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Abstract
Red tides (blooms of the harmful alga Karenia brevis)
are one of the major sources of mortality for the Florida
manatee (Trichechus manatus latirostris), especially in
southwest Florida. It has been hypothesized that the frequency
and severity of red tides may increase in the future because
of global climate change and other factors. To improve our
ecological forecast for the effects of red tides on manatee
population dynamics and long-term persistence, we conducted
a formal expert judgment process to estimate probability
distributions for the frequency and relative magnitude of
red-tide-related manatee mortality (RTMM) events over a
100-year time horizon in three of the four regions recognized
as manatee management units in Florida. This information was
used to update a population viability analysis for the Florida
manatee (the Core Biological Model). We convened a panel of
12 experts in manatee biology or red-tide ecology; the panel
met to frame, conduct, and discuss the elicitation. Each expert
provided a best estimate and plausible low and high values
(bounding a confidence level of 80 percent) for each parameter
in each of three regions (Northwest, Southwest, and Atlantic)
of the subspecies’ range (excluding the Upper St. Johns
River region) for two time periods (0−40 and 41−100 years
from present). We fitted probability distributions for each
parameter, time period, and expert by using these three elicited
values. We aggregated the parameter estimates elicited from
individual experts and fitted a parametric distribution to the
aggregated results.
Across regions, the experts expected the future frequency
of RTMM events to be higher than historical levels, which
is consistent with the hypothesis that global climate change
(among other factors) may increase the frequency of red-tide
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blooms. The experts articulated considerable uncertainty,
however, about the future frequency of RTMM events.
The historical frequency of moderate and intense RTMM
(combined) in the Southwest region was 0.35 (80-percent
confidence interval [CI]: 0.21−0.52), whereas the forecast
probability was 0.48 (80-percent CI: 0.30−0.64) over a
40-year projected time horizon. Moderate and intense
RTMM events are expected to continue to be most frequent
in the Southwest region, to increase in mean frequency in
the Northwest region (historical frequency of moderate and
intense RTMM events [combined] in the Northwest region
was 0, whereas the forecast probability was 0.12 [80-percent
CI: 0.02−0.39] over a 40-year projected time horizon) and
in the Atlantic region (historical frequency of moderate and
intense RTMM events [combined] in the Atlantic region
was 0.05 [80-percent CI: 0.005–0.18], whereas the forecast
probability was 0.11 [80-percent CI: 0.03−0.25] over a
40-year projected time horizon), and to remain absent from
the Upper St. Johns River region.
The impact of red-tide blooms on manatee mortality
has been measured for the Southwest region but not for the
Northwest and Atlantic regions, where such events have been
rare. The expert panel predicted that the median magnitude
of RTMM events in the Atlantic and Northwest regions will
be much smaller than that in the Southwest; given the large
uncertainties, however, they acknowledged the possibility
that these events could be larger in their mortality impacts
than in the Southwest region.
By its nature, forecasting requires expert judgment
because it is impossible to have empirical evidence about
the future. The large uncertainties in parameter estimates
over a 100-year timeframe are to be expected and may also
indicate that the training provided to panelists successfully
minimized one common pitfall of expert judgment, that
of overconfidence. This study has provided useful and
needed inputs to the Florida manatee population viability
analysis associated with an important and recurrent source of
mortality from harmful algal blooms.
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Introduction
Harmful algal blooms of the marine dinoflagellate
Karenia brevis, commonly referred to as “Florida red tide,”
occur almost annually in the eastern Gulf of Mexico, most
frequently affecting the southwest Florida coast (Steidinger
and others, 1998; Steidinger, 2009). Blooms can be
transported by currents, with red tides occurring occasionally
in northwest Florida, and less often being carried by the Gulf
Stream to Florida’s Atlantic coast (Tester and Steidinger, 1997;
Steidinger and others, 1998; Steidinger, 2009). Karenia brevis
produces neurotoxins (brevetoxins) which can cause human
health problems (for example, neurotoxic shellfish poisoning
from ingestion of toxic shellfish and respiratory irritation
from inhalation of toxic aerosol) and wide-ranging effects
on fish and wildlife (Steidinger, 2009). Large-scale fish kills
are common during Florida red tides, and the transfer and
distribution of brevetoxins through the marine food web often
lead to illness and death of seabirds, sea turtles, and marine
mammals (Flewelling and others, 2005; Fire and others, 2008;
Landsberg and others, 2009, 2014).
It has been hypothesized that the frequency and severity
of harmful algal blooms, including Karenia brevis red tides,
may increase in the future because of global climate change
and other factors, such as eutrophication and acidification
(Hallegraeff, 2010, 2016; O’Neil and others, 2012; Errera
and others, 2014; Hardison and others, 2014; Havens, 2015).
Marine mammal mortalities caused by harmful algal blooms
have been reported to have increased globally in the last two
decades, in part associated with anomalous oceanic conditions,
an increased frequency of bloom incidents, and the range
expansion of harmful algal bloom toxins (Wilson and others,
2015; Lefebvre and others, 2016; McCabe and others, 2016).

Manatees and Red Tide
Death from brevetoxicosis has been confirmed in Florida
manatees (Trichechus manatus latirostris) (Bossart and others,
1998), with red tides first implicated in manatee mortality in
1982 in the Southwest region (O’Shea and others, 1991), one
of the four manatee management units (also called regions)
in Florida (see fig. 1 in Laist and others, 2013, for a detailed
map of the four management units in Florida; see also map
3.1 in Deutsch and Reynolds, 2012, for a map that shows
the boundaries of the management units outside of Florida).
Florida red tides can affect manatee population dynamics by
reducing vital rates (Runge and others, 2015, 2017). The level
of additional manatee mortality from red tide is affected by a
number of factors, including the spatial and temporal extent
of the bloom, intensity and persistence of the bloom, route
and extent of manatee exposure to brevetoxins, and manatee
vulnerability to the toxins (Landsberg and Steidinger, 1998;
Flewelling and others, 2005; Landsberg and others, 2009).
A substantial effect of red tide on adult survival rates was
estimated for the Southwest region in years designated as

major events (Runge and others, 2017). This information
was incorporated into a matrix population model (the Core
Biological Model [CBM]) to project manatee abundance,
probability of quasi-extinction, and population growth rate
over a 100-year time horizon (Runge and others, 2017). In
fact, a threats analysis based on the CBM ranked red tide as
one of the top three threats faced by manatees on the gulf
coast of Florida (Runge and others, 2017).
Red-tide blooms typically occur offshore of Florida’s
southwest coast, but manatees may not necessarily be at
risk from brevetoxin exposure. Even when blooms occur in
manatee habitat, several factors have to co-occur for there to
be a sufficiently high lethal toxin concentration (Landsberg
and Steidinger, 1998). For the purpose of our analyses, we
only considered red tides that could cause a major elevation
in manatee mortality, such as those that lead to a declaration
of an “unusual mortality event” to the national Working
Group on Marine Mammal Unusual Mortality Events
(WGMMUME) (Gulland, 2006). The blooms that can result
in manatee mortality events are generally large dense blooms
(for example, greater than 105 cells per liter) that move into
inshore coastal waters of high salinity (greater than 28 parts
per thousand) occupied by large numbers of manatees
(Landsberg and Steidinger, 1998; Landsberg, 2002; Brand
and Compton, 2007).
In an effort to improve our ecological forecast for the
effect of red tides on the manatee population in Florida,
we convened a panel of 12 experts in manatee biology or
red-tide ecology. The panel met to develop estimates of
the frequency and relative magnitude of future red-tiderelated manatee mortality (RTMM) events by using a formal
structured process of expert elicitation (Mukherjee and
others, 2015; Hanea and others, 2017). The estimates are
used in an updated version of the manatee CBM to forecast
manatee population dynamics in the future (Runge and
others, 2017) and are presented in detail herein.

Severity of Red-Tide Mortality Events
We identified three categories of years to differentiate
the severity of RTMM events: years with no RTMM or
only background level of red-tide-caused mortality (that
is, nonevent years); years with red-tide events resulting in
a moderate effect on manatee mortality, sufficient to result
in a reportable unusual mortality event to WGMMUME
(for example, Florida Fish and Wildlife Conservation
Commission, 2007, 2008); and years with intense red-tide
events having a major impact on manatee mortality. This
classification differs from previous versions of the CBM
(Runge and others, 2007a, 2007b, 2015), in which only two
classes were used: nonevent years and years with moderate
or intense red-tide events combined into one category. In the
current version of the CBM (Runge and others, 2017), both
classifications were considered during the elicitation process;
hereafter we refer to these classifications as the two- or
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three-class hypotheses. Note that, in both cases, the nonevent
class includes background levels of mortality caused by red
tide, which may not be negligible.

Uncertainties About the Future Effect of Red
Tide on Manatees
One of the structural questions in the CBM that we had
to address was whether the variation in RTMM among years is
best captured with two classes (nonevent years, RTMM years)
or three classes (nonevent years, moderate RTMM years,
intense RTMM years). The two-class hypothesis assumes
that RTMM events in 1996 and 2013 were within the normal
range of variation of years with red-tide events and that the
large number of red-tide-related manatee deaths in 2013
(276 confirmed or suspected) in the Southwest region can
partly be explained by an increased population size (Florida
Fish and Wildlife Conservation Commission, 2013). The
three-class hypothesis assumes that the effects of red tide
on manatee mortality in 1996 and 2013 were substantially
greater than during the other red-tide years and therefore
warrant a separate category of event, despite being relatively
rare. For example, factors that likely contribute to intense
RTMM events include a longer persistence of the bloom over
a larger area of manatee habitat and a greater likelihood that
individual manatees would be exposed to lethal concentrations
of brevetoxin. We developed estimates of the effects of red
tide for each of those cases and decided to consider both
hypotheses in our population model.
A second important issue pertains to projections of the
frequency of RTMM events into the future. One approach
was to use the data on recent historical frequencies by region
and then to assume that these observed frequencies represent
unbiased estimates of actual long-term frequencies, which will
not change over the next 100 years. An alternative approach
was to use expert elicitation to estimate frequencies (and
associated uncertainties) over the coming century and to
assess whether those may change during that time period. We
combined the alternative resolutions to these two questions
into four scenarios of projected frequencies of RTMM events:
(i) two classes, historical frequencies; (ii) three classes,
historical frequencies; (iii) two classes, forecast frequencies;
and (iv) three classes, forecast frequencies.

Expert Judgment
Ideally, we would have obtained the parameter estimates
from reliable, empirical, mechanistic, mathematical models
that consider biological and physical processes to predict red
tides and their effects on manatee mortality. Because such
complex models are not currently available, we used an expert
judgment process (Morgan, 2014; Lyon and others, 2015;
Sutherland and Burgman, 2015). Expert judgment techniques
can be used to elicit probability distributions from a group of
experts when information about the parameters of interest is

sparse or nonexistent (Morgan, 2014; Lyon and others, 2015).
Formal expert judgment methods use a structured approach
to elicit parameter estimates from experts while accounting
for uncertainty, reducing cognitive biases, and integrating
the best available scientific information. Expert judgment is
used extensively for decision making in many settings, such
as health assessment, evaluation of the impacts of global
climate change, engineering, and natural resource management
(Morgan, 2014; Lyon and others, 2015; Sutherland and
Burgman, 2015). The baseline scenario of the CBM used the
expert-elicited estimates of future frequency and magnitude
of RTMM events because most experts believed that these
estimates represented better reflections of the future than
did the estimates based on historical patterns. Our expert
elicitation process accounts for uncertainty within and among
experts. We also present a novel approach to aggregating
information from experts that favored competing hypotheses
about the effect of red tide on manatee mortality.

Methods
Historical Frequency of RTMM Events
Before conducting the expert elicitation, we evaluated
historical patterns of RTMM events. Scientists from three
organizations—U.S. Geological Survey (USGS), Florida
Fish and Wildlife Conservation Commission’s Fish and
Wildlife Research Institute (FWC/FWRI), and Mote Marine
Laboratory—developed annual covariates indicative of
potential manatee exposure to red-tide toxins to model
annual adult survival rates (Langtimm and others, written
commun., 2017). Based on patterns of bloom characteristics
that resulted in large numbers of manatee deaths (Landsberg
and others, 2009), data in the FWC/FWRI Harmful Algal
Bloom Database were used to assess the spatial and temporal
extent, seasonal timing, and intensity of red-tide blooms and to
classify each year in the historical record from 1996 to 2014.
They identified 1996, 2002, 2003, 2005, 2006, 2012, and
2013 as meeting the criteria for an expected lethal exposure
that could result in lower regional survival. Information
was deemed insufficient to rank years by severity. Mean
annual adult survival during red-tide years, excluding 1996
and 2013 where data were insufficient to estimate survival,
was reduced by 0.018 (standard error = 0.005) compared
to baseline years (Langtimm and others, 2016; Runge and
others, 2017; Langtimm and others, written commun., 2017).
A newly developed analytical method based on carcass counts
(the fraction-of-mortality analysis in Runge and others,
2017; Hostetler and others, written commun., 2017) was
used to determine whether the two years (1996, 2013) with
unprecedented numbers of red-tide-related carcasses did, in
fact, have substantially higher levels of additional red-tiderelated mortality than the other red-tide years did. Estimates of
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additional annual adult mortality in the Southwest region were
0.02 (standard deviation = 0.002) for five moderate RTMM
events that took place in 2002, 2003, 2005, 2006, and 2012
and 0.07 (standard deviation = 0.008) for intense events that
occurred in 1996 and 2013 (Runge and others, 2017; Hostetler
and others, written commun., 2017).
On the basis of the criteria for classifying RTMM
years, we estimated the historical frequencies (1996–2015)
of moderate and intense RTMM events for three of the
four manatee management units in Florida: Atlantic (AT),
Southwest (SW), and Northwest (NW). The frequencies of
intense and moderate RTMM events for each region were
calculated from the proportion of such events in the 20-year
time series considered. We calculated the 80- and 95-percent
confidence intervals (CIs) by using the Pearson-Klopper
method (also known as “exact” method) implemented with the
R package “binom” using R version 3.2.4 (Dorai-Raij, 2015;
R Core Team, 2016). We assumed that RTMM events do not
occur in the fourth manatee management unit in Florida, the
Upper St. Johns River region, because the water bodies therein
have low salinity and are therefore inhospitable to marine
algae such as Karenia brevis.

Expert Elicitation Process
We assembled a panel of 12 scientists (from FWC/
FWRI’s Harmful Algal Bloom group and Marine Mammal
program, USGS Sirenia Project, and Mote Marine
Laboratory’s Marine Mammal Program) with expertise in
manatee biology and health or red-tide ecology. We convened
four meetings with this group in January 2016. The four
steps of the Investigate Discuss Estimate Aggregate (IDEA)
protocol were used to guide the process: (1) investigation
of the data and available information; (2) discussion of
data interpretation, perspectives, and potential mechanisms
underlying RTMM events; (3) elicitation of parameter
estimates; and (4) aggregation of individual estimates (Hanea
and others, 2017). During the first two meetings, we discussed
the important causal processes affecting RTMM, considering
historical records of RTMM events, the available literature on
the subject, and the knowledge of the participants. The experts
developed a conceptual model and considered factors (for
example, eutrophication, sea surface temperature, manatee
warm-water habitat) that could potentially influence red tide
and manatee distribution and their co-occurrence, as well as
how these factors may change over the next century.
Prior to beginning the elicitation stage of the process,
we provided background information on cognitive biases
such as anchoring and overconfidence to emphasize the need
for formal methods of elicitation (Sutherland and Burgman,
2015). We then trained the experts in the methods we were to
employ, conducting sample elicitations on quantities that were
unknown to the participants but known to the facilitator (for
example, rate of sea level rise).

The last two meetings focused on the formal expert
elicitation process for obtaining parameter values of the
frequency and magnitude of RTMM events in each region.
We applied a three-point elicitation method to reduce issues
associated with overconfidence (Mukherjee and others, 2015;
Hanea and others, 2017). For each parameter to be elicited,
we asked the participants to provide a low bound, a high
bound, and a best value for each parameter such that they
were 80 percent confident that the true value was between
the two bounds. The “best” estimate was taken to represent
the median in our analysis. We conducted two rounds of
elicitation. In the first round, participants provided their values
independently. The facilitator of the meeting then provided
an anonymous summary of the values. The participants
then discussed the rationale behind their estimates and were
offered the opportunity to revise their values during a second
round. We emphasized that the goal of the second round was
not to reach a consensus but to reduce errors associated with
potential miscommunication (that is, linguistic uncertainty)
and to further clarify the mechanisms of manatee mortality
associated with red tides (Sutherland and Burgman, 2015). This
approach differs from the more traditional use of the Delphi
method, in which experts are encouraged to reach a consensus
(Morgan, 2014; Johnson and others, 2017). One limitation of
seeking consensus is that it may result from group pressure and,
therefore, may mischaracterize the actual state of knowledge
(Woudenberg, 1991; Morgan, 2014; Sutherland and Burgman,
2015, Johnson and others, 2017).
As explained in the introduction, we considered two
hypotheses about how best to categorize years: one that
represented RTMM with two classes (nonevent years, redtide mortality event years) and an alternate hypothesis that
represented RTMM with three classes (nonevent, moderate
RTMM, intense RTMM). The experts were asked to indicate
which hypothesis was most plausible to them. The majority
of the participants chose the three-class hypothesis (8 out of
12 participants for the Atlantic and Northwest regions; 9 out
of 12 for the Southwest region), whereas the rest favored
the two-class hypothesis. We fitted distributions for the two
groups separately.

Future Frequency of Manatee Mortality Events
Due to Red Tide
We asked the panelists to provide us with elicited values
for the frequency of RTMM events in each of the three
geographic regions over the next 100 years. We provided them
with the frequency estimates based on historical data (table 1).
They were also allowed to use any information available on
this topic. The participants discussed some of the processes
that could affect red-tide frequency before the elicitation. For
instance, they considered the hypothesis that increased sea
surface temperatures due to climate change will lead to an
increase in frequency and severity of red-tide blooms, and
therefore RTMM events, compared to the historical frequency.
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Table 1. Historical frequencies of red-tide-related manatee mortality events for each region in Florida, 1996–2015.
[The frequencies of intense and moderate red-tide-related manatee mortality events for each region were calculated from the proportion of such events in the
20-year time series considered. The 80- and 95-percent confidence intervals were calculated by using the Pearson-Klopper method (also known as “exact”
method) implemented with the R package “binom” (Dorai-Raij, 2015; R Core Team, 2016). CI, confidence interval; —, not applicable]

Region

Atlantic

Northwest

Southwest

Intensity

Mean

80-percent CI

95-percent CI

Intense

0

—

—

Moderate

0.050

0.005–0.181

0.001–0.249

Either

0.050

0.005–0.181

0.001–0.249

Intense

0

—

—

Moderate

0

—

—

Either

0

—

—

Intense

0.100

0.027–0.244

0.012–0.317

Moderate

0.250

0.127–0.415

0.087–0.491

Either

0.350

0.207–0.518

0.154–0.592

Magnitude of the Effect of Red-Tide Events on
Manatee Mortality Rate
Another parameter of interest is the magnitude of the
effect of red tides on manatee mortality in each management
unit. In the Southwest region, this parameter was based
on empirical data. The carcass-based fraction-of-mortality
analysis provided preliminary estimates of 0.02 and
0.10 additional mortality from RTMM events for subadults
and adults (combined) in moderate and intense red-tide years,
respectively, whereas the effects on calves were estimated to
be about twice those rates; note that these additional mortality
estimates have been updated since the workshop (Runge and
others, 2017; Hostetler and others, written commun., 2017).
An independent sight-resight approach using the Barker
robust design model provided a similar estimate for additional
adult mortality (0.018) due to moderate RTMM events in the
Southwest region (Langtimm and others, written commun.,
2017). Estimates for intense events based on the Barker robust
design model are currently not available. Estimates for other
management units were not available or were not considered
reliable (for example, in the Atlantic region only one RTMM
event was recorded in our dataset).
To estimate the magnitude of the effect for the Northwest
and Atlantic regions, we used an expert elicitation process. We
elicited the ratio of expected average additional mortality due
to a red-tide event in a region relative to the same measure of
mortality in the Southwest region:

R[region, severity] = M[region, severity] /
M[Southwest, severity]
where
R[region, severity] is the ratio to be elicited for the region
other than the Southwest (that is, Atlantic
or Northwest) for RTMM events (with
the severity level corresponding to either
moderate or intense);
M[region, severity] is the mortality for the region other
than the Southwest (that is, Atlantic or
Northwest) for RTMM events (with the
severity level corresponding to either
moderate or intense); and
M[Southwest, severity] is the mortality for the Southwest for
RTMM events (with the severity level
corresponding to either moderate or
intense).
As an example, if the expert thought that the effect of a
moderate event on mortality in another region would be half
that observed in the Southwest region, then the ratio would
be 0.5 (alternatively, it would be 2 if the mortality was twice
as high as in the Southwest region). Note that these mortality
impacts are conditional on the occurrence of a mortality
event; a region may have a low frequency of occurrence but
a high magnitude of impact on mortality when it does occur.
We assumed that the magnitude of RTMM events would not
change in the Southwest region.
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Time Periods
The experts proposed that we subdivide the forecast time
horizon into two time periods: period 1, lasting about 40 years
(from 2011 to 2050), and period 2, lasting about 60 years (from
2051 to 2110); 2050 coincides roughly with the projected
loss of warm-water effluents at most powerplants (Runge and
others, 2017; Runge and Deutsch, written commun., 2017).
The rationale for this distinction was that these changes in
operation would affect manatee winter distribution and spring
dispersal and, therefore, their potential exposure to red tides.
One hypothesis that was discussed is that when manatees
frequent the thermal discharges of powerplants in low-salinity
or freshwater habitats, they will not typically be exposed to red
tide because the distribution of Karenia brevis is constrained
by salinity; blooms are usually absent in waters below 28 parts
per thousand salinity and therefore are not typically found in
manatee warm-water habitats (Landsberg and Steidinger, 1998).
This separation in time period applied to both the magnitude
and frequency parameters.

Probability Distributions and Aggregation of
Estimates From Expert Elicitation
For each parameter, we created a probability distribution
that described the uncertainty within and across experts
from which we could generate values in the manatee model
simulation (with the CBM, Runge and others, 2017). We built
these probability distributions in two steps: first, we estimated
a probability distribution that described the elicited quantiles
from each expert separately; second, we aggregated these
distributions across experts.
Separately for each expert and each parameter, we fitted
probability distributions to the information from the three-point
elicitation by assuming that the elicited points represented
quantiles of a distribution and finding the best-fit distribution
to those quantiles. We assumed a beta distribution for RTMM
event frequency (two-class case), a Dirichlet distribution for
RTMM event frequency (three-class case), and a lognormal
distribution for red-tide magnitude parameters. In most cases,
the three values elicited by the experts for each parameter were
considered to be the 10th percentile, 50th percentile or median,
and 90th percentile; however, in the cases where zero was
specified as a lower bound, we considered the high value as the
80th percentile. The distributions were fitted by using MATLAB
(MathWorks, Inc., version R2010b).
To aggregate across experts for a particular parameter,
we averaged the probability density functions (PDFs) across
experts and then found the parameters of a single beta,
Dirichlet, or lognormal distribution that best fit the average
PDFs, as measured by the Kullback-Leibler distance (Kullback
and Leibler, 1951).

To aggregate across hypotheses (the two- and three-class
hypotheses), we formed a weighted probability distribution
function by weighting the two component PDFs according to
the number of experts who supported each hypothesis.
Some of the distributions for the aggregated estimates
for the magnitude parameters led to extreme values with
unrealistically high probabilities. This artifact of the lognormal
distribution was addressed by truncating the distribution.

Results
Historical Frequency of RTMM Events
The estimates of historical frequencies of RTMM events
over a recent 20-year period (1996–2015) are summarized in
table 1. Seven years (frequency of 0.35) have been identified
as meeting the environmental conditions that might induce
elevated manatee mortality from red tide in the Southwest
region during this timeframe. No RTMM events are known
to have occurred in the Northwest region, and only one (in
2007–8) occurred in the Atlantic region (Fire and others,
2015). From the historical record there were only two reports
of intense RTMM events, and both occurred in the Southwest
region (frequency of 0.10). The CIs associated with these
frequency estimates were rather large (table 1).

Conceptual Model
The experts identified several key factors that may drive
the distribution and density of red tide and manatees, with an
important consideration being the spatiotemporal overlap of
the two. For manatees, the distributions of forage resources
(that is, seagrass) and thermal refugia (for example, springs
and powerplant effluent areas) were considered to be primary
drivers. The seasonal timing of red-tide bloom movement
inshore is also a significant factor. Because Karenia brevis
blooms generally form offshore in the Gulf of Mexico in the
fall and can be transported inshore and persist over winter
through spring, RTMM events are most likely to occur in
the fall, winter, and early spring on the southwest coast
(Landsberg and Steidinger, 1998; Steidinger, 2009). Winter
and spring also correspond to the dry season in Florida
(Southeast Regional Climate Center, 2017), when freshwater
flows generally decline and coastal salinities rise, increasing
the opportunity for Karenia brevis blooms to move into the
inshore habitats occupied by manatees. Occasionally, red
tide is entrained in the Gulf Stream and transported to the
east coast, which potentially puts manatees in the Atlantic
region at risk (Fire and others, 2015).
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Expert Elicitation Results
We fitted probability distributions for 30 parameters
(18 frequency and 12 magnitude parameters) and summarized
key descriptive statistics (mean, standard deviation, median,
80-percent CI) for the aggregated distributions (tables 2 and
3). To illustrate the variation in estimates among panelists,
and how that information was aggregated into an overall
distribution, figure 1 shows the frequency of a moderate
RTMM event for the Southwest region for the group that
favored the three-class hypothesis. Figure 2 shows the relative
magnitude of moderate RTMM events in the Northwest
region under the three-class model. Both figures emphasize
the large uncertainty within and among experts for each
parameter considered.

Frequency of RTMM Events
The estimated frequency of RTMM events (moderate
or intense) over the next 40 and 100 years was judged to be
greatest in the Southwest region, continuing the historical
pattern (tables 2 and 3, fig. 3). The probability of either a
moderate or intense RTMM event occurring is shown in table
4 for each region, including the combined values across twoand three-class groups. These values are most easily visualized
as probability distributions in figure 3. The relative ranking
of frequency in the Atlantic and Northwest regions differed
slightly between the two groups of experts for period 1, but
the CIs overlapped considerably, and the median estimates for
both regions were substantially lower than for the Southwest

region (table 4, fig. 3). In the Northwest region, manatee
distribution is strongly associated with freshwater rivers and
their estuarine mouths, so a red-tide bloom is less likely to
enter or to persist in those inshore areas with lower salinities.
The Atlantic region covers several hundred kilometers of
intracoastal waters that are separated from the ocean by
barrier islands; not only would a Karenia bloom have to be
entrained from the Gulf of Mexico to Florida’s east coast, but
it would also need to make its way through a limited number
of inlets to reach most manatee habitats. We know that this
type of event has occurred (Fire and others, 2015), but the
likelihood was deemed to be quite low.
The means and medians for the probability distributions
of estimated RTMM event frequencies were generally
somewhat greater than the historical frequencies (compare
results in table 1 to those in table 4). The difference was
particularly pronounced for the estimates in the Southwest
region by the group that favored the three-class hypothesis:
the median forecast for moderate or intense mortality
(“either” category in table 3) was 0.50 compared to 0.35 in
the recent 20-year period (tables 1, 3, and 4). The median
frequency estimates for some participants were greater for
period 2 than for period 1, consistent with the hypothesis
that changes associated with climate change would lead to
an increase in frequency of red-tide events. This direction
of temporal change was counteracted, however, by other
participants whose estimates were greater for period 1 than
for period 2. The rationale for this projected decrease in
frequency by some of the experts was that changes in
operation of powerplants would lead to a shift and increased

Table 2. Forecast probabilities and relative magnitudes of red-tide-related manatee mortality events, two-class model, for each region.
[The uncertainty in the probability and magnitude of red-tide-related manatee mortality in each region was estimated through expert elicitation and expressed
as beta (frequency) or lognormal (magnitude) distributions. The summary statistics for these distributions are mean, standard deviation, median, and 80-percent
confidence intervals. Period 1 corresponds to the time period 0–40 years from 2011, and period 2 to the interval 41–100 years from 2011. SD, standard deviation; AT, Atlantic region; NW, Northwest region; SW, Southwest region; CI, confidence interval]

Parameter

Region

Period

Mean

SD

Median

80-percent CI

Frequency

AT

1

0.081

0.062

0.065

0.016–0.166

Frequency

AT

2

0.059

0.032

0.054

0.023–0.103

Frequency

NW

1

0.219

0.213

0.150

0.010–0.546

Frequency

NW

2

0.203

0.096

0.191

0.089–0.334

Frequency

SW

1

0.389

0.157

0.380

0.188–0.603

Frequency

SW

2

0.376

0.165

0.365

0.167–0.602

Magnitude

AT

1

1.848

5.989

0.545

0.074–4.039

Magnitude

AT

2

2.137

6.241

0.693

0.101–4.743

Magnitude

NW

1

0.699

1.852

0.247

0.039–1.567

Magnitude

NW

2

1.113

3.353

0.351

0.050–2.460
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Table 3. Forecast probabilities and relative magnitudes of red-tide-related manatee mortality events, three-class model, for each region.
[The three-class model assumes there are three types of red-tide-related manatee mortality years: background, moderate, and intense. The uncertainty in the
frequency and magnitude of red-tide-related manatee mortality in each region was estimated through expert elicitation and expressed as Dirichlet (frequency)
or lognormal (magnitude) distributions. For example, in the Atlantic region in period 1, a Dirichlet distribution describes the probability of intense, moderate,
or background events (the rows marked “either” indicate the probability of either an intense or a moderate year). The summary statistics for these distributions
are mean, standard deviation, median, and 80-percent confidence intervals. Period 1 corresponds to the time period 0–40 years from 2011, and period 2 to the
interval 41–100 years from 2011. SD, standard deviation; AT, Atlantic region; NW, Northwest region; SW, Southwest region; CI, confidence interval]

Parameter

Intensity

Region

Period

Mean

SD

Median

80-percent CI

Frequency

Intense

AT

1

0.060

0.065

0.038

0.004–0.146

Frequency

Moderate

AT

1

0.090

0.078

0.069

0.013–0.197

Frequency

Either

AT

1

0.149

0.097

0.131

0.041–0.284

Frequency

Intense

AT

2

0.064

0.079

0.034

0.002–0.170

Frequency

Moderate

AT

2

0.083

0.090

0.053

0.004–0.206

Frequency

Either

AT

2

0.147

0.115

0.119

0.025–0.309

Frequency

Intense

NW

1

0.071

0.087

0.037

0.002–0.189

Frequency

Moderate

NW

1

0.070

0.087

0.036

0.002–0.187

Frequency

Either

NW

1

0.140

0.118

0.109

0.019–0.308

Frequency

Intense

NW

2

0.114

0.134

0.063

0.003–0.305

Frequency

Moderate

NW

2

0.107

0.130

0.056

0.002–0.292

Frequency

Either

NW

2

0.221

0.175

0.179

0.031–0.477

Frequency

Intense

SW

1

0.165

0.084

0.154

0.068–0.280

Frequency

Moderate

SW

1

0.337

0.106

0.331

0.203–0.479

Frequency

Either

SW

1

0.503

0.112

0.503

0.356–0.649

Frequency

Intense

SW

2

0.161

0.109

0.139

0.040–0.313

Frequency

Moderate

SW

2

0.340

0.140

0.330

0.164–0.532

Frequency

Either

SW

2

0.501

0.148

0.501

0.306–0.696

Magnitude

Intense

AT

1

1.159

1.724

0.647

0.162–2.583

Magnitude

Intense

AT

2

0.833

0.891

0.569

0.186–1.743

Magnitude

Intense

NW

1

0.563

0.593

0.388

0.128–1.173

Magnitude

Intense

NW

2

0.643

0.682

0.441

0.145–1.342

Magnitude

Moderate

AT

1

0.784

0.728

0.575

0.209–1.579

Magnitude

Moderate

AT

2

0.740

0.923

0.463

0.134–1.601

Magnitude

Moderate

NW

1

0.486

0.763

0.261

0.063–1.090

Magnitude

Moderate

NW

2

0.666

1.305

0.303

0.061–1.513
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Figure 1. Probability distributions for the frequency of moderate red-tide-related manatee mortality events in the
Southwest region under the three-class model. A, Time period 0–40 years from present, individual expert responses.
B, Time period 41–100 years from present, individual expert responses. C, Time period 0–40 years from present,
aggregated results. D, Time period 41–100 years from present, aggregated results. In the individual results (A and
B), the colored lines represent individual experts. In the aggregated results (C and D), the blue lines show the
distributions averaged across experts; the green lines show the beta distribution that best fit the average distribution.
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Figure 2. Probability distribution for the relative magnitude of moderate red-tide-related manatee mortality events in the
Northwest region under the three-class model. The relative magnitude is the ratio of the additional mortality associated with
moderate red-tide events in the Northwest region to the corresponding mortality in the Southwest region. A, Time period 0–40
years from present, individual expert responses. B, Time period 41–100 years from present, individual expert responses. C, Time
period 0–40 years from present, aggregated results. D, Time period 41–100 years from present, aggregated results. In the
individual results (A and B), the colored lines denote individual experts. In the aggregated results (C and D), the blue lines show
the distributions averaged across experts; the green lines show the lognormal distribution that best fit the average distribution.
The right tails of the distributions are truncated for presentation purposes.
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Figure 3. Probability distributions for the frequency of moderate or intense red-tide-related manatee mortality events in three regions
over two time periods (0–40 and 41–100 years). The fitted probability density functions are shown for the experts who supported the
two-class hypothesis (blue lines), the experts who supported the three-class hypothesis (green lines), and the weighted average of the
two groups (thick black lines). AT, Atlantic region; NW, Northwest region; SW, Southwest region.

12   An Expert Elicitation Process To Project the Frequency and Magnitude of Florida Manatee Mortality Events Caused by Red Tide
Table 4. Forecast probabilities of moderate or intense red-tide-related manatee mortality events for each region.
[The median probability of either a moderate or an intense red-tide-related manatee mortality event is shown with the 80-percent confidence interval. The
two-class and three-class models were combined by drawing from each according to the number of experts that favored the corresponding hypothesis (shown
as “weight” in the table). For reference, the historical frequencies in each region are Atlantic, 0.050 (0.005–0.181); Northwest, 0.00; Southwest, 0.350
(0.207–0.518)]

Region

Atlantic

Estimate

Weight

0–40 years

41–100 years

Two-class

0.333

0.065 (0.016–0.166)

0.054 (0.023–0.103)

Three-class

0.667

0.130 (0.041–0.284)

0.119 (0.025–0.309)

0.106 (0.028–0.250)

0.084 (0.024–0.264)

Combined

Northwest

Two-class

0.333

0.150 (0.010–0.546)

0.191 (0.089–0.334)

Three-class

0.667

0.109 (0.019–0.308)

0.179 (0.031–0.477)

0.118 (0.017–0.386)

0.187 (0.044–0.426)

Combined

Southwest

Two-class

0.250

0.380 (0.188–0.603)

0.365 (0.167–0.602)

Three-class

0.750

0.503 (0.356–0.649)

0.501 (0.306–0.696)

0.478 (0.296–0.640)

0.473 (0.254–0.685)

Combined

dispersion in manatee winter distribution during period 2 that
would reduce the risk of spatial overlap with red tide (for
example, manatees moving to secondary warm-water refuges
with a lower risk of exposure to red tide). Experts considered
the second hypothesis to be most relevant in the Southwest
and Atlantic regions, where large numbers of manatees use
powerplant effluent areas for warmth, and less so in the
Northwest region, where they primarily rely on springs.
Overall, the aggregated distributions of the probability of
either moderate or intense events overlapped greatly for the
two time periods (table 4, fig. 3).

Magnitude of Red-Tide Mortality Events
The magnitude of RTMM events in a region was
elicited as a ratio relative to estimated mortality rates in the
Southwest region; a magnitude of less than 1 indicated that the
participants anticipated lower rates of red-tide events in that
region compared to the Southwest. The experts considered
that the same hypotheses—regarding climate change and
shift in manatee distributions due to loss of thermal effluents
from powerplants—would apply here as for the frequency
parameters. The magnitude of manatee mortality will be
affected by the degree of manatee concentration during an
inshore red-tide bloom; if manatees are more clustered during
the winter because there are fewer warm-water refuges, for
example, the probability of a RTMM event may be reduced,
but the effect of such an event, if it occurs, would be elevated.

Elicited median mortality effects in the Northwest
and Atlantic regions were much less than in the Southwest
region (that is, ratios of less than 1) in both time periods
(tables 2 and 3), as clearly illustrated in figures 2 and 4.
Where and when a Karenia bloom penetrates the intracoastal
waters of the Atlantic region would likely determine how
large of a mortality effect it might exert on the manatee
population. Given that outside of the winter season manatees
are distributed across more than 700 kilometers of Florida’s
Atlantic coastline (from the Georgia border to Florida Bay)—
plus much more coastline in States north of Florida—a redtide bloom may not affect a large segment of the population
unless it enters high-use manatee habitats. Several experts
considered the possibility that the magnitude of the effect
could be greater in the Atlantic region than in the Southwest
region because of the possibility of red tide co-occurring
with large aggregations of manatees; for example, in the
northern Indian River Lagoon during the spring migration
period (Deutsch and others, 2003; Martin and others, 2015)
or in southeastern Florida during a winter cold period. The
patterns for the medians among regions also suggested that the
magnitude of the effect would be greater in the Atlantic region
than in the Northwest region (tables 2 and 3). In all cases the
uncertainty was very large; in fact, the 80-percent CI for all
parameters suggested that the magnitude of the effect in the
Atlantic and Northwest regions could possibly be much higher
or much lower than in the Southwest region (tables 2 and 3).
Likewise, the probability distributions overlapped greatly
between the two time periods (fig. 4).
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Figure 4. Probability distributions for the relative magnitude of moderate and intense red-tide-related manatee mortality events
in the Atlantic and Northwest regions over two time periods (0–40 and 41–100 years) under the two- and three-class models. The
relative magnitude is the ratio of the additional mortality associated with red-tide events in the Atlantic or Northwest region to the
corresponding mortality in the Southwest region. The plots show the lognormal distribution that best fit the average distribution
across experts (thus corresponding to the green lines in fig. 2C and fig. 2D). The right tails of the distributions are truncated for
presentation purposes. AT, Atlantic region; NW, Northwest region.

Discussion
Based on results aggregated across the expert panel, the
average frequency of RTMM events in the future is expected
to be higher than in the past, although the CIs were large for
both the elicited and historical estimates for most parameters
(tables 1−4). Several experts thought that the frequency of
RTMM events was likely to increase from period 1 to period
2, in part as a result of rising sea surface temperatures,
continuing anthropogenic input of nutrients from stormwater
discharges, and other nonpoint source pollution into coastal
waters as the human population grows. Similarly, some
experts judged that the magnitude of the effect of red tide

could increase from period 1 to period 2 in the Atlantic and
Northwest regions. The justification for such an increase
in magnitude for the Atlantic region stemmed from the
expectation that the winter range of manatees would be more
restricted after loss of warm-water effluents from powerplants,
with a greater proportion of manatees in that region found
in the southeastern waters during winter. Nevertheless, the
prediction of an increase in frequency and magnitude of
RTMM events during period 2 was not uniformly supported
by the experts. For instance, several participants considered
the possibility of a decrease in both frequency and magnitude
due to a shift in distribution and greater winter dispersion of
manatees after the elimination of thermal discharges from
powerplants. The hypotheses about the effects of climate
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change or of changes in the operation of powerplants are not
mutually exclusive, and therefore some experts integrated
these counteracting effects into their estimates. Experts also
considered other factors affecting environmental conditions.
For example, the anticipated lower flow at many springs could
facilitate the intrusion of red tide into spring-fed waterways
and coastal areas that support manatee winter aggregations;
this phenomenon would be particularly relevant to areas
rich in springs, such as the Northwest region. Overall,
the probability distributions for periods 1 and 2 for both
parameters were wide, and the conflicting predictions among
the participants reflected the large uncertainty associated with
complex processes that link red tides to manatee mortality.
Experts from the three-class group (three classes of RTMM
events) estimated an overall greater frequency of RTMM
events in the Southwest and Atlantic regions than did experts
from the two-class group (table 4, fig. 3). This finding may
be coincidental, but it could possibly be explained by the fact
that participants from the three-class group had to elicit the
frequencies separately for moderate and intense events. The
confidence limits of the aggregated distributions were wide.
Predicting the effects of RTMM events on the Florida
manatee population over a century is challenging, especially
given the complexity of the processes involved and the level
of uncertainty to be expected over such a long time horizon.
This was reflected in the large uncertainties associated with
the distributions for the aggregated information. The baseline
scenario in the CBM—that is, the one that authors felt best
represented the available scientific information about the
status of the Florida subspecies and the threats it faces—used
the elicited estimates of RTMM frequency and magnitude
parameters combined over the two groups (that is, classes
of hypotheses).
In previous versions of the CBM, the occurrence of
RTMM events was treated as independent among regions.
During the elicitation meetings, some experts indicated
that there is likely to be some dependence. This stems from
the historical observation that blooms have not occurred
in the Northwest or Atlantic region without a preceding or
co-occurring bloom in the Southwest region and from the
hypothesis that offshore Karenia brevis bloom initiation
provides an explanation of why this has been the case.
Upwelling conditions (usually in the fall through spring)
driven by the interaction of the Loop Current with the West
Florida Shelf may influence bloom severity and extent (Liu
and others, 2016). Transport from the offshore formative
region—on the middle West Florida Shelf, extending north
and south of the Tampa Bay region—generally occurs via
onshore, southern flow of the bottom Ekman layer, which
explains why most coastal blooms manifest in southwest
Florida (Tester and Steidinger, 1997; Walsh and others,
2006; Steidinger, 2009; Weisberg and others, 2009, 2016).
Coastal blooms may also manifest in the Atlantic region
(for example, Tester and others, 1991; Tester and Steidinger,
1997) or the Northwest region (for example, McCulloch and
others, 2013) as a result of transport by currents. According

to this hypothesis, it is unlikely that a red-tide bloom in the
Northwest region or the Atlantic region will occur without
a prior bloom in the Southwest region. Anomalous physical
conditions could, however, potentially lead to a situation
where a bloom and associated RTMM event could occur in
one of these regions without a detected prior offshore bloom
or coastal RTMM event in the Southwest region. Because of
the evidence for lack of independence in the underlying cause
of RTMM events among regions, Runge and others (2017)
used a 0.5 correlation in the occurrence of red tide among
regions in the CBM.
The principal aim of the expert judgment process
described in this report was to estimate the frequency and
magnitude of future RTMM events for incorporation into the
population viability analysis known as the manatee CBM.
By its nature, forecasting requires expert judgment because
it is impossible to have empirical evidence about the future.
A structured expert judgment process provides transparency,
guards against the cognitive biases to which experts are prone,
and allows uncertainty to be quantified. In the future, it may
be possible to build a mechanistic forecasting model that links
environmental processes to RTMM events and, ultimately, to
effects on the manatee population. Such an approach would
still require some degree of expert judgment but would be able
to integrate knowledge about some of the complex dynamics
that affect red-tide genesis and dispersal. We hope that
progress in our understanding of red tide and manatee biology
through the development of mechanistic models and analyses
of new empirical data will allow us to improve estimates of
the frequency and magnitude of RTMM events in the future.
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