
is likely the CFP dinoflagellate assemblage will be dominated by G.
belizeanus, G. caribaeus and F. ruetzleri during the summer, while all
five species will attain optimum growth rates during the remainder
oftheyear. In the central and eastern Caribbean Sea, where seasonal
temperature differences are smallest (~1.5°C at CCAR and ECAR),
the long term warming trend will likely have a more substantial
effect on dinoflagellate growth, diversity and distribution.

Seasonal cycles of Gambierdiscus abundance have been recog-
nized as a factor driving temporal variability in CFP occurrence
worldwide. Carlson and Tindall (1985), Gillespie et al. (1985a,
1985b), Taylor (1985) and Hurbungs et al. (2001) each charac-
terized seasonal occurrence of CFP, but were unable to pinpoint
the causative factors. In the GCR, the seasonality of temperature-
growth effects on Gambierdiscus abundance are potentially
complicated by other seasonal signals including variation in the
timing of dry vs. rainy seasons and seasonal wind-driven upwelling
(Curtis and Gamble, 2007; Gamble and Curtis, 2008; Gamble et al.,
2008; Carrillo et al., 2009). Some of these effects occur at rela-
tively small spatial scales, such as the upwelling along the east
coast of Florida, USA, southern Gulf of Mexico and the Atlantic
coast of Colombia and Venezuela (Leming and Mooers, 1981; Pitts,
1993; Andrade and Barton, 2005; Zavala-Hidalgo et al., 2006;
Lonin et al., 2010). As a result, localized meteorological drivers
may be much more important in these locations, rendering sea-
sonal changes in CFP dinoflagellate occurrence more difficult to
predict.

4.2. Bloom development and CFP risk

Projected growth data from this study were used to predict
the occurrence of Gambierdiscus and Fukuyoa species in different
parts of the GCR, but may also provide information about abun-
dance of each species and its potential contribution to CFP. Unlike
many planktonic harmful algal bloom dinoflagellates that grow
rapidly (0.5-3 d~!) and form surface blooms (Smayda, 1997; Garcés
etal., 1999), Gambierdiscus and Fukuyoa species are relatively large
(>50 wm) and typically exhibit low division rates (0.1-0.2d-1)
(Bomber et al., 1988a; Morton et al., 1992; Litaker et al., 2009;
Kibler et al., 2012). Gambierdiscus cells are also predominantly ben-
thic, commonly occurring in coral reef and seagrass systems at low
abundances (1-10cellsg=!) on a variety of substrates including
macrophytes, dead corals, and other surfaces (Litaker et al., 2010).
In these oligotrophic/mesotrophic environments, Gambierdiscus
and Fukuyoa blooms develop slowly and several months may be
required for cells to reach the high abundances seemingly nec-
essary for CFP outbreaks (Taylor and Gustavson, 1985; Chinain
et al,, 1999; Chateau-Degat et al., 2005). At a bloom abundance
threshold of ~1000 cellsg=! substrate, the likelihood of CFP tox-
ins accumulating in the marine food web increases substantially
(Litaker et al., 2010). The amount of time necessary for such
blooms to occur may be approximated using a simple growth
rate equation of the form w=In(C;/Cy)/At, where o represents
the daily growth rate (d~!), C; and C, are the initial and final
cell abundances (cellsg=1), and At denotes time elapsed (days,
d). For a species such as G. caribaeus, which is widely distributed
over the Caribbean region, the maximum growth rate at a mod-
erate water temperature of 25-26°C is expected to be ~0.23 to
0.24d-! (Fig. 4B). At such growth rates, approximately one month
is required for a background level of abundance of 1cellg=! sub-
strate to develop into a bloom of 1000 cellsg=!. Previous work
has shown a 1-2 month incubation period is realistic for Gam-
bierdiscus and Fukuyoa blooms to develop, although a 3-4 month
period is more common considering potential loss of Gambierdiscus
cells from advection, grazing and competition with other metaflora
(Ballantine et al., 1988; Chinain et al., 1999). As water temperatures
approach 30°C through the latter half of this century, the incuba-
tion period required to form the same bloom will be shortened to
24-25 days. Alternatively, the same one month incubation period
would allow a more substantial bloom of 4000-5000cellsg~! to
develop.

Based on these estimates, it is clear that both temperature and
incubation time of Gambierdiscus cells are critical components in
the predictability of blooms and subsequent risk of CFP outbreaks.
Where the temperatures are too low, or where the window for
optimal growth is too short, cell biomass will be insufficient to
allow large amounts of CTXs to accumulate in the food web and
CFP risk will remain low. In the GCR this low risk region cur-
rently includes the temperate waters between approximately Cape
Canaveral, Florida (28.45°N) and Cape Hatteras, North Carolina
(35.22° N). Further to the south between Cape Canaveral and the
northern coast of Yucatan peninsula, subtropical conditions prevail
and water temperatures are high enough for optimum Gambierdis-
cus growth rates during a 3-5 month summer growing season
(June-October). Within these latitudes, Gambierdiscus abundance
may reach high enough concentrations in summer to substan-
tially increase the risk of CTX accumulation in marine fish and
invertebrates. Given the lag between Gambierdiscus and Fukuyoa
blooms and subsequent toxicity in fishes (Ballantine et al., 1988),
the highest risk of CFP should occur in the later summer through
autumn period (August-November). In the tropical region from
the northern Yucatan to the north coast of South America, where
optimum growth conditions persist through the winter months,
mid-summer water temperatures likely depress Gambierdiscus
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and Fukuyoa growth rates. As a result, growth and abundance
of these species is expected to be highest during the spring and
autumn months (April-June, September-December) and the high-
est CFPrisks will follow in July-September and January—-March. This
bimodality of Gambierdiscus growth, combined with uncertainty
about the lag necessary for CTX accumulation, greatly complicates
prediction of seasonal CFP occurrence in much of the Caribbean.
Such complexity may account for the conflicting results about
seasonal trends in CFP occurrence (Ballantine et al., 1985, 1988;
Bomber, 1987; Tosteson et al., 1988; Tosteson, 2004; Tester et al.,
2010; Radke et al., 2013; Gingold et al., 2014). The projected
increase in water temperatures across the GCR is expected to fur-
ther complicate local CFP prediction in much of the Caribbean
proper by lengthening the suboptimally warm period during
mid-summer and by shifting the peak growing seasons toward
February-April and November-December. As a result, portions
of the year previously identified by local knowledge as having
high CFP risk may change markedly. Given the degree to which
water temperatures in the GCR have already changed over the last
two decades (Fig. 5), changes in spatial and seasonal patterns of
local CFP occurrence are likely already underway (e.g., Tosteson,
2004).

The RCP6.0 scenario used in this study to project ocean tem-
peratures is one of four greenhouse gas concentration trajectories
(RCP2.6, RCP4.5, RCP6.0, RCP8.5) that describe different climate
futures for the Earth based on assumptions about economic activ-
ity, energy sources, human population growth and other social and
economic factors (IPCC, 2013). RCP6.0 assumes that global annual
greenhouse gas emissions will reach a maximum around 2080,
yielding a mean surface temperature rise of 1.3 °C by mid-century
and 2.2 °C by 2100 (IPCC, 2013, Table SPM.2). In contrast, RPCs 2.6
and 4.5 are expected to yield more modest average temperature
increases of 1.0°Cand 1.8 °Cby 2100, while RCP8.5 predicts a larger
increase of 3.7°C over the same period. In this study, RPC6.0 was
selected to generate water temperature projections at the six loca-
tions in the GCR because it utilizes an intermediate greenhouse
gas emission scenario (among other factors) in comparison to RPCs
2.6, 4.5 and 8.5 (Meinshausen et al., 2011). Because the models
used in this study relate changes to temperature alone, the differ-
ences among different RCP scenarios would be primarily a matter
of the timing of the changes, as sea surface temperatures closely
follow changes in global temperature. Analysis of the characteris-
tics and relative uncertainties of each RCP is beyond the scope of
this study, but the relatively narrow 95% confidence bounds among
the different temperature models (Fig. 5) indicate a clear warm-
ing trend at each site. Given that global fossil fuel emissions have
not been appreciably reduced as of 2015 (e.g., Burck et al., 2015),
our selection of RCP6.0 seems realistic when compared with those
scenarios that assume more rapid stabilization of emission levels
(RPC2.4, RPC4.5). For more information about each RCP, the reader
is directed to other sources (e.g., Meinshausen et al., 2011; IPCC,
2013).

5. Conclusions

The growth and abundance of Gambierdiscus and Fukuyoa
species in the Gulf of Mexico are expected to change in response to
higher temperatures, although the response of individual species
depends on the location. In the more temperate portions of the
northern Gulf and the U.S. southeast Atlantic coast, the abundance
of all Gambierdiscus and Fukuyoa species is projected to increase
with higher average growth rates. Species such as G. carolinianus
and Gambierdiscus ribotype 2, which are tolerant of lower water
temperatures, are expected to undergo range expansions north-
ward as the ocean warms. Where water temperatures are higher
in the eastern Gulf of Mexico and Caribbean Sea, warm-tolerant

species like G. belizeanus, G. caribaeus and F. ruetzleri will become
increasingly dominant. This prediction does not necessarily mean
species with lower thermal tolerances will be unable to survive in
the Caribbean Sea, but that these species will be less prevalent.

The projected changes in growth and abundance of ciguatera-
associated dinoflagellates will prompt gradual shifts in CFP risk
in the coming decades. Higher incidences are likely in the Gulf of
Mexico and U.S. southeast Atlantic coast. Stable or slightly declin-
ing CFP incidences are expected in the Caribbean Sea. The degree
to which CFP risks will change depends largely on the toxicity of
each dinoflagellate species. Only when the toxicity of each has been
fully characterized can these data be combined with the projec-
tions from this study to inform CFP risk assessments for the Greater
Caribbean region.
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